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Abstract

Compulsive binge eating is a hallmark of binge eating disorder and bulimia nervosa and is 

implicated in some obesity cases. Eating disorders are sexually dimorphic, with females more 

often affected than males. Animal models of binge-like eating based on intermittent access to 

palatable food exist; but, little is known regarding sex differences or individual vulnerability in 

these models with respect to the reinforcing efficacy of food, the development of compulsive- and 

binge-like eating, or associated changes in whole-body metabolism or body composition. 

Adolescent male (n=24) and female (n=32) Wistar rats were maintained on chow or a preferred, 

high-sucrose, chocolate-flavored diet in continuous or intermittent, extended access conditions. 

Body weight and composition, intake, fixed- and progressive-ratio operant self-administration, and 

whole body energy expenditure and respiratory exchange ratios were measured across an 11-week 

study period. Subgroup analyses were conducted to differentiate compulsive-like “high responder” 

intermittent access rats that escalated to extreme progressive-ratio self-administration performance 

vs. more resistant “low responders.” Female rats had greater reinforcing efficacy of food than 

males in all diet conditions and were more often classified as “high responders”. In both sexes, rats 

with intermittent access showed cycling of fuel substrate utilization and whole-body energy 

expenditure. Further, “high-responding” intermittent access female rats had especially elevated 

respiratory exchange ratios, indicating a fat-sparing phenotype. Future studies are needed to better 

understand the molecular and neurobiological basis of the sex and individual differences we have 

observed in rats and their translational impact for humans with compulsive, binge eating disorders.
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exchange ratio OR respiratory quotient OR RER; energy expenditure OR heat; overweight OR 
obesity OR adiposity OR body composition OR body fat OR body weight

1. Introduction

Binge eating, or consuming excess food in a short period of time with a loss of control1, 

defines several eating disorders and imparts a severe personal and public health burden2–8. 

Compulsive binge eating is a hallmark of binge eating disorder and bulimia nervosa9–10 and 

is also implicated in some obesity cases11–16. The construct of compulsive eating 

distinguishes the etiology, biology, severity, prognosis, and appropriate treatment of cases of 

binge-disordered eating and obesity from those without compulsive eating 9,17–28.

Animal models of compulsive eating have utilized intermittent schedules of access to 

palatable food to understand better the neurobiology and therapeutic targeting of addictive-

like, binge eating29–33. Palatable foods are used because of their putative role in eliciting 

neurobehavioral changes colloquially known as “food addiction” 19,22,34, often including the 

development of compulsive, binge intake20,35–36. Intermittent access schedules are used to 

model a common form of dieting, whereby a person abstains from energy-dense, palatable 

foods while trying to eat less energy dense, and often less palatable, foods. This eating 

practice can lead to “yo-yo” dieting, with intake cycling, and is an etiologic risk factor for 

binge eating and poor metabolic outcomes37–43. Parallels between cyclic overeating vs. 

abstinence from palatable food and use-abstinence cycles in drug addiction also have been 

noted44–45. Compulsive-like, binge intake in such animal models may represent 

dysfunctions in behavioral control, a key element in conceptualizations of human food 

addiction20,28,34.

Similar to drug access models46–48, intermittent access models recently have compared 

effects of short (e.g., 30 minutes) vs. long (e.g., 24 hours) periods of access to palatable 

food32. While both schedules elicit binge-like eating, only intermittent long access leads to 

lasting underconsumption (“rejection”) of non-preferred diets during 

abstinence29–30,32,49–52. Intermittent long access to a palatable diet in female rats also led to 

body weight cycling and reductions in brown adipose tissue in relation to weight lost during 

abstinence from the diet32. Individual differences in intake behavior (both overeating and 

“rejection”) among rats on intermittent access schedules are seen30,32,53–58; how these 

impact metabolic outcomes is unknown. Also unknown is whether individual differences in 

the reinforcing value of food or compulsivity of food-directed instrumental behavior 

develop, key questions given the putative role of compulsivity in disordered eating. Indeed, 

in humans, motivational measures (e.g., relative reinforcement) provide unique and 

sometimes more powerful predictors of outcome vs. simple intake measures59–63. Due to the 

female preponderance of binge-related eating disorders64–71, sexual dimorphism in rodent 

models of binge eating also has been assessed. Females rats have shown faster eating rates72, 

higher “proneness,” defined by consistently greater intake55–56,73, and, potentially, higher 

reward value of palatable food73 after intermittent long access to palatable food. Sex 

differences in the development of binge-like instrumental behavior, including the reinforcing 

value of food or the compulsivity of food self-administration, putatively key components of 

addictive-like binge eating disorders20, 34, are understudied. Likewise, sex differences in 
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metabolic outcomes, including body composition, energy expenditure, and fuel utilization, 

remain unclear.

Using our rat model of binge eating, the present study aimed to fill these gaps in our 

understanding of sex differences and individual differences in palatable food reinforcement 

and metabolic outcomes. In comparison to ad lib standard chow controls, adolescent rats of 

both sexes were subjected to continuous or intermittent long access to a preferred, sucrose-

rich, but nutritionally-complete, chocolate-flavored diet. Body weight and composition, 

intake, fixed- and progressive-ratio operant self-administration, and whole-body metabolism 

were assessed. Further subgroup analyses were conducted on those intermittent access rats, 

labeled “high responders,” that developed the highest progressive-ratio self-administration 

performance to determine whether there are metabolic differences in these most 

“compulsive-like” rats. We hypothesized that energy expenditure and substrate utilization 

would cycle, similar to intake and body weight, in rats with long intermittent access in both 

sexes and that these cycles would be exaggerated in “high responder”, compulsive-like rats. 

Further, we hypothesized that female rats would 1) have a greater reinforcing efficacy of the 

palatable diet under both continuous and intermittent access conditions, 2) be more often 

classified as “high responders”, and 3) show greater metabolic cycling in the intermittent 

access condition.

2. Materials and Methods

2.1 Animals

Following Kreisler et. al32, 6–8 week old adult female (n = 32, 125–175 g) and male (n = 24, 

215–300 g) Wistar rats (Charles River) were pair-housed (same-sex) upon arrival, separated 

by clear Plexiglas to enable individual food measurement, in wire-topped plastic cages in a 

temperature-(22 °C) and humidity- (60%) controlled vivarium (12:12 h reverse light-dark 

cycle). Before experiments, rats had ad libitum chow (C) (45-mg pellets, 5TUM TestDiet, 

St. Louis MO) and water available. Body weights and food intake were recorded for 2–3 

weeks 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 Diet Schedules

The “preferred” diet32,58 was sucrose-rich, chocolate-flavored and nutritionally-complete 

45-mg pellets (P) (5TUL, Test Diets, St. Louis, MO) with similar macronutrient composition 

