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Abstract

Compulsive eating is an overlapping construct with binge eating and shares many characteristics 

with substance abuse disorders. Compulsive eating may impact millions of Americans; presenting 

in some cases of binge eating disorders, overweight/obesity, and among individuals who have not 

yet been diagnosed with a recognized eating disorder. To study the behavioral and neurobiological 

underpinnings of compulsive eating, we employ a published rodent model using cyclic intermittent 

access to a palatable diet to develop a self-imposed binge-withdrawal cycle. Here, we further 

validated this model of compulsive eating in female Wistar rats, through the lens of behavioral 

economic analyses, and observed heightened demand intensity, inelasticity and essential value 

as well as increased food-seeking during extinction. Using electrophysiological recordings in the 

anterior insular cortex, a region previously implicated in modulating compulsive-like eating in 

intermittent access models, we observed functional adaptations of pyramidal neurons. Within 

the same neurons, application of leptin led to further functional adaptations, suggesting a 

previously understudied, extrahypothalamic role of leptin in modulating feeding-related cortical 

circuits. Collectively, the findings suggest that leptin may modulate food-related motivation 

or decisionmaking via a plastic cortical circuit that is influenced by intermitted access to a 

preferred diet. These findings warrant further study for whether the behavioral economics of 

compulsive eating behavior can impact disordered eating outcomes in humans, and whether there 

is translational relevance of a leptin-sensitive anterior insular circuit implicated in these behaviors.
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1. Introduction

Binge eating, or consuming excess food in a brief period with loss of control(American 

Psychiatric Association, 2013), is a hallmark of binge eating disorder, bulimia 

nervosa(Curtis and Davis, 2014; Wiss and Brewerton, 2017), and some obesity cases(Bak-

Sosnowska, 2017; de Zwaan, 2001; McCuen-Wurst et al., 2017; Meany et al., 2014; Palavras 

et al., 2017). Compulsive eating, an overlapping construct(Moore et al., 2017a, b; Parylak 

et al., 2011), shares features of substance use disorders(Gearhardt et al., 2009, 2016; Pursey 

et al., 2014b; Serafine et al., 2021), including use despite adverse consequences, increased 

effort and time spent to obtain the substance, negative emotional symptoms with abstinence, 

and use for negative reinforcement(Avena et al., 2011; Davis et al., 2011; Parylak et al., 

2011 ; Zorrilla and Koob, 2019). Compulsive eating distinguishes the etiology, biology, 

severity, prognosis, and treatment of cases of binge-disordered eating and obesity from those 

without compulsive eating(Avena et al., 2011; Curtis and Davis, 2014; Davis, 2017; Davis et 

al., 2011; Gearhardt et al., 2014; Moore et al., 2017b; Parylak et al., 2011; Pedram and Sun, 

2014; Randolph, 1956; Rozin et al., 1991; Wiss and Brewerton, 2017; Zorrilla et al., 2021). 

Most people with binge-type eating disorders(Gearhardt et al., 2016; Pursey et al., 2014b), 

15-33% of overweight/obese people(Gearhardt et al.), and many healthy weight individuals 

not diagnosed with eating disorders exhibit compulsive eating, as operationalized by Yale 

Food Addiction Scale (YFAS) criteria. Thus, the mental health burden(Agh et al., 2015; 

Agh et al., 2016; Erskine et al., 2016; Hay et al., 2015; Hay et al., 2017; Kornstein, 2017; 

Schaumberg et al., 2017) of compulsive eating affects millions.

To model compulsive binge eating, we use cycles of intermittent access to palatable 

food(Alboni et al., 2017; Cottone et al., 2009; Davis et al., 2007; Kreisler et al., 

2017; Parylak et al., 2012; Zorrilla et al., 2021) that resemble the practice of recurrent 

dieting(Montani et al., 2015) from calorie-rich, palatable foods. In humans, such dieting 

promotes binge eating, poor metabolic outcomes, and cycling body weight(Cannon, 2007; 

Goldschmidt et al.; Lowe, 2015; Lowe et al., 2013; Mathes et al., 2009; Montani et al., 

2015; Polivy and Herman, 1985), with similar outcomes in our model(Kreisler et al., 2017; 

Spierling et al., 2020; Spierling et al., 2018; Zorrilla et al., 2021). Some rats develop signs 

of compulsive eating, defined as persistent self-administration despite incorrect or adverse 

outcomes(Koob, 2013; Spierling et al., 2020; Vendruscolo et al., 2012), operationalized as 

qualitatively increased progressive-ratio (PR) breakpoints(Spierling et al., 2020; Spierling 

et al., 2018; Vendruscolo et al., 2012; Wade et al., 2015), punishment-resistant food 

self-administration(Spierling et al., 2020), and increased responding during non-reinforced 

timeout periods(Spierling et al., 2020; Spierling et al., 2018).

Behavior economic (BE) analysis(Bentzley et al., 2013; Bickel et al., 1993; Bickel et al., 

1990; Bickel et al., 2014; Hursh, 1991, 2014; Hursh and Roma, 2016; Hursh and Silberberg, 

2008) provides another perspective on compulsive use by dissecting self-administration into 

a “hedonic set point” measure of demand intensity (Q0), or intake if the commodity were 

“free”(Bentzley et al., 2013; Bentzley et al., 2014), vs. a dissociable measure(Oleson et al., 

2011; Yates et al., 2019) of demand elasticity (α), or how sensitively intake decreases with 

increases in the commodity’s “unit cost”(Bentzley et al., 2013; Bentzley et al., 2014; Hursh 

and Silberberg, 2008). Inelasticity indicates that food demand persists despite mounting 
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costs of consumption. A related measure, essential value (EV), determines consumption at 

given price levels and the amount of work emitted for that intake level. Humans demand 

functions are stable(Acuff and Murphy, 2017) and predict addiction-related measures, 

including substance use(Bruner and Johnson, 2014; Jacobs and Bickel, 1999; Manning 

et al., 1995; Murphy and MacKillop, 2006; Murphy et al., 2011), craving(MacKillop et 

al., 2010b), and aspects of severity(Gray and MacKillop, 2014; MacKillop et al., 2014; 

MacKillop et al., 2010a; Murphy et al., 2009). Suggesting clinical relevance, demand 

intensity (Q0) for energy-dense foods positively correlates with BMI in women(Epstein et 

al., 2018). Here, we test the hypotheses that intermittent access to palatable food increases 

demand intensity (Q0) and essential value (EV) and decreases demand elasticity (α). We 

further test whether demand measures are associated with daily intake, weight cycling 

or other operant motivational measures. Finally, we compare responding under extinction 

conditions as another index of compulsive-like eating behavior.

