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    Chapter 23   

 Animal Models of Sugar and Fat Bingeing: Relationship 
to Food Addiction and Increased Body Weight       

         Nicole   M.   Avena      ,    Miriam   E.   Bocarsly   , and    Bartley   G.   Hoebel     

  Abstract 

 Binge eating is a behavior that occurs in some eating disorders, as well as in obesity and in nonclinical 
populations. Both sugars and fats are readily consumed by human beings and are common components of 
binges. This chapter describes animal models of sugar and fat bingeing, which allow for a detailed analysis 
of these behaviors and their concomitant physiological effects. The model of sugar bingeing has been used 
successfully to elicit behavioral and neurochemical signs of dependence in rats; e.g., indices of opiate-like 
withdrawal