(~67% carbohydrates, 21% protein, and 13% fat by kcal) and caloric density (~3.44 kcal/g), 

compared to the chow (3.30 kcal/g). Rats were matched for baseline chow intake, body 

composition, and operant self-administration to 1 of 3 dietary groups: ad libitum access to 

the less-preferred grain chow (CHOW); ad libitum access to only the preferred, sucrose-rich 

chocolate-flavored diet (PREF); intermittent long access (INT) to the preferred diet for 24hr 

beginning at the dark cycle onset for 3 nonconsecutive days/week (Monday, Wednesday, 

Friday) with ad libitum chow otherwise. Days on which INT rats had access to the preferred 

diet are hereafter referred as “PREF” days, and days on which they only had access to the 

chow diet as “NON-PREF” days (Fig 1A).
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2.3 Self-administration apparatus

Operant food self-administration was performed in 30.5 × 25 × 30.5 cm chambers 

(Coulbourn Instruments, Whitehall, PA), in sound-attenuating, ventilated cubicles (Med 

Associates, Fairfax, VT), with Plexiglas ceiling and front and rear walls, stainless steel rod 

floors, and modular side walls. The right wall had two retractable levers, 2.1 cm above the 

floor and adjacent wall, with a pellet trough centered between and vertically aligned with the 

levers. Levers were extended throughout test sessions. Upon completion of a ratio 

requirement at an “active” lever, one 45-mg pellet was delivered 0.5 seconds afterward; 

responses at the other, “inactive” lever had no scheduled consequences. Following pellet 

delivery in all sessions, a 3.25-second post-reinforcement timeout, during which further 

active lever presses were recorded but had no consequences, was imposed to promote 

consumption of the previous pellet before successive deliveries. Ad libitum water was 

available via a bottle with sipper tube.

2.4 Body Composition Analysis

Whole body fat and lean mass were determined in awake rats by EchoMRI (Echo MRI-900, 

ACQ-SYS v.2008, Houston, TX). Measurements were taken one week prior to diet schedule 

start (BASELINE) and on 4 occasions during weeks 7–11 of the diet schedules. 

Measurements were also attempted during weeks 1–6 (not shown), but, due to technical 

failure, data were not collected for males; however, all subjects received similar experience 

in the MRI tube. Each analysis lasted ~5 min. Fat and lean mass were expressed as a % of 

body weight, measured prior to MRI.

2.5 Operant Self-Administration

All rats learned to self-administer chow (5TUM) food pellets over 3 weeks prior to 

experiment start as follows: (1) with their cage mates for 1 session for 24 hrs on a fixed-ratio 

1 (FR) reinforcement schedule; (2) individually for one 12-hr FR session during the dark 

cycle; (3) one 3-hr FR session (4) five 30-min FR sessions (4) one progressive ratio (PR) 

session in which the response requirement increased exponentially with each pellet obtained 

per the progression described in Cottone, et al. 200851. PR sessions ended when rats failed 

to acquire another reinforcer within 14 min of the previous reinforcer, up to a maximum 

session duration of 2 hr. The “breakpoint” was defined as the last response requirement 

completed. Rats were then assigned to diet schedules. On days that INT rats had access to 

the preferred diet, all rats performed 1 weekly FR session and 1 weekly PR session (2 total 

sessions weekly), beginning at dark cycle onset, reinforced by their appropriate diet (i.e., 

CHOW received chow reinforcers and all others received preferred diet).

2.6 Indirect Calorimetry by Oxymax CLAMS

During the 3-week operant training, pre-experiment period, each rat was pre-acclimated for 

48 hr to a test cage in our Oxymax Comprehensive Laboratory Animal Monitoring System 

(CLAMS) (Columbus Instruments, Columbus, OH). During weeks 7–11 of the diet 

schedule, rats, staggered as 8 per sex per week balanced across groups, were individually-

housed in their respective test cages for indirect calorimetry measurement of respiratory 

exchange ratio (RER) (ratio of volume of CO2 expelled to O2 consumed) and energy 
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expenditure (EE), calculated by the formula: [(3.815 + 1.232*RER)*VO2 (in liters)])74–75. 

VO2 was corrected to account for lean mass scaled to the 2/3 power76. Power-function 

normalization was used here, rather than covariate analysis, because of collinearity of sex 

with lean mass77. Each rat had a further 24 hr of reacclimation during an INT PREF day. 

Then, indirect calorimetry measurements were collected for the subsequent 48 hr over one 

full NON-PREF day and one full PREF day. Rats’ food was maintained on the appropriate 

diet schedule within the CLAMS in powdered form.

2.7 Experimental Timeline

After the three pre-experiment weeks of operant acquisition, baseline measurements, and 

CLAMS acclimation, rats were assigned to diet schedules, matched for body weight, percent 

body fat, and active lever operant responding. During weeks 1–6, rats performed operant 

sessions on two PREF food days (FR, PR once weekly at onset of dark cycle) and were 

placed in the EchoMRI at the onset of a third PREF food day (data were not obtained due to 

technical failure in weeks 1–6), had home cage food intake measured daily, and had body 

weights measured 2 times weekly at the end of a NON-PREF (Monday dark onset) vs. 

PREF (Thursday dark onset) food cycle. During weeks 7–11, rats continued on this schedule 

but with squads of 8 rats/sex staggered weekly through indirect calorimetry testing. All 

statistical analyses for intake, body weight, and operant performance were applied to data 

from weeks 1–6, before calorimetry testing began.

2.8 Statistical analyses

Behavior and intake measures were first analyzed by linear mixed-model restricted 

maximum likelihood analysis with a Type III test of fixed effects. Variables such as Group, 

Sex, and High/Low Responder Classification were between-subject factors, and Week, 

Hours and Phase were repeated measures. Due to non-sphericity of data, indirect calorimetry 

measures were analyzed by the general linear model with a Greenhouse-Geisser 

correction78. Following omnibus tests, higher order interactions were interpreted by 

comparison of lower-order interactions, main effects and pairwise comparisons, within the 

identified factors. Tukey’s pairwise tests were used for pairwise comparisons following 

GLM. To allow direct comparison between sexes, in some analyses, intake was normalized 

per body weight scaled to the 2/3 power76. Random effects, 2-way intraclass correlations of 

consistency were performed to assess stability of PR performance within a given subject79.. 

Key statistically significant effects for each figure are presented in Supplemental Table 1. 

Analyses were performed using GraphPad Prism 6.0 (GraphPad Software Inc., La Jolla, CA) 

and IBM SPSS Statistics v22 (IBM, Armonk, NY).

3. Results

3.1 Daily Intake

In the full model with both sexes, a significant Group X Day Interaction (F(2,550)=556.4, 

p<0.0001) indicated intake cycling in both sexes, wherein INT rats overconsumed on PREF 

days (FIG 2A & C; ps< 0.0001) and underconsumed on NON-PREF days (FIG 2B & D; 

ps<0.0001)). A Group X Sex X Day interaction (F(2,550)=5.7, p<0.005) indicated sex 

differences in the magnitude of this cycling, however. Specifically, a Sex x Group interaction 
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on NON-PREF days (F(2,278)=12.3, p<0.0001), and not on PREF days, indicated that male 

INTs underrate more on NON-PREF days than females, whereas their overconsumption was 

comparable on PREF days . As expected, across diet groups, males had higher raw daily 

intake than females (Sex: F(1,550)=683.6, p<0.0001).