Towards identifying the neurobiological bases of compulsive-like eating in our model, we 

previously found that glutamatergic projections from the anterior insular cortex (AIC) to 

the ventral striatum modulate compulsive-like food self-administration, which correlates 

directly with circulating leptin levels(Spierling et al., 2020). Leptin, an adipocyte hormone 

that regulates energy balance via the mediobasal hypothalamus and modulates hippocampal 

plasticity, also has high receptor expression in pyramidal neurons(Baskin et al., 1999; 

Hakansson et al., 1998) of the AIC(Hakansson et al., 1996; Mercer et al., 1996a; Patterson 

et al., 2011b; Shioda et al., 1998b). The AIC subserves visceroemotional states(Craig, 

2009; Critchley et al., 2004) that shape behavior as “somatic markers”(Craig, 2009) and is 

implicated in compulsive eating(Ding et al., 2020; Frank et al., 2013; Zorrilla E. P.; Koob, 

2019). Palatable foods and their cues(Belfort-DeAguiar et al., 2016; Dodds et al., 2012; Kim 

et al., 2012; Pursey et al., 2014a; Tang et al., 2012; Weygandt et al., 2012) elicit insula 

activation in binge-type eating disorders, food addiction, obesity, Prader-Willi syndrome and 

hunger states(Boutelle et al., 2015; Brooks et al., 2013; Connolly et al., 2013; Imperatori 

et al., 2015; Jastreboff et al., 2013; Kalon et al., 2016; Ogura et al., 2013; Wood et al., 

2016a; Wood et al., 2016b). Greater insula responses predict craving(Jastreboff et al., 2013; 

Wonderlich et al., 2017) and fat gain(Stice and Yokum, 2016), and altered insula responses 

to palatable food and food cues are seen in bulimia nervosa and BED(Aviram-Friedman et 

al., 2018; Bohon and Stice, 2011; Kessler et al., 2016; Monteleone et al., 2017). Thus, the 

present study also tested the hypothesis that intermittent access to palatable food increased 

the excitability of and decreased leptin responsivity of AIC pyramidal neurons.

2. Methods

2.1 Animals

Because disordered eating is disproportionately prevalent in women(Hudson et al., 2007; 

Nagl et al., 2016) and given the increased vulnerability of females in our model(Spierling 

et al., 2018), we studied pair-housed young adult (125–150 g on arrival) female Wistar rats 

(Charles River, Raleigh, NC) separated by clear, perforated Plexiglas, in wire-topped plastic 

cages in a temperature- (22 °C) and humidity- (60%) controlled vivarium (12:12 h reverse 

light cycle). Males (200-225 g on arrival) were studied to assess possible sex differences 
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in insula leptin receptor expression. Before experiments, rats had ad libitum chow (45-mg 

pellets, 5TUM: ~66% carbohydrates, 24% protein, and 10% fat by kcal; TestDiet, St. Louis, 

MO) and water. Body weights and food intake were recorded daily for 2–5 days before 

experiments. Procedures adhered to the National Institutes of Health Guide for the Care 
and Use of Laboratory Animals and were approved by The Scripps Research Institute’s 

Institutional Care and Use Committee.

2.2 Operant self-administration training

Rats (n = 48) learned to self-administer 5TUM chow pellets in previously described operant 

chambers(Spierling et al., 2018) with one “active” and one “inactive” lever. Water was 

available ad libitum via sipper tube. After completion of a ratio requirement at the active 

lever, one pellet was delivered, followed by a 3.25 s post-reinforcement timeout to promote 

pellet intake, during which responses had no consequences and were deemed “time-out” 

responses(Fekete et al., 2011). Responses at the inactive lever had no consequences but were 

recorded. No cues or house lights were used. During training, rats were reinforced by 5TUM 

chow and received ad libitum 5TUM chow in their home cages. Training began with a single 

24-h fixed ratio 1 (FR1) session, run with their cagemate, which accelerates performance in 

our laboratory. Rats then received individual FR1 training sessions, decreasing in duration 

from 24 hr to 3 hr to 30 min as a criterion of ≥75% discrimination of active vs. inactive 

levers with ≥10 pellets/session was attained. Rats then received four 30-min FR1 sessions to 

establish baseline performance for matching to experimental groups.

2.3 Diet schedules

Rats, matched for baseline chow intake, body weight, percent body fat (Echo-MRI 900, 

Houston, TX), and operant self-administration, were then assigned to 1 of 3 dietary 

groups: ad libitum chow access (CHOW); ad libitum access to a more preferred diet 

only (PREF); and intermittent access (INT) to the preferred diet for 24 h beginning at 

dark cycle onset for 3 nonconsecutive days/week (e.g., Monday, Wednesday, Friday) with 

chow access otherwise. The preferred diet, chocolate-flavored, nutritionally-complete 45-mg 

5TUL pellets (Test Diets, St. Louis, MO), has similar macronutrient composition (~67% 

carbohydrates, 21% protein, and 13% fat by kcal) and caloric density (~3.44 kcal/g) as chow 

(3.30 kcal/g). 5TUL is higher in sucrose content (49.6% vs. 3.8%) and preferred over 5TUM 

chow (~91% mean preference) (Cottone et al., 2008). Food intake was measured each 

weekday and body weight twice weekly -- at the end of an access day and of a non-access 

day -- each of the first 5 weeks.

2.4 Operant self-administration

Each week, rats received fixed-ratio (FR1) operant self-administration sessions with their 

respective diets on days that INT rats received preferred diet access. To measure the time 

course of escalation of the reinforcing efficacy of food, female rats not participating in 

subsequent behavioral economics analyses (n = 24) also received a weekly progressive ratio 

(PR) session in lieu of an FR1 session on one of the access days(Spierling et al., 2020). 

For PR sessions, the response requirement increased per the progression: response ratio = 

[4 × (e# of remforcer*0.075) − 3.8](Cottone et al., 2008), but with the first reinforcer requiring 

3 responses. PR sessions ended when rats did not acquire a reinforcer in 14 min, with 
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a maximum session duration of 2-h. The “breakpoint” was the last response requirement 

completed. After operant sessions, rats were returned to their home cage with their diet and 

water available ad libitum.

2.5 Behavioral economic and extinction analysis

To avoid influencing demand curve functions, female rats studied in behavioral economics 

analysis (n=24) only received 30-min FR1 sessions during the first 6 diet schedule weeks 

(i.e., no PR sessions). Then, response requirements increased to FR3 in Week 7 and 

doubled weekly thereafter (FR6, FR12, FR24, FR48), concluding with a single FR96 

session during Week 12(Hursh and Roma, 2016), during which only 2 of the rats earned 

a reinforcer. Demand curves were fit to weekly averages using Demand Curve Analyzer 

(Gilroy et al., 2018). The parameters α and Q0 were obtained from the exponentiated 

demand function(Koffarnus et al., 2015).

Q = Q0 ∗ 10k(e( − α ∗ Q0 ∗ C)‐1)

Derived parameters include the maximum work output (Omax) across all costs, the unit 

price (Pmax) at maximum work output, and the reinforcer’s essential value (EV)(Hursh 

and Roma, 2016). An exponentiated, rather than exponential, function was used because 

zero reinforcers were earned by many rats at high ratio requirements(Fragale et al., 2017; 

Koffarnus et al., 2015).

Rats then received five 30-min FR1 sessions to reestablish stable self-administration 

performance. After re-establishing FR1 performance, a random subset of rats (n=16) was 

tested under extinction conditions for 3 days, during which no reinforcers were delivered.

2.6 Slice electrophysiology of diet schedule effects in the anterior insula

To determine the effects of diet schedule on layer V AIC pyramidal neurons, female Wistar 

rats were studied in slice electrophysiology experiments after chronic (9-14 weeks) exposure 

to CHOW (n=3), INT (n=14), or PREF (n=3) diet schedules, sacrificed within 1 hr of 

dark cycle onset. To explore possible effects of acute feeding state, some INT rats were 

sacrificed after 24 hr of access to the non-preferred chow diet at the time that they otherwise 

would receive self-administration testing (INT-Withdrawal [INT-WD; n=10)]), and some 

were sacrificed immediately after completing binge-like FR1 self-administration access 

to the preferred diet (INT-BINGE; n=4). Isoflurane-anesthetized rats were decapitated 

and the brain immediately removed into an ice-cold, high-sucrose cutting solution of 

the following composition (in mM): 206 sucrose; 2.5 KCl; 0.5 CaCl2; 7 MgCl2; 1.2 

NaH2PO4; 26 NaHCO3; 5 glucose; 5 HEPES (Kirson et al., 2021; Tunstall et al., 2019). 

Coronal slices (300 μm) containing the anterior agranular insula (+2 to +3.5 mm from 

bregma) were prepared and incubated at 32°C for 30 minutes in 2 mM kynurenic acid 

containing oxygenated artificial cerebrospinal fluid (aCSF) of the following composition 

(in mM) (Kirson et al., 2021; Tunstall et al., 2019): 130 NaCl; 3.5 KCl; 1.25 NaH2PO4; 

1.5 MgSO4•7H2O; 2.0 CaCl2; 24 NaHCO3; 10 glucose, and then continuously superfused 

with room temperature oxygenated aCSF. Whole-cell patch-clamp recordings were acquired 
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at a sampling rate of 20 kHz and low-pass filtered at 10 kHz, using a Multiclamp 700B 

amplifier, Digidata 1440A, and pClamp 10 software (Molecular Devices, Sunnyvale, CA, 

USA). Current-clamp recordings of layer V pyramidal neurons in the AIC were acquired 

using an input-output current-voltage step protocol to measure passive and active properties. 

Recordings were performed in aCSF alone (Baseline), and in the presence of GABAB and 

ionotropic glutamate receptor antagonists (1 μM CGP 55845A, 20 μM DNQX and 30 μM 

DL-AP5) (Blockers) (Kirson et al., 2021; Tunstall et al., 2019). Patch pipettes (3-6 MΏ) 

were pulled from borosilicate glass (Warner Instruments) and filled with internal solution 

composed of (in mM) (Kirson et al., 2021; Tunstall et al., 2019): 145 Kgluconate; 0.5 

EGTA; 2 MgCl2; 10 HEPES; 2 Mg-ATP; 0.2 Na-GTP. Data were analyzed using Clampfit 

(Molecular Devices) and NeuroExpress (Attila Szücs) (Khom et al., 2020; Warden et al., 

2020).

2.7 Leptin receptor mRNA in the insular cortex and whole-body energy expenditure

Leptin receptor (Lepr) expression was measured in the AIC of rats trained as described 

above and previously reported for behavioral parameters and indirect calorimetry 

analysis(Spierling et al., 2018). Briefly, after chronic (7-11 weeks) of receiving the diet 

schedules and operant self-administration sessions on access days, rats were acclimated 

(48 hr) to an Oxymax Comprehensive Laboratory Animal Monitoring System (CLAMS) 

(Columbus Instruments, Columbus, OH) system, and tested in individual cages for 

respiratory exchange ratio and energy expenditure(Spierling et al., 2018). After completion 

of testing, they were decapitated during the first half of the dark cycle of a non-access day.

To measure Lepr mRNA expression in the AIC, isoflurane-anaesthesized male (n=18) 

and female rats (n=30) were rapidly decapitated. Brains were removed onto an ice-cold 

stage, snap-frozen in isopentane, and stored at −80°C. For dissection, frozen samples 

were immersed overnight in RNALater ICE solution at −20°C (ThermoFisher), and tissue 

punches were then obtained from cryostat sections (300 μm) spanning A/P: +1 to +2 

mm bregma followed by Qiazol (Qiagen) RNA extraction, DNase I treatment, and reverse-

transcription using SuperScript III First Strand Synthesis Kit (Invitrogen). Taqman qPCR 

for Lepr (ThermoFisher cat# 4453320) and the reference gene Gapdh (cat# 4331182) was 

performed using an ABI StepOne Plus.

2.8 Slice electrophysiology of leptin effects on AIC pyramidal neurons

To study the effects of leptin on insula pyramidal neurons, we initially studied 

experimentally-naïve, chow-fed female Wistar rats (n=6 rats) to determine an effective leptin 

concentration and A-P range of AIC to target. More details on this preliminary experiment 

are available in the Supplemental Materials. To then test the hypothesis that chronic diet 

schedule altered responses to leptin, effects of leptin superfusion (60 nM) for 3 min on AIC 

neurons (+2 to +3.5 mm from bregma) were studied in diet schedule rats (n=20 rats) after 

their previously-described recording under baseline and Blockers conditions.