3.2 Body weight

A Group X Sex interaction indicated that diet schedule-related body weight differences were 

sex-dependent (Figs 2E &F; F(2, 513)=7.1, p<0.002). A Group X Week interaction indicated 

that PREF rats weighed more than INT or CHOW rats over time (F(10,190.6)=2.4, p<0.02). 

Regardless of diet schedule, as expected, male rats weighed more (F(1,513)=3724.4, 

p<0.0001). A Sex X Week X Group interaction following NON-PREF days (F(10,89)=2, 

p<0.05) and a Sex X Group interaction following PREF days (F(2,194)=9.6, p<0.0001) 

indicated sex differences in weight gain on the INT schedule, with respect to CHOW 

controls, as is elaborated below.

3.2.1 Males—Following PREF days (FIG 2G), male INT rats gained less weight than male 

PREF rats (p<0.0001) and trended toward less weight gain than CHOW rats (p<0.06). 

Following NON-PREF days (FIG 2H), male INT rats similarly had gained less weight than 

PREF rats by Week 4 (p<0.04). Male INT rats trended towards less weight gain than 

CHOWs following NON-PREF days as well, though this did not quite reach significance.

3.2.2 Females—Unlike in males, INT females never showed less weight gain than CHOW 

controls. Rather Group X Week interactions in females indicated earlier and greater weight 

gain in PREF rats than in CHOW females, with INT rats intermediate. Thus, following 

PREF food days (FIG 2I), PREF rats gained significantly more weight than both INTs and 

CHOW rats (ps<0.0001), but female INT rats also gained significantly more weight than 

female CHOW rats (p<0.0001). Following the underconsumption of NON-PREF days (FIG 

2J), INT rats no longer had gained more than CHOW rats, while PREF rats still showed 

greater weight gain than both groups (ps<0.0001).

3.3 Body Composition

A Group X Sex interaction on body fat percentage (Fig. 3A & B; F(2,166)=7.3, p<0.002) 

reflected that female INT rats had steeper gains in body fat percentage than male INT rats. A 

Group X Week interaction reflected that PREF rats of both sexes developed greater percent 

body fat than INTs and CHOWs over time (F(6,105)=13.4, p<0.0001). Female INT rats also 

had significantly higher percent body fat than female CHOWs (p<0.02)—in contrast, male 

INTs trended toward lower percent body fat compared to male CHOWS (p<0.07). Finally, a 

Sex main effect (F(1,166)=71.7, p<0.0001) reflected greater percent body fat in females, as 

expected.

For lean body mass percentage (Supplemental Fig 1), a Group X Sex interaction indicated 

that female INT rats showed disproportionately steeper loss of lean body mass percentage 

(vs. ad lib diet conditions) than did male INT rats (F(2,167)=8.9, p<0.0001). A Group X 

Week interaction showed that PREF rats of both sexes had less percent lean mass than INTs 

and CHOWs over time (F(6,106)=1.8, p<0.0001). Finally, across diet groups, males lost a 
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greater percentage of lean body mass than did females (Sex X Week: F(1, 167)=302.5, 

p<0.0001).

3.4 Weight-normalized intake

After normalizing for body weight (FIG 3C & D), significant Sex X Group X Week 

(Overall: F(10,198)=2.0, p<0.04, PREF days: (F(10,103)=2.0, p<0.05) and Sex effects 

(Overall: F(1,484)=34.5, p<0.0001, PREF days: F(1,222)=12.6, p<0.0001) indicated that 

male CHOW and PREF rats initially normally ate more than their respective female 

counterparts, but that this sex difference was absent in INT rats on PREF days. In contrast, 

males still ate more than females across groups on NON-PREF food days (F(1, 222)=12.6, 

p<0.0001). Thus, female INT rats overconsume on PREF days to a greater degree than do 

male INT rats, thereby eliminating the normal sex difference seen in their ad lib fed 

counterparts.

3.5 Fixed-ratio self-administration

3.5.1 Active lever presses—On a fixed-ratio-1 (FR) schedule of reinforcement, a Group 

X Sex X Week interaction (F(110,88)=2.6, p<0.01) on total active lever presses reflected that 

male INT rats showed larger escalation of responding than did females. This was most 

evident during weeks 4–6 when females appeared to plateau. Within both sexes, INTs made 

more active lever presses than CHOW and PREF rats by Week 2 (ps<0.0001) continuing 

through Week 6 (see Figs. 4A and B). There was no Sex main effect (p>0.3) on active lever 

presses.

3.5.2 Reinforced active lever presses—A Group X Sex X Week interaction 

(F(10,88)=3.3, p<0.002) similarly reflected that male INT rats showed greater increases 

across the study period than female INT rats (see Figs. 4E and F). Both male and female 

INT rats obtained more reinforcers than CHOWs and PREFs by Week 2 (ps<00001), 

persisting through Week 6. There was no Sex main effect on reinforcers earned (p>0.2).

3.5.3 Weight-normalized reinforcers earned—However, when pellets earned was 

normalized for body weight, results differed strikingly. Here, instead, a Sex main effect 

indicated that females obtained disproportionately more reinforcers than males across all 

diet groups (F(1,290)=11.6, p<0.001). A Group X Week interaction remained (F(10, 91) 

=8.7, p<0.0001), indicating that INT rats of both sexes similarly escalated their self-

administration across the study period (see FIG 4I & J).

3.5.4 Non-reinforced “timeout” active lever presses—There were no effects (main 

or interaction) involving Sex on responding during the post-reinforcement “timeout” period. 

Group X Week interactions (F(10,89)=8.9, p<0.0001) indicated that INT rats of both sexes 

markedly and similarly increased their timeout responding over time vs. CHOW and PREF 

rats (ps<0.0001) (Figs. 4G and H). The mean ratio of timeout responses: reinforced 

responses was increased 1.8- and 2.3-fold in female and male INT rats, respectively, 

indicating a disproportionate increase in timeout responding.

Spierling et al. Page 7

Physiol Behav. Author manuscript; available in PMC 2019 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



3.5.5 Inactive lever presses—A Sex main effect (F(1,285)=13.0, p<0.0005) reflected 

that, across diet groups, males made more inactive lever presses than females. There were no 

main or interaction effects involving Group on inactive lever presses collectively or within 

either sex (FIG 4C & D).

3.6 Progressive ratio self-administration

Progressive ratio self-administration is a measure of the reinforcing efficacy of the diet for 

each group80. Sex main effects reflected that females had higher total active lever presses 

(F(1,265)<9.1, p<0.004) and breakpoints (F(1,274)=9.2, p<0.004) than males. There were 

no significant interactions involving both Sex and Group. Instead, Group X Week 

interactions (F(10,89)=3.5,p<0.002) indicated that INT rats of both sexes markedly and 

similarly increased their active lever presses (Fig. 5A) (F(10,89)=3.5, p<0.002) and 

breakpoints across PR sessions (Fig. 5B) (F(10,89)=3.1,p<0.002). Overall, independent of 

sex, INT schedule-induced increases in PR performance were significant vs. CHOW and 

PREF rats (ps<0.0001) (see Figs. 5A–D).