2.9 Statistical analysis

Daily intake and body weight were analyzed using mixed-design 3-way ANOVA with Diet 

Schedule as a between-subjects factor and Week and Day (e.g., Access vs. Non-Access) as 
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within-subject factors); baseline body weight was a covariate in body weight analyses. FR, 

PR, and extinction performance were analyzed using mixed-design 2-way ANOVA (Diet 

as between-subjects factor, and Week or Session as a within-subject factor). Demand curve 

parameters (EV, α, Q0, Omax, Pmax) and total extinction responses were analyzed by 1-way 

ANOVA (Diet). Fisher’s LSD test was used to interpret significant Diet effects, and paired 

t-tests were used to interpret within-subject changes. Elasticity (α) was log-transformed 

to meet assumptions of parametric analysis. Pearson correlations were used to assess the 

relationships between EV, log α, and Q0 with daily intake, the cycling amplitude of intake 

and weight from access to non-access days, as well as operant performance (stable FR1 

reinforcers, timeout responses per pellet, and PR breakpoint, averaged from Weeks 4-6). 

Diet schedule effects in electrophysiology were analyzed by 1-way ANOVA with Tukey’s 

post hoc tests or unpaired t-tests (with Welch’s correction if variance differed significantly 

between groups) as appropriate; within-subject analyses of leptin effects were computed 

via paired t-tests. For qPCR data, to compare expression between sexes and diet schedule 

groups, we compared CT for Lepr covarying for Gapdh CT. Analyses were performed using 

SPSS version 25 (IBM, Armonk, NY), Prism 9 (GraphPad, La Jolla, CA) and R version 

3.5.3.

3. Results

3.1 Cyclic intake, body weight and escalated operant self-administration in the model

As per our previous work(Spierling et al., 2020; Spierling et al., 2018), Figure 1 shows 

that INT rats developed cycling daily intake (Fig. 1A; Group X Day: F(8,668)=162.23, 

p<0.0001; Group X Week X Day: F(32,668)=5.57, p<0.0001) and body weight (Fig. 1B; 

Group X Day: F(2,43)=55.56, p<0.0001; Group X Week X Day: F(8,172)=8.60, p<0.0001). 

They weighed significantly more than CHOW controls at the end of access, but not non-

access, days by Weeks 2, 3 and 5. They lost ~10 g on days that they did not receive access 

to the palatable diet (p<0.0001). PREF rats weighed significantly more than both INT and 

CHOW rats beginning from Week 2 and further diverged thereafter (Group: F(2,43)=31.72, 

p<0.0001; Group X Week: F(8,172)=29.95, p<0.0001).

Cyclic intake reflected that by Weeks 4-5, INT rats overate on access days ~50% more than 

both CHOW and PREF rats (p<0.0001; Fig. 1C), whereas on non-access days they ate only 

~40% as much as controls (p<0.0001; Fig. 1C). Undereating continued on weekends (Group 

X Week: F(8,172)=4.56, p<0.0001; Fig. 1C). PREF rats ate significantly more than CHOW 

rats during the first 2 weeks (Figs. 1A, 1C), but they decreased to similar intake levels by 

Week 3.

Figure 1D shows that during FR1 operant self-administration, INT rats progressively earned 

~4-fold more pellets (Group: F(2,44)=105.60, p<0.0001; Group X Week: F(10,220)=15.69, 

p<0.0001) than both CHOW and PREF rats. Figure 1E shows that INT rats had 

disproportionately increased responding during non-reinforced time out periods, with ~10-

fold more timeout responses than CHOW controls (Group: F(2,44)=30.83, p<0.0001; Group 

X Week: F(10,220)=9.87, p<0.0001). They also had more time out responses per pellet 

earned (Group: F(2,44)=15.71, p<0.0001) than both CHOW and PREF rats. Figure 1F shows 

that INT rats developed significantly increased total active responses (Group: F(2,21)=17.24, 
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p<0.0001) and breakpoints (Group: F(2,21)=18.34, p<0.0001) in PR self-administration vs. 

CHOW and PREF controls.

After 10 weeks on the diet, diet schedule effects were seen on body weight (F(2,20)=13.38, 

p<0.0001) and total body fat (F(2,20)=16.98, p<0.0001), but not lean mass (F(2,20)=0.10, 

ns), yielding effects on % body fat (F(2,20)=18.41, p<0.0001). PREF rats were significantly 

(ps<0.0001) heavier and fatter (M+SEM: weight: 400+48 g, fat: 128+40 g and 31.4+6.3 %) 

than both INT (weight: 327+24 g, fat: 63+19 g and 18.9+7.8%) and CHOW rats (weight: 

308+31 g, fat: 49+19 g and 15.6+4.1%), which did not differ reliably from one another.

3.2 Demand curve analysis

For purposes of illustration, Figure 2A shows that aggregate demand functions of INT rats 

differed markedly from those of CHOW and PREF rats (Fig. 2A). Demand parameters, 

calculated individually for each subject, revealed that INT rats showed an 11-fold decrease 

in elasticity (α) (F(2, 21)=44.07, p<0.001) (Fig. 2B) and a 3-fold increase in demand 

intensity (Q0) (F(2, 21)=19.60, p<0.001) (Fig 2C) vs. CHOW and PREF rats. INT rats 

also had 9-fold increased maximal work output (Omax) (F(2, 21))=38.37, p<0.001) (Fig 

2D) and a higher unit price (Pmax) for food reinforcers at their maximal work output (F(2, 

21)=11.23, p<0.001) (Fig 2E) of 8.2 responses vs. only 3.7 and 1.8 for CHOW and PREF 

rats, respectively. Finally, the essential value (EV) of food reinforcers was ~9-fold greater 

for INT rats (F(2, 21)=41.1, p<0.001) (Fig. 2F). CHOW and PREF rats did not differ 

significantly from one another on any parameters.

Table 1 shows that across all subjects, essential value (EV) and demand intensity (Qo) 

showed strong positive correlations and elasticity (log α) strong inverse correlations with 

daily intake on access days, hypophagia on non-access days, larger amplitude cycling of 

food intake and body weight, more FR1 self-administration, disproportionately increased 

timeout responding, and higher PR breakpoints. Demand intensity, but not elasticity, also 

correlated with FR1 reinforcers when analyzed separately in INT, CHOW and PREF groups 

(Fig. 2G; r’s=0.59, 0.84 and 0.84, respectively, p’s<0.05).

During 5 sessions of reacquisition of FR1 self-administration after behavioral economic 

analysis, INT rats again earned more pellets than PREF and CHOW rats (M+SEM: 

165.1+10.6, 66.9+12.1 and 42.6+7.1 per session, respectively; F(2,21)=37.82, p<0.0001). 

During 3 subsequent extinction sessions, INT rats showed significantly more active lever 

responses than CHOW rats on all 3 days (Fig. 2H) and more cumulative extinction responses 

than both CHOW and PREF rats (F(2,14)=11.01, p<0.001) (Fig. 2I).

3.3 Diet schedule-induced alterations in functional properties of AI pyramidal neurons

Current-clamp recordings of AIC pyramidal neurons showed that under baseline (aCSF 

only) conditions, Diet Schedule had a significant effect on membrane resistance 

(F(2,88)=4.28, p<0.05), wherein INT-BINGE rats had significantly decreased resistance 

compared to CHOW rats (Tukey’s p<0.05)(Fig. 3A). This diet schedule effect was also 

observed when using antagonists (Blockers) against ionotropic glutamate and GABAB 

receptors (F(2,85)=5.82, p<0.01)(Fig. 3B), as well as the decreased resistance of neurons 

from INT-BINGE rats compared to CHOW (p<0.01). Rheobase (the minimum current 
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required to elicit an action potential), was significantly increased in neurons from INT-

BINGE rats compared to CHOW and INT-WD rats under baseline conditions (F(2,89)=3.90, 

p<0.05; Tukey’s p’s<0.05) (Fig 3C). When inhibitory neurotransmission was isolated 

(F(2,82)=5.20, p<0.01; Tukey’s p<0.01) (Fig. 3D), rheobase in neurons from INT-BINGE 

rats was similarly increased compared to CHOW rats. These effects are illustrated in 

representative traces from a CHOW and INT rat (Fig. 3E&F, respectively). The effect of diet 

schedule was similarly seen for action potential threshold, with neurons from INT-BINGE 

rats having a depolarized AP threshold compared to INT-WD rats under baseline conditions 

(F(2,89)=3.12, p<0.05; Tukey’s p’s<0.05) (Fig 3G), and having a depolarized threshold from 

CHOW rats in Blockers (F(2,82)=5.49, p<0.01; Tukey’s p’s<0.01) (Fig. 3H).

To further investigate differences in responses between diet groups following application 

of Blockers, electrophysiological parameters were also analyzed as percent change with 

Blockers from baseline (aCSF only). A one-way ANOVA found significant differences in 

the effects of Blockers on AP threshold between the diet groups (F(2,71)=8.10, p<0.001). 

Tukey’s post hoc revealed both INT-BINGE (p<0.001) and INT-WD rats (p<0.05) had a 

greater decrease (depolarization) in AP threshold compared to the CHOW rats (Fig. 3I). Use 

of Blockers decreased spike amplitude in all groups, with a significantly greater decrease for 

all INT rats when compared to CHOW controls (t(57.47)=2.92, p<0.01) (Fig. 3J).

Unlike what was seen for INT rats, membrane resistance, rheobase, and AP threshold of 

AIC pyramidal neurons from PREF rats did not differ significantly from those of CHOW 

rats (Supplemental Table 1), implicating an effect of diet schedule rather than diet per se. 

AP amplitude of AIC neurons from PREF rats was modestly higher than CHOW controls 

(t(37.61)=2.14, p<0.05) at baseline but not when Blockers or Blockers+Leptin were applied. 

With these compounds, both CHOW and PREF AP amplitudes directionally changed in a 

similar fashion.

3.4 Leptin in the insular cortex.

TaqMan qPCR confirmed that Lepr mRNA is expressed in the AIC of young adult male 

(n=18) and female Wistar rats (n=30). Male rats had significantly greater AIC Lepr mRNA 

expression (~1.5-2-fold) than female rats (Fig. 4). Across sexes, PREF rats showed a 

nonsignificant trend for increased Lepr mRNA levels vs. CHOW controls (p=0.08), with 

INT rats intermediate.

To test leptin action in rats with chronic diet schedule histories, current-clamp recordings 

were taken from INT and CHOW rats in baseline conditions, in the presence of Blockers, 

and then following superfusion of leptin. Representative traces of a neuron in Blockers from 

an INT rat (Fig. 5A) and then with the addition of leptin (Fig. 5B) reveal that in paired 

comparisons within the INT group, leptin decreased resistance (t(56)=2.46, p<0.05) (Fig 

5D), significantly increased AP threshold (t(50)=5.20, p<0.0001) (Fig. 5F). and decreased 

AP amplitude (t(49)=4.97, p<0.0001) (Fig. 5H). Some of these findings seem to be 

general effects of leptin, as leptin had similar effects in AIC neurons from CHOW rats to 

decrease resistance (t(22)=2.10, p<0.05) (Fig. 5C) and decrease AP amplitude significantly 

(t(20)=3.16, p<0.01) (Fig. 5H). Leptin did not significantly increase AP threshold in CHOW 

rats (p=0.058) (Fig. 5E).
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4. Discussion

The present analysis in female rats shows that intermittent access to a more preferred 

food, rather than the preferred food per se, increased the essential value of the food by 

an order of magnitude. Increases in the intensity and inelasticity of demand for the food 

were seen, accompanied by marked escalation in the maximum total work emitted, in the 

equilibrium unit price of food at the maximum work level, and in greater food-seeking 

behavior under non-reinforced, extinction conditions. In parallel, intermittent access altered 

the resistance, rheobase and spiking properties of pyramidal neurons in the anterior insula, 

projections of which to the nucleus accumbens have been implicated in compulsive-like food 

self-administration of high-responding INT rats(Spierling, 2016). Consistent with previous 

reports(Hakansson et al., 1996; Mercer et al., 1996b; Patterson et al., 2011a; Shioda et 

al., 1998a), the same medial, anterior region of the insula was found to express functional 

leptin receptors by both qPCR and electrophysiology; here, greater AIC Lepr expression 

was seen in females than in males. Leptin application decreased neuron excitability via 

reduced resistance and increased AP threshold of AIC pyramidal neurons, an effect that was 

evident when GABAB and ionotropic glutamate receptors were blocked with antagonists. 

While leptin had similar effects on neurons from both CHOW and INT rats, the effects were 

greater in INT rats. These results suggest that intermittent access to preferred food may 

drive functional adaptation in leptin-regulated AIC pyramidal neurons in association with 

increased intensity and inelasticity of food demand. The findings are consistent with the 

hypothesis that leptin may modulate food-related motivation or decision-making via an AIC 

circuit that is malleable to intermittent availability of preferred food.