When PR intake was normalized for body weight (FIG 5E & F), the Sex main effect was 

even greater (F(1,294)=77.0, p<0.0001), emphasizing that females had much greater body 

weight-normalized intake during effortful PR sessions than males. Intraclass correlations 

reveal strong, stable individual differences in PR performance in both males (ICC=0.79) and 

females (ICC=0.77).

3.7 High vs. low PR-responding INT rats

To address previously described stable individual differences in the development of 

compulsive eating phenotypes, and also observed here for PR performance, INT rats of both 

sexes were classified as high responders (HI INT) if on average between weeks 4–6 their 

average number of PR active lever presses was more than 2 standard deviations greater than 

the average of CHOW controls of both sexes. By this criterion (≥315 active lever presses), 

50% of females vs. 36% of males were considered HI INT; the remainder were considered 

low-responders (LO INT).

3.7.1 Intake—Significant Class X Sex X Day interactions (F(3, 525)=7.2, p<0.0001) 

indicated sex differences in the degree to which intake of HI or LO INT rats cycled on PREF 

vs. NON-PREF feeding days. Furthermore, Class X Sex interactions were seen on both 

PREF (F(3, 261)=2.8, p<0.05) and NON-PREF days (F(3, 267)=9.5, p<0.0001), indicating 

that the sex differences in the effects of high- vs. low-responder Class were seen during both 

access phases, as detailed below.

3.7.1.1 Overeating on PREF days: The Sex-related interactions reflected that unlike male 

INTs, who did not differ from one another (FIG 6A), HI INT females overate significantly 

more on PREF days than their LO INT counterparts (FIG 6C) (p<0.0001). LO and HI INT 

rats of both sexes ate more than their CHOW and PREF controls (ps<0.0001).

3.7.1.2 Undereating on NON-PREF days: Additionally, the Sex-related interactions 

reflected that again male INTs did not differ from one another (FIG 6B), but that HI INT 
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females underate significantly more on NON-PREF days than their LO INT counterparts 

(FIG 6D) (p<0.02) (see FIGS. 6B and 6D). In both sexes, LO and HI INTs both underate 

compared to CHOW and PREF rats (ps<0.0001) when they did not have access to the 

preferred diet.

3.7.2 Fixed-ratio self-administration—A significant Sex X Class X Week interaction 

(F(15,83)=2.4, p<0.006) on FR active lever presses indicated that between sexes there were 

differences between high- and low-responder rats over time. In addition to all INT rats 

having elevated active lever presses compared to ad libitum fed rats by week 2 (ps<0.05), HI 

INT rats showed progressively greater active lever presses than LO INT rats. This difference 

that reached significance by week 4 in males (ps<0.05) and, slightly earlier, by week 3 in 

females (ps<0.05) (see FIGS 6E–6F).

3.7.3 Progressive-ratio self-administration—There were no significant interactions 

involving Sex and Class on PR performance. However, a significant Class X Week 

interaction (F(15,88.6)=3.9, p<0.0001) showed that, in both sexes, HI INT rats escalated 

their breakpoints over time (especially from Week 1 to Week 2), whereas LO INT rats did 

not (FIG 6G and H). As expected, a very large Class main effect (F(3, 263)=112.7, 

p<0.0001) confirmed the identified behavior difference between HI INT vs. LO INT rats, 

which differed significantly from one another from week 3 on (ps<0.05).

3.8 Indirect calorimetry

3.8.1 Respiratory exchange ratio—Respiratory exchange ratio (RER), the ratio of the 

volumes of carbon dioxide produced to oxygen consumed, is a proxy measure for whole-

body relative fuel-substrate utilization. A high RER can indicate metabolism favoring 

carbohydrates as a fuel substrate and has been associated with positive energy balance and 

prospective obesity risk in humans79–80, whereas a low RER can indicate predominantly fat 

utilization81.

3.8.1.1 Diet schedule effects: A Group X Phase X Light Cycle interaction was seen across 

all rats and within each sex (Overall: F(2,49)=33.8, p<0.0001, Male: F(2,20)=15.5, 

p<0.0001, Female: F(2,29)=17.9, p<0.0001) (see Figs. 7A and 7B). This interaction 

reflected cycling RER of INT rats. During the PREF food phase, INT rats of both sexes had 

significantly increased RERs vs. CHOW and PREF rats during both the light and dark cycle. 

In contrast, on NON-PREF days, INT rats had normal RER during the dark cycle, but 

significantly lower RERs than CHOW and PREF rats by the light cycle. Sex and Sex X 

Light Cycle effects indicated that RERs were lower in females, especially during the light 

cycle (F(1,49)=14.1, p<0.0001; F(1,49)=8.9, p<0.0001).

3.8.1.2 High vs. Low Responders: When INTs were subclassified as HI vs LO, Class 

significantly influenced RER in relation to the Diet Access Phase, Light Cycle and Hour 

(Class X Phase X Light Cycle X Hour: F(17, 266.2)=6.3; Class X Phase X Light Cycle: 

F(3,47)=24.1; Class X Phase X Hour: F(18.5, 289.9)=9.0; Class X Phase: F(3,47)=44.9; 

Class X Hour: F(18.6,291.3)=3.4, ps<0.0001). The Class effects on RER are elaborated 

below.
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3.8.1.2.1 PREF phase: On PREF phase days (FIGS 8A, 8B), Class X Light Cycle effects 

(F(3,47)=10.0, p<0.0001) reflected that HI INT rats had higher RERs than LO INT rats. 

This difference was more apparent in females than males with a greater difference seen 

during the light cycle (Class X Sex X Light Cycle: F(3,47)=2.5, p<0.07). Accordingly there 

was a significant difference seen between HI vs. LO INT females (p<0.02), but not males 

(p>0.3). A Class X Light Cycle X Hour interaction (F(13.0, 203.1)=3.5, p<0.0001) indicated 

that HI INT and LOW INT rats of both sexes had significantly greater RERs than CHOW 

and PREF rats during hours 2–12 of the dark cycle and throughout the entire light cycle.

3.8.1.2.1 NON-PREF phase: On NON-PREF food phase days (FIGS 8E, 8F), Class X Light 

Cycle X Time, Class X Light Cycle and Class X Time interactions were seen 

(F(17.1,267.8)=3.3; F(3,47)=15.5; F(14.7,230.4)=8.6, ps<0.0001). Across both sexes, HI 

INT rats showed trends for greater RERs than LO INT rats across the entire dark cycle, 

significantly so during hours 5–11. RERs of both HI INT and LO INT rats decreased 

steadily across the dark cycle (linear contrast: F(1,19)=76.9, p<0.0001) whereas no such 

change was seen in ad lib controls. As a result, HI INT rats had significantly higher RERs 

than CHOWs and PREFs during the first 3 hr of the dark cycle (vs. 2 hr for LO INT rats). 