4.1 Functional adaptations in the anterior insula following intermittent diet schedule

The AIC putatively represents salient visceroemotional states(Craig, 2009; Critchley et al., 

2004), or “somatic markers”(Craig, 2009), that guide behavior in a manner to promote 

survival and homeostasis. Accordingly, the AIC plays a role in addictive behavior(Abdolahi 

et al., 2015a, b, 2017; Hefzy et al., 2011; Naqvi and Bechara, 2009; Schrand, 2010; 

Seif et al., 2013; Suner-Soler et al., 2012; Yousefzadeh-Fard et al., 2013), perhaps by 

representing visceral states of use, craving and withdrawal/abstinence that motivate drug-

taking. Relatedly, the AIC has been hypothesized to play a role in compulsive and 

disordered eating(Aviram-Friedman et al., 2018; Bohon and Stice, 2011; Ding et al., 2020; 

Frank et al., 2013; Kessler et al., 2016; Monteleone et al., 2017; Shott et al., 2016; Wagner 

et al., 2008; Zorrilla E. P.; Koob, 2019) via altered representation of interoceptive states 

associated with exposure to palatable food or its cues, craving and hunger(Belfort-DeAguiar 

et al., 2016; Boutelle et al., 2015; Brooks et al., 2013; Connolly et al., 2013; Dodds et 

al., 2012; Imperatori et al., 2015; Jastreboff et al., 2013; Kalon et al., 2016; Kim et al., 

2012; Ogura et al., 2013; Pursey et al., 2014a; Tang et al., 2012; Weygandt et al., 2012; 

Wonderlich et al., 2017; Wood et al., 2016a; Wood et al., 2016b). Consistent with this 

view, we previously found that optoinhibition of AIC to NAc projections in this intermittent 

access model of compulsive eating modulated progressive-ratio and punished food self-

administration in a subset of high-responding INT rats. The present findings support the 

hypothesis that intermittent access to preferred food promotes AIC neuroadaptation. After 

chronic diet schedules, pyramidal neurons of INT rats showed significantly decreased 
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resistance compared to those of CHOW control rats, which did not differ from PREF rats 

fed the palatable diet ad libitum. Differences were seen under both baseline conditions 

and when antagonizing GABAB and ionotropic glutamate receptors. These effects were 

significant in INT rats studied following binge-like access to the preferred diet, and slightly, 

but not significantly, less so in INT rats studied following 24-hr withdrawal to chow. A 

decrease in resistances is potentially consistent with more ion channels being open in 

the INT insular neurons. Because the glutamate blockers did not diminish this effect and 

resistance is generally measured from hyperpolarizing current injections, the decreased 

resistance is hypothesized to be due to either increased proportion of open GABAA channels 

or an increased opening of channels that help set the resting membrane potential, such as 

voltage-gated potassium channels.

Rheobase was increased in INT rats studied after binge-like access to the preferred diet 

under baseline conditions as well as after blocking GABAB and ionotropic glutamate 

receptors. Rheobase was less affected in INT rats studied following access to chow, 

suggesting a role for recent preferred diet availability. The increased rheobase is consistent 

with the interpretation of more open channels in that voltage changes are smaller in 

magnitude for a given current injection when resistance is decreased, so more current 

is necessary to reach the voltage threshold for an action potential. In the presence of 

glutamate blockers, INT rats studied after binge-like access to the preferred diet had a 

depolarized action potential threshold. When analyzed as the effect of blockers relative 

to baseline (% change), INT rats showed decreased (depolarized) spike threshold and 

decreased spike amplitude compared to CHOW rats. Threshold is typically determined 

by the interplay between voltage-gated sodium and potassium channels, and antagonism 

of ionotropic glutamate receptors is less likely to be involved in this effect. However, 

metabotropic GABAB receptors may be involved, as they can couple to ion channels 

that alter the excitability and spike characteristics of neurons, including G-protein coupled 

inward rectifying potassium channels (GIRK)(Padgett and Slesinger, 2010).

Suggesting a potential link between AIC pyramidal neuron action potential threshold and 

feeding behavior, within the INT-BINGE group, spike threshold correlated inversely with 

the amplitude of cyclic oscillations in food intake (r = −0.61, p<0.05) and body weight (r 
= −0.42, p<0.001) between access and non-access days and directly with more persistent 

responding during non-reinforced timeout periods during self-administration sessions (r = 

0.58, p<0.05) (Supplemental Figure 2). These correlations were feeding state-dependent, as 

they were absent in Chow and INT-WD rats.

4.2 Intermittent access to preferred food increases compulsive-like food demand

The increases reported here in demand intensity, inelasticity, essential value, and extinction 

responding as well as the replication(Kreisler et al., 2017; Spierling et al., 2020; Spierling 

et al., 2018) of increases in non-reinforced timeout responding, escalated PR breakpoints 

and FR1 self-administration, and cyclic dependence of food intake and body weight on the 

available diet reinforce that compulsive-like eating develops with intermittent access to a 

preferred diet. Such changes have been proposed to resemble diagnostic signs of substance 

use disorder, including food reward tolerance, escalation of intake, increased effort to obtain 
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food, and outcome-independent food-seeking behavior(Gearhardt et al., 2009, 2016; Zorrilla 

E. P.; Koob, 2019). Escalated intake and operant performance were not seen in rats receiving 

continuous access to the preferred diet. Rather, PREF rats decreased their intake to chow-

like levels over 2 weeks of access as seen previously(Kreisler et al., 2017; Spierling et al., 

2020; Spierling et al., 2018). The findings emphasize the key role of intermittency and not 

only current diet characteristics per se in the genesis of compulsive eating. Demand function 

measures also strongly correlated with daily intake of preferred diet, rejection of alternative 

chow, and operant measures of motivation and compulsive-like responding, consistent with 

other data(Epstein et al., 2018) suggesting potential translational relevance for human eating 

outcomes.

Female rats were studied here due to the greater prevalence of diagnoses of compulsive-

like eating pathologies in women. Perhaps accordingly, most rats in the INT group met 

the previously-published criterion of ‘INT-HIGH’ in our model -- PR breakpoints greater 

than 2 standard deviations above the mean of rats continuously fed the chow or preferred 

diet(Spierling et al., 2020; Spierling et al., 2018). Because so few rats met the INT-LOW 

classification, there was not adequate power to test whether changes in demand functions 

or AIC pyramidal neuron resistance, rheobase and spike properties are differential in INT-

HIGH rats. It also is unclear whether male rats develop the same (magnitude) changes. 

Future studies can investigate similar measures in male rats, in which we would expect a 

more balanced distribution of INT-LOW vs. INT-HIGH rats for subgroup analyses(Spierling 

et al., 2018).