Conversely, LO INT rats had lower RERs than ad lib controls beginning 7 hr into the dark 

cycle, whereas RERs of HI INT rats did not drop significantly below those of controls.

Similarly during the light cycle of the NON-PREF food phase (FIG 8G), LO INT rats 

showed significantly lower RERs than ad lib controls from the beginning of the light cycle, 

whereas RERs of HI INT rats were not significantly reduced until hour 4. Descriptively, 

reduced RER levels were slightly more apparent in INT males than females.

3.8.2 Energy expenditure—Energy expenditure (EE) as heat is expressed as kilocalories 

burned per hour, normalized for lean body mass.

3.8.2.1 Diet schedule effects: Overall and within each sex, there were highly significant 

Group X Phase interactions on EE (Figs. 7C, 7D; (F(2,49)=44.4; F(2,20)=31.0; 

F(2,29)=21.5, ps<0.0001). These interactions reflected that the EE of INT rats cycled across 

diet access phases. Specifically, INT rats very reliably had lower EE on NON-PREF days 

than on PREF days (F(1,21)=204.1, p<0.0001), a difference not evident in CHOW or PREF 

rats. Indeed, INT rats had significantly lower EE on NON-PREF access days than both 

CHOW and PREF rats (ps<0.02), a difference seen in both the dark (ps<0.03) and light 

cycle (ps<0.02). Conversely, INT rats had significantly greater EE on PREF access days than 

CHOW rats (p<0.03), a difference also seen in both the dark (ps<0.03) and light cycle 

(ps<0.02).

A smaller, but significant Group X Sex X Phase X Light Cycle interaction was seen as well 

(F(2,49)=6.0, p<0.006). This result reflected sex differences in the degree by and light cycle 

in which EE of INT rats increased on PREF days (Group X Sex X Light Cycle on access 

days: F(2,49)=4.6, p<0.02). Specifically, on PREF days, EE of INT females increased more 

than that of males during the dark cycle, whereas that of INT males remained elevated 

during the light cycle more than that of INT females (Sex X Phase X Light Cycle for Int 

rats: F(1,21)=8.1, p<0.02). Also contributing to this interaction was the finding that male, 
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but not female, PREF rats had significantly elevated EE throughout both phases as compared 

to CHOW males.

3.8.2.2 High and Low Responders: When INTs were classified as HI vs LO responders, 

there were Class x Cycle x Phase x Sex (F(3, 47)=4.6, p=0.007) and Class X Phase 

interactions (F(3,47)=26.0, p<0.0001) as well as a Class main effect on EE (FIGS 9A,–9H) 

(F(3,47)=5.9, p<0.003). Direct comparison of HI INT vs. LO INT subjects revealed that LO 

INT rats had significantly lower EE than HI INT rats (F(1,19)=8.2, p<0.02). This was 

moderated by a Class X Access X Light Cycle trend (F(1,19)=4.2, p<0.057), whereby the 

EE of LOW INT rats was particularly lower than HI INT rats during the dark cycle of PREF 

days.

3.8.2.2.1 PREF food phase: Accordingly, during the PREF food phase, HI INT females had 

significantly higher EE than both LO INT females (F(1,10)=6.0, p<0.04) and CHOW 

controls (p<0.02) during the dark cycle (see FIG 9B), an effect not seen in males (p>0.9).

During the light cycle of the PREF food phase, HI INT females still had higher EE than both 

CHOW and LO INT rats (ps<0.02). HI INT, but not LOW INT, males had greater EE than 

CHOW rats then as well (p<0.03) (FIG 9C and D).

3.8.2.2.2 NON-PREF phase: During the dark cycle of the NON-PREF food phase, female 

HI INT rats had higher EE initially than both LO INTs and CHOWSs, resulting in a Class X 

Hour interaction (F(33,308)=2.7, p<0.0001). Finally, during the light cycle of the NON-

PREF phase, LO INT males had lower EE than PREF males (q(19)=5.7, p<0.004). Females 

(FIG 9H), in contrast, showed no significant Class-related effects at this time.

4. Discussion

The present results show sex differences in in the reinforcing efficacy of food and individual 

differences in the vulnerability to develop escalated food reinforcement and associated 

consummatory, instrumental and metabolic phenotypes in a rat model of compulsive, binge-

like eating. Females showed increased FR and PR food self-administration performance 

across multiple diet schedules, consistent with findings of greater self-administration of 

substances of abuse in fixed- and progressive-ratio operant paradigms84–85 Females also 

were more likely than males to show escalated, compulsive-like PR performance in the 

model of intermittent, extended access to highly preferred food. This result resonates with 

reports that females are more prone to develop increased intake upon renewed access to 

palatable food in other intermittent, extended access rat models56,73 While intermittent 

access to preferred food led to “yo-yo” cycling of whole-body fuel substrate utilization and 

energy expenditure (along with intake and body weight), these effects differed by both sex 

and the compulsive-like, high vs. low responder classification. The heightened food 

reinforcement in females may have implications for the female preponderance of compulsive 

eating86 and binge eating disorders in people64–71 . The findings also suggest sexually 

dimorphic vulnerability to develop increased food reinforcement (see relative reinforcement 

in humans59) when access to preferred food is withheld. Overall, the results also show that a 

compulsivity construct associates not only with food reinforcement, but also greater 
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overeating and energy expenditure and, especially in females, decreased utilization of lipid 

as a fuel substrate in a rat binge-eating model.

4.1 Binge-like intake and operant self-administration

Similar to our previous study in free-feeding females with intermittent extended access32: 

both male and female INT rats showed cyclic daily (24-hr) overeating when they had access 

to the preferred diet vs. underconsumption of the less preferred diet to the point of weight 

loss when they did not (FIG 2A–D). When intake was normalized by body weight, a sex 

difference persisted whereby males receiving ad lib access to either diet still initially ate 

more than females per unit body weight. In contrast, females receiving intermittent access 

ate just as much as males when they had access to the preferred diet. Collectively, the results 

indicate that, relative to their respective controls, female INT rats overconsumed on PREF 

days to a greater degree than did male INT rats, thereby eliminating the normal sex 

difference seen in their ad lib fed counterparts. Unlike intermittent access, ad libitum access 

to the preferred diet did not lead to sustained overeating vs. CHOW rats in either sex, 

consistent with our previous findings32.

The reinforcing effect of preferred food increased markedly in INT rats. Under a fixed-ratio 

schedule of reinforcement, INT rats of both sexes developed much greater levels of active 

lever responding than CHOW or PREF rats by week 2 (FIGS 4A–H). Escalation of 

responding over time was larger in the INT males than in the INT females, particularly in 

weeks 4–6 when females appeared to plateau, while males continued to escalate. 

Furthermore, in INT rats of both sexes, an approximately 2-fold increased ratio of “timeout” 

to reinforced responses at the active lever was observed by week 6, with no change in 

responding at the inactive lever. These results, indicating persistent and disproportionately 

greater responding at the food-associated lever in INT rats despite periods of non-

reinforcement, supports the compulsive, addiction-like phenotype of INT rats and is 

consistent with previous models of drug addiction87 and other intermittent access models to 

palatable food88. INT rats of both sexes also showed 2- to 5-fold increased breakpoints 

under a progressive ratio schedule of reinforcement compared to PREF and CHOW rats 

(FIGS 5A–D). The increased breakpoints may model addictive-like behavior in the 

framework of DSM-V criteria for substance use disorders, as INT rats spent prolonged time 

and effort to obtain the preferred diet89–90. Similarly, many animal models of addiction to 

substances of abuse have regarded heightened PR performance as an index of a loss of 

behavioral control, because seeking behavior continues despite decreasing 

reinforcement91–92. Supporting this interpretation, we have recently shown that high PR 

performance in INT rats correlates strongly with continued food self-administration despite 

contingent shock punishment93. These combined observations support the possibility that 

our model involves dysfunction of behavioral control. As such, it also may map onto the 

diagnostic criteria of “eating despite adverse consequences” observed in humans and 

theorized as a key element in the construct of compulsive eating20,34.

Sex differences in both basal and intermittent schedule-induced instrumental measures of 

food reinforcement also were seen. When considered as behavior emitted, INT male rats 

showed larger increases than INT females in active lever pressing; they earned more 
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reinforcers and had more timeout responses. However, once intake from the 30-min fixed-

ratio session was normalized for the different metabolic sizes of subjects, females actually 

self-administered more food per unit body mass than males across all 3 diet conditions (Fig. 

4I). Moreover, females also showed greater progressive-ratio responding and breakpoints 

than males in all diet conditions, and these differences, become even stronger with weight 

normalization (FIGS 5A–E). Females also showed increased weight-normalized operant 

self-administration and even raw PR performance, even though their weight-normalized 

daily energy intake was lower than that of males. The results suggest a greater reinforcing 

effect of food on instrumental behavior in females. The greater reinforcing efficacy of food 

for females did not reflect non-specific activity, because male rats showed more inactive 

lever responding than females.

4.2 Sex differences in body mass and composition

Sex differences in weight gain and body composition also were seen. As expected, male rats 

weighed more than females, while females had a higher body fat percentage than males. 

Broadly speaking, females showed greater increases than males in body weight and relative 

adiposity as a result of access to the preferred diet. For example, female PREF rats, which 

received the sucrose-rich diet ad libitum, gained significantly more weight than chow 

controls, a difference that was not significant in males. Furthermore, female, but not male, 

INT rats also showed accelerated weight gain compared to CHOWs (FIG 2E–J). Also, 

whereas female INT rats showed cyclic body weight intermediate to ad libitum CHOW and 

PREF rats (replicating our previous finding32), male INT rats tended to weigh less than 

CHOW and PREF rats, especially after their non-preferred feeding cycles. Female INT rats 

also more steeply gained body fat percentage and lost lean mass percentage than male INTs. 

Collectively, these results are consistent with the greater female prevalence of obesity 

comorbid with disordered eating17 and class 3 obesity87,94–97 and further validate this model 

as a useful tool for modeling binge-like eating as a risk factor for overweight and fat 

accumulation in females.

4.3 Diet schedule-induced and sex differences in whole body metabolism

Sex differences in whole body metabolism under the different diet schedules were revealed 

using indirect calorimetry. First, male PREF rats had greater energy expenditure than 

CHOW controls under every studied condition, an effect noticeably absent in females (FIG 

7C–D). The increased energy expenditure of male PREF rats may partly protect them from 

the excess body weight gain observed in female PREF rats and account for their reduced 

weight gain. Perhaps male PREF rats undergo a greater degree of diet-induced 

thermogenesis98–99; a hypothesis that warrants further study in men and women.

Intermittent access also led to marked changes in whole-body metabolism. Large, cyclic 

shifts in the fuel substrate utilization of Int rats were seen (FIG 7A–B); they showed very 

high RERs (~1.0) upon renewed access to the preferred diet, indicating almost complete 

reliance on carbohydrate, and low RERs (~0.8), indicating preference for fat utilization, 

during the light cycle of their non-preferred food phase (when they markedly reduced 

intake). Given the restrictive nature of the yo-yo -like cycling of intake and body mass, 

perhaps high RERs serve as an adaptation in INT rats to promote sparing of fat stores in 
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preparation for abstinence from the PREF diet and then excess storing of fat when the 

preferred food becomes available. Accordingly, INT rats also consistently showed cycling of 

energy expenditure; they expended less energy than ad lib controls on days that the preferred 

food was unavailable, during which they decreased their intake.

Finally, some sex differences also were seen in the energy expenditure of INT rats. While 

INT rats of both sexes increased their EE when preferred food was available, female INT 

rats showed greater increases during the dark cycle when preferred access resumed. In 

contrast, male rats showed greater maintenance of elevated EE through the subsequent light 

cycle. This more protracted maintenance of heightened energy expenditure in male INT rats 

conceivably also may contribute to their blunted relative weight and fat gain as compared to 

females.

4.4 Intake and self-administration differences in high- vs. low-responding INT rats

We and others have previously reported stable individual differences in the vulnerability to 

develop overeating of preferred food and rejection of less preferred food in rats with long, 

intermittent access to palatable food.32,58 Accordingly, previous studies have characterized 

female rats as being binge-like-eating prone or resistant based on their degree of consistent 

overeating upon renewed access to the palatable diet.53,55–57,73 In humans, however, it has 

been shown that motivational measures, such as the relative reinforcing efficacy of food, 

may be more predictive of poor metabolic outcomes than intake alone100–101. Additionally, a 

key component of the definition of binge eating is the characteristic compulsive eating with 

loss of control, which is not adequately captured in measures of free-feeding intake. The PR 

schedule of reinforcement provides a proxy for the reinforcing efficacy and motivation to 

obtain food.80 Heightened PR performance has been used as evidence of compulsive-like 

responding for substances of abuse91–92. Therefore, we classified animals as high- vs. low-

responders based on the “normal” (+2 standard deviations) active lever press performance of 

chow controls in the PR paradigm. Half (50%) of female vs. about one-third (36%) of male 

INT rats met criteria of high-responders, whereas no CHOW or PREF rats of either sex met 

this criterion. This higher percentage of INT high-responders being female is consistent with 

the greater prevalence of compulsive, addictive-like eating in women86 and provides 

evidence for a motivational aspect to the posited greater vulnerability of females to binge-

like behavior56.