4.3 Leptin action in the anterior insula

Given our previous finding of a causal role for the AIC and correlations of leptin levels 

with compulsive-like self-administration in this model and reports of discrete leptin receptor 

expression in the medial AIC(Hakansson et al., 1996; Mercer et al., 1996b; Patterson et al., 

2011a; Shioda et al., 1998a), we hypothesized that leptin might act on AIC neurons that 

influence food-motivated behavior. Regardless of previous diet exposure, we found that male 

rats had ~1.5-2-fold greater Lepr expression in the anterior insula compared to female rats. 

There were no significant diet schedule-related differences in Lepr expression, though PREF 

rats showed a trend towards increased levels vs. CHOW rats. To understand the functional 

role of leptin, we first studied effects of bath application of leptin on CamKIIa-expressing 

layer V AIC neurons of chow-fed rats. Under these conditions, leptin acutely increased 

spike frequency, including when blockers were used to isolate GABAA neurotransmission. 

This finding is consistent with the hypothesis that depolarizing effects of leptin on Layer V 

AIC pyramidal neurons may reflect disinhibition due to inhibiting presynaptic GABAergic 

input from interneurons(Murayama et al., 2019), similar to its mode of action to depolarize 

pro-opiomelanocortin (POMC) neurons in the arcuate nucleus(Liu et al., 2012; Pinto et 

al., 2004; Vong et al., 2011). Alternatively, leptin may be modulating K+ conductance 

directly(Baver et al., 2014; Lee et al., 2018). Within both 24-hr fasted and fed animals, 

leptin reduced mean rheobase in the presence of blockers in many, but not all, layer V 

neurons across the anterior-posterior extent of the AIC, suggesting that leptin can increase 

excitability throughout the AIC at least partly independent of current energy state. These 
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findings contrast from studies of leptin effects on posterior insular layer 2/3 pyramidal 

neurons that showed energy state-dependent excitability(Murayama et al., 2019).

Unlike these findings, we observed in layer V AIC pyramidal neurons of chronic schedule 

INT rats that leptin decreased resistance, increased spike threshold, and decreased spike 

amplitude; the resistance and amplitude findings also were seen in age-matched CHOW 

rats. These findings resemble more the previously reported effects of leptin in the posterior 

insula, where leptin increased GABAergic activity onto layer 2/3 pyramidal neurons, 

decreasing excitability(Murayama et al., 2019). In this chronic study, we again did not 

observe significant differences in actions of leptin on pyramidal neurons in the AIC 

depending on whether INT rats were sacrificed following 24 hr withdrawal to chow or 

following binge-like refeeding. We cannot rule out that we were underpowered to detect 

such an effect, or that a greater or more chronic difference in energy state may have revealed 

differential leptin actions.

Suggesting a potential link between the response to leptin and feeding behavior, within 

the INT-BINGE group only, the effect of leptin on resistance correlated with average 

daily intake. Specifically, greater insensitivity to leptin correlated with significantly greater 

undereating of non-preferred chow on non-access weekdays (r = −0.65, p<0.01) and across 

the weekend (r = −0.66, p<0.01), during which rats only had chow and not the preferred 

diet (Supplemental Figure 3). Conversely, greater insensitivity to leptin tended to associate 

with greater overeating of preferred diet when it was available (r = 0.38). Thus, rats that 

consumed less on chow days and binged more on preferred diet access days were less 

sensitive to the effects of leptin (r = 0.51, p=0.0509 to amplitude of food intake cycling), 

but only when sacrificed immediately after a binge session. These correlations were feeding 

state-dependent, as they were absent in INT-WD rats.

Several procedural differences may account for the apparently disparate effects of leptin 

between studies. First, leptin may have varying effects within the heterogeneous population 

of insula neurons based on local microcircuitry and projection-specific functionality, similar 

to contrasting effects of leptin on POMC- vs. agouti-related protein (AgRP)-expressing 

neurons within the arcuate nucleus(Baver et al., 2014; Lee et al., 2018; Liu et al., 2012; 

Pinto et al., 2004; Vong et al., 2011). Studies may have sampled different neuron populations 

by chance or because the chronic schedule study focused on the most anterior aspect of 

the AIC (+2 to +3.5 mm), whereas our initial study extended posterior to bregma. Second, 

animals studied in the chronic diet study were months older and had higher adiposity 

than those studied at 2-3 months of age in our initial study; age and long-term energy 

state(Petervari et al., 2014; Scarpace et al., 2000) are known to be associated with changes in 

leptin signaling and sensitivity. Similarly, in the chronic diet schedule studies, we recorded 

from unlabeled layer V pyramidal neurons, which may include, but not recapitulate, the 

subset of layer V pyramidal neurons that were labeled by CamKII- promoter-driven virus 

in our initial study. In addition, we cannot rule out the possibility that leptin may have 

effects in brain regions other than the AIC that could contribute to the intermittent access to 

preferred food-induced binge eating behavior.
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Overall, though, the results are consistent in showing that leptin modulates properties and 

excitability of AIC pyramidal neurons that change in relation to intermittent availability of a 

preferred diet and that it still does so in the presence of blockers that isolate GABAA current.

5. Conclusion

In conclusion, we further show that intermittent access to preferred food, rather than 

access to a preferred food per se, increases compulsive-like eating. Resulting measures 

of heightened demand intensity, inelasticity and essential value as well as increased food-

seeking during extinction may have translational relevance for predicting disordered eating 

outcomes in humans. Intermittent access to preferred food induced functional adaptations in 

AIC pyramidal neurons, seen as increased resistance, decreased rheobase and altered spiking 

properties. Within the same neurons, leptin reduced resistance, increased spike threshold and 

decreased spike amplitude, pointing to a previously understudied, extrahypothalamic role 

of leptin in modulating feeding-related cortical circuits. Future studies should determine if 

plasticity in this leptin-sensitive AIC circuit also occurs in human conditions with varying 

availability of preferred food, such as food insecurity, recurrent dieting, and high cultural 

dietary variety, leading to altered food-related motivation and decision-making.
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FR Fixed Ratio
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PREF ad libitum preferred-diet fed

INT intermittent access to preferred diet

Lepr Leptin receptor

AP action potential
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Figure 1: Intake, body weight, and fixed- and progressive-ratio (FR, PR) self-administration.
Within the first 5 weeks of diet schedules, female rats receiving chronic intermittent access 

to preferred diet (INT) developed significant A) cycling of food intake, with an amplitude 

of ~65-70 kcal between access vs. non-access (Non-Acc) days, and B) cycling body weight 

as compared to rats continuously fed chow (CHOW). They weighed significantly more than 

CHOW rats after access days during Weeks 2, 3 and 5 and lost 10 g during non-access 

days. PREF rats ate significantly more than CHOW rats during the first 2 weeks, but not 

thereafter, and showed progressively greater body weight than both INT and CHOW rats. 