The high- vs. low-responder classification predicted greater daily overeating of the preferred 

diet and greater binge-like operant self-administration upon renewed access. Thus, by 4 

weeks, high-responder females showed greater overeating on PREF days and greater 

undereating of CHOW on NON-PREF days than low-responder females. This increase in 

diet-cycling was not seen in males (FIG 6A–D). HI INT females also developed greater FR 

self-administration of the preferred food than LOW INT females by 3 weeks. The same 

difference was not evident between HI INT vs. LOW INT males until 4 weeks, suggesting a 

more rapid escalation of food self-administration in compulsive-like females (FIG 6E–F). 

Importantly, the individual difference in compulsive-like responding was not an antecedent, 

but rather developed with experience due to cryptic underlying reasons. That is, HI vs. LO 

INT rats showed very similar PR performance during Week 1, but then the HI INT group in 
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both sexes showed marked escalation of PR responding from Week 1 to Week 2 (FIG 6G–

H). These findings may translate to individual differences in vulnerability to binge eating-

related disorders. The marked individual differences in INT rats and the stronger predictive 

nature of compulsive-like self-administration in females than males warrants further studies 

to understand better the neurobiological and genetic underpinnings of vulnerability to 

escalation of compulsive-like eating.

4.5 Metabolic differences in high- vs. low-responding INT rats

The compulsive-like high- vs. low-responding construct also differentiated the metabolism 

of subjects. Broadly speaking, high-responding female rats had especially elevated 

respiratory exchange ratios. Thus, only high-responding female, and not male, INT rats had 

higher RERs than their low-responding counterparts when preferred food was available (FIG 

8A–D). Moreover, the elevated RERs of HI INT rats persisted longer into the non-preferred 

food phase of feeding than did those of LO INT rats. Conversely, LO INT rats had lower 

RERs than all other groups through much of the non-preferred phase of feeding (FIG 8E–H). 

Overall, the results suggest that female HI INT rats especially spare fat and utilize 

carbohydrate as a fuel source, whereas LO INT rats of both sexes especially rely on fat 

utilization during when preferred food is unavailable.

The high- vs. low-responding distinction also differentiated energy expenditure in a sex-

dependent manner. Broadly speaking, HI INT rats expended more energy than LO INT rats 

and had increased energy expenditure vs. ad lib controls when the preferred food was 

available and early into the non-preferred feeding period. These differences were more 

apparent within females, especially in the dark phase when access to preferred food 

resumed. In contrast, LO INT rats had reduced energy expenditure during non- preferred 

feeding. The increased EE of (especially female) HI INT rats seems counterproductive 

insofar as these animals were burning more energy prior to the expected energy deficit of the 

non-preferred feeding phase. Perhaps the greater EE reflects greater thermogenesis or post-

ingestive thermic effects secondary to their heightened food intake98–99 or, alternatively, 

activation/arousal due to the availability and recent intake of highly reinforcing food. 

Whatever the basis, perhaps there is a metabolic adaptation in these HI INT females that 

allows efficient utilization of carbohydrate as a fuel substrate, even persisting into periods 

when preferred food is not available, in order to “spare” body fat81–82.

An important subject for future study is whether the differences in whole body metabolism 

between HI vs. LO INT rats are an antecedent cause, unrelated correlate, or consequence of 

the compulsive-like phenotype. One could propose, for example, that energy homeostasis 

systems were altered, homeostatically or allostatically, by the dramatic, yo-yo like cycling of 

energy intake, expenditure, utilization and storage. Alternatively, the propensity to become a 

high-responder may be determined by individual differences in the body’s ability or strategy 

for adapting to these extreme energy states. As there were not behavioral differences 

observed at week 1 of the study between HI vs. LO INT rats, it can be hypothesized that the 

correlated behavioral and metabolic changes may evolve jointly over time. Additionally, it 

has been reported that palatable tastes can alter metabolism and increase bioavailability of 

the ingested food102–108, so motivational food stimuli can alter aspects of energy regulation. 
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Perhaps this connection between compulsive-like behavior and fuel substrate utilization is 

due to shared neurobiological changes. For example, the cyclic food/energy stimuli may 

drive adaptations in circuits that coordinately subserve food reinforcement and regulate 

energy metabolism109 (e.g., ventral striatum, lateral hypothalamus). Clearly, this is an area 

for future mechanistic investigation.

5. Conclusions

In conclusion, we have identified sex differences in the development of binge-related 

instrumental behavior, including the reinforcing value of food or the compulsivity of food 

self-administration. Further, differences between sexes in metabolic responses to an 

intermittent extended access model of binge-like eating, including body composition, energy 

expenditure, and fuel utilization were identified. We observed cyclic substrate utilization and 

energy expenditure that were consistent with an energy- and fat-conserving strategy when 

preferred food was unavailable in both sexes in rats with long intermittent access to the 

preferred diet. Further, high-responding female rats had especially elevated respiratory 

exchange ratios indicating a fat-sparing phenotype. Additionally, female rats with 

intermittent access were more often classified as “high responders”, had a greater 

reinforcing efficacy of the palatable diet under both continuous and intermittent access 

conditions, and high-responder females showed more dramatic metabolic cycling in the 

intermittent access condition compared to chow-fed controls than males with the same 

designation. Further studies are needed to identify the molecular and neurobiological basis 

of the sex and individual differences we have observed, with the translational goal of better 

understanding compulsive, binge-like eating in people.
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Highlights

• In both sexes, rats with intermittent access showed cycling fuel substrate 

utilization and energy expenditure.

• The reinforcing efficacy of the palatable diet was greater in females than 

males in all access conditions.

• Compulsive-like, high-responding female rats overate more and had 

especially elevated respiratory exchange ratios indicating a fat-sparing 

phenotype

Spierling et al. Page 23

Physiol Behav. Author manuscript; available in PMC 2019 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIG. 1. 
Diet schedules and timeline. Schematic shows diet schedules for CHOW, INT, and PREF 

rats on chow (C) or preferred (P) diets in relation to a reverse light-dark cycle in one 

representative week during the diet schedules. The timeline at the bottom indicates the 

timing of behavioral tests. Diet schedule start at week 1. Arrows indicate time of operant 

self-administration sessions. Weekends are not shown to scale.
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FIG 2. 
Intake and body weight. On PREF food days (A) male and (C) female INTs ate more than 

PREFs and CHOWs, (ps<0.0001). Conversely, Male (B) and female (D) INTs ate much less 

than CHOWs and PREFs on NON-PREF food days (ps<0.0001). PREF rats increasingly 

weighed more than other diet groups (E & F) (Group X Week interaction, p<0.02). 

Measured at the end of PREF days (G), male INT rats gained less weight than male PREF 

rats (p<0.0001) and trended toward less weight gain than CHOW rats. Following NON-

PREF days (H), male INT rats had gained less weight than PREF rats by Week 4 (p<0.04). 

Following PREF days, female (I) PREF rats gained significantly more weight than INTs and 

CHOW rats (ps<0.0001), but female INT rats also gained significantly more weight than 

female CHOW rats (p<0.0001). However, following underconsumption on NON-PREF days 

(J), female INT rats did not significantly differ from CHOW rats, while female PREF rats 

continued to gain more weight than both of these groups (ps<0.0001). Data show M+SEM. n 
= 6–12/group.
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FIG 3. 
Sex differences in body composition and weight-normalized intake on diet schedules. 

Female (A) rats have a greater percent body fat compared to male (B) rats (B)(p<0.0001). 

Female INT rats also had significantly higher percent body fat than female CHOWs 

(p<0.02) whereas male INTs trended toward lower percent body fat compared to male 

CHOWS. PREF rats of both sexes have significantly greater percent body fat than INTs and 

CHOWs over time (p<0.0001). When normalized for body weight (C), males still showed 

greater 24-hr energy intake per unit body weight than females (D)(p<0.0001). This sex 

difference was seen in both CHOW and PREF groups and in INT rats during the NON-

PREF feeding phase. The sex difference was eliminated, however, in the PREF feeding 

phase, suggesting that relative to their respective controls, INT females overate more per 

body weight than INT males (Day X Group X Sex p<0.005). Data show M+SEM. n = 6–12/

group.
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FIG 4. 
Fixed-ratio self-administration and weight-normalized FR comparison between sexes. 

Within both sexes, INTs made more active lever presses than CHOW and PREF rats by 

Week 2 (ps<0.0001) continuing through Week 6 (A and B). Males (C) have more inactive 

responses than females (D) among all groups (p<0.0005), but there were no effects of diet 

group on inactive lever presses collectively or within either sex. Both male (E) and female 

(F) INT rats obtained more reinforcers than CHOWs and PREFs by Week 2 (ps<00001), 

persisting through Week 6. Male (G) and female (H) INT rats of both sexes increased their 

timeout responding over time, vs CHOW and PREF rats (ps<0.0001). When both sexes’ 30-

min session pellet consumption were weight-normalized (I & J), there was a significant 

effect of Sex (p<0.001) and a Group X Week interaction (p<0.0001), indicating that females 

(J) obtained disproportionately more reinforcers than males (I) across all diet groups and 

INT rats of both sexes similarly increased their self-administration across the study period. 

Data show M+SEM. n = 6–12/group.
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FIG 5. 
Sex and intermittent access-related differences in the reinforcing efficacy of food. INT rats 

of both sexes increased their active lever presses (p<0.002) (A & B) and breakpoints 

(p<0.002) (C & D) compared to CHOWs and PREF rats (A & B) and breakpoints across PR 

sessions. There were significant Sex main effects (ps<0.004) such that females made more 

PR active lever presses and had higher breakpoints than males. When PR intake was 

normalized by body weight (E & F), an even stronger Sex main effect remained (p<0.0001) 

whereby females (F) had higher body weight-normalized PR intake than males (E). Data 

show M+SEM. n = 6–12/group.
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FIG 6. 
Consummatory and instrumental behavior differences in high- vs. low-responding INT rats. 

On PREF days, male HI and LO INTs did not differ from one another (A), but HI INT 

females overate significantly more on PREF days than their LO INT counterparts (C) 

(p<0.0001). LO and HI INT rats of both sexes ate more than their CHOW and PREF 

controls (ps<0.0001). Male HI and LO INTs did not differ from one another (FIG 6B), but 

HI INT females underate significantly more on NON-PREF days than their LO INT 

counterparts (FIG 6D) (p<0.02) (see FIGS. 6B and 6D). In both sexes, LO and HI INTs both 

underate compared to CHOW and PREF rats (ps<0.0001). HI INT rats showed progressively 
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greater active lever presses than LO INT rats, a difference that reached significance by week 

4 in males (ps<0.05) (E) and by week 3 in females (ps<0.05) (F). In both sexes, HI INT rats 

escalated their breakpoints over time (especially from Week 1 to Week 2), whereas LO INT 

rats did not (G & H) Data show M+SEM. n = 4–10/group.
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FIG 7. 
Diet schedule- and sex-dependent differences in whole-body metabolism. During the PREF 

food phase, INT rats of both sexes (A & C) had significantly increased RERs compared to 

CHOW and PREF rats. On NON-PREF days, INT rats of both sexes (B & D) had normal 

RER during the dark cycle, but lower RERs than CHOW and PREF rats by the light cycle. 

Overall, RERs were lower in females than males, especially during the light cycle 

(p<0.0001). In both sexes, energy expenditure of INT rats, but not ad lib fed rats, cycled 

across diet access phases; with very reliably lower EE on NON-PREF days than on PREF 

days (p<0.0001) (C & D). INT rats had lower EE on NON-PREF access days than both 

CHOW and PREF rats (ps<0.02), and greater EE on PREF access days than CHOW rats 

(p<0.03). On PREF days, EE of INT females (D) increased more than that of males (C) 

during the dark cycle, and EE of INT males remained elevated during the light cycle more 

than that of INT females (p<0.02).
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FIG 8. 
HI vs LO INT compulsive-like classifications and respiratory exchange ratio (RER). During 

the PREF phase, HI INT rats had higher RERs than LO INT rats (p<0.0001). This difference 

was more apparent in females (B & D) than males (A &C) with a greater difference seen 

during the light cycle (p<0.07). There was a difference seen between HI vs. LO INT females 

(p<0.02), but not males (p>0.3). HI INT and LOW INT rats of both sexes had greater RERs 

than CHOW and PREF rats during the dark cycle and throughout the entire light cycle 

(p<0.0001).

During the NON-PREF phase, in both sexes, HI INT rats showed trends for greater RERs 

than LO INT rats across the entire dark cycle (E &F). RERs of both HI INT and LO INT 

rats, but not ad lib controls, decreased steadily across the dark cycle ( p<0.0001). HI INT 

rats had higher RERs than CHOWs and PREFs during the early of the dark cycle, and LO 

INT rats had lower RERs than ad lib controls in the late dark cycle, whereas RERs of HI 

INT rats did not drop significantly below those of controls. During the light cycle of the 

NON-PREF food phase (G & H), LO INT rats had lower RERs than ad lib controls from the 

beginning of the light cycle, but RERs of HI INT rats were not reduced immediately.

Data show M+SEM. n = 4–10/group.
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FIG 9. 
HI vs LO INT classifications and energy expenditure (EE). During the PREF phase, HI INT 

females (B), but not males, (A) had significantly higher EE than both LO INTs(p<0.04) and 

CHOW controls (p<0.02) during the dark cycle. During the light cycle of the PREF phase, 

HI INT, but not LOW INT, males had greater EE than CHOWs (p<0.03) (C). HI INT 

females still had higher EE than both CHOW and LO INT rats (ps<0.02) (D). During the 

dark cycle of the NON-PREF phase, female (F), but not male (E) HI INT rats had higher EE 

initially than both LO INTs and CHOWs (p<0.0001). During the light cycle of the NON-

PREF phase, LO INT males had lower EE than PREF males (p<0.004) (G). Females (H) had 

no significant Class-related effects at this time. Data show M+SEM. n = 4–10/group.
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