C) INT rats developed ~50% higher average daily intake on access days, ~40% lower 

average daily intake on non-access weekdays, and continued to eat significantly less on 

chow-fed weekends as compared to CHOW and PREF rats receiving their respective diets. 

Across the first 6 weeks of FR1 self-administration sessions on access days, D) INT rats 

earned ~4-fold more reinforcers, E) and made ~10-fold more responses than controls during 
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post-reinforcement “timeout” periods during which responses had no effect. This resulted in 

a significant, disproportionate increase in the number of timeout responses per pellet. F) INT 

rats also developed significant increases in total responses and breakpoints of weekly PR 

sessions. PREF and CHOW rats did not differ significantly from one another on any operant 

performance measures. All panels show M+SEM. Please see text for statistical detail.
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Figure 2: Demand function parameters and extinction responding.
Behavioral economics analysis using between-session escalation of fixed-ratio requirements 

(FR1, 3, 6, 12, 24, 48, 96) revealed that A) INT rats exhibit substantially different aggregate 

demand functions as compared to both CHOW and PREF rats. Exponentiated demand 

function analysis of individual subjects’ consumption as a function of increasing unit 

price showed that INT rats have significantly B) decreased elasticity (log α), C) increased 

unconstrained demand intensity (Qo), D) increased maximum work (Omax) and E) unit price 

(Pmax) at the level of maximum work, and F) increased essential value of the preferred diet 

(EV) as compared to both CHOW and PREF rats. As expected, there were G) significant 

correlations of demand intensity to average reinforcers earned under low effort (FR1) 

requirements during weeks 4-6 across all rats (r=0.88, not shown) and within INT, CHOW 
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and PREF diet schedule groups, separately (rs=0.59, 0.84 and 0.84). H) INT rats showed 

significantly more active responses than CHOW rats during each of 3 extinction sessions 

after reestablishment of FR1 self-administration, and I) INT rats made significantly more 

cumulative active responses than both CHOW and PREF controls during the 3 extinction 

sessions. CHOW and PREF rats did not differ significantly on any parameters. Panel A 

shows group means and connecting lines of averages at each FR requirement of access 

day self-administration sessions with escalating FR requirements. Panels B-F and I show 

violin plots with individual scatter. The dashed line within the violin plots denotes the 

median and the dotted lines denote the 1st and 3rd quartile. Panel G shows a scatterplot with 

regression lines fit to each groups’ data; demand intensity was calculated from behavioral 

economics sessions from Weeks 7-14 and Pearson correlated to average reinforcers earned 

during FR1 sessions in Weeks 4-6. Panel H shows M+SEM of active responses from 3 

consecutive extinction sessions and average active responses emitted during 5 pre-extinction 

FR1 sessions. *p<0.05 vs. both CHOW and PREF.
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Figure 3: Altered excitability in anterior insula pyramidal neurons following intermittent access 
to a preferred diet.
Following 9-14 weeks of intermittent access to preferred diet, functional adaptations were 

seen in the anterior insula pyramidal neurons of INT rats, especially after binge-like 

refeeding (INT-BINGE), as compared to those continuously fed chow, including: A) 

decreased resistance at baseline and B) in the presence of ionotropic glutamate and GABAB 

receptor blockers and C) increased rheobase at baseline and D) in the presence of blockers. 

E) A representative trace shows the resistance and rheobase difference in the presence of 

blockers in a CHOW and F) INT rat. INT-BINGE rats also showed G) increased action 

potential thresholds at baseline as compared to rats withdrawn to chow diet for 24 hr (INT-

WD) and H) increased action potential thresholds with blockers as compared to CHOW rats. 

INT rats also had a I) decreased percent change in spike threshold and J) in spike amplitude 

from baseline in the presence of blockers as compared to CHOW controls. *: p<0.05, 

**: p<0.01, ***: p<0.001, ****: p<0.0001, INT vs CHOW. #: p<0.05, ##: p<0.01, ###: 

p<0.001, ####: p<0.0001, pairwise between CHOW, INT-WD, or INT-BINGE. n=13-69 

cells per group for all measures.
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Figure 4: Leptin receptor expression in the anterior insula.
Violin plots with scatter show that male rats, regardless of diet schedule, had greater Lepr 
mRNA expression (i.e., lower Gapdh-normalized cycle thresholds [CT]) in the insula than 

females. Insular Lepr mRNA expression did not significantly differ with respect to diet 

group. The dashed line within the violin plots denotes the median and the dotted lines denote 

the 1st and 3rd quartile. *: p<0.05, n=4-12 per group.
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Figure 5: Functional effect of leptin in the anterior insula in rats with intermittent access to a 
preferred diet.
A) Representative trace of a layer V anterior insula pyramidal neuron showing resistance, 

AP threshold, and AP amplitude in the presence of GABAB and ionotropic glutamate 

receptor blockers and depicts how these parameters change in B) the same neuron following 

superfusion of leptin. Paired comparisons of each recorded cell of ad libitum chow-fed 

controls and intermittent access rats show a reduction in resistance for both groups (C,D), 

no effect on threshold for CHOW (E) rats, a significant depolarization in threshold for INT 

(F) rats, and a significant decrease in amplitude for both CHOW and INT rats (G,H) when 
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leptin is added to the blockers. *: p<0.05, **: p<0.01, ***: p<0.001, ****: p<0.0001, paired 

comparison Leptin vs Blockers. n=21-57 cells for paired comparison measures.
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Table 1

Correlations of demand curve parameters with cycling daily intake and operant performance

Measure Essential value
(EV)

Demand intensity
(Qo)

Elasticity
(log α)

Access day daily intake (kcal) 0.79 0.79 −0.82

Non-access day daily intake −0.82 −0.72 0.85

Weekend day kcal intake −0.84 −0.71 0.84

Cycling amplitude of intake 0.83 0.78 −0.86

Cycling amplitude of body weight 0.71 0.72 −0.76

FR1 reinforcers 0.90 0.88 −0.84

Timeout responses per pellet 0.63 0.60 −0.65

PR breakpoint 0.71 0.74 −0.73

Note: Pearson correlations (r) are shown; n = 24, all ps<0.002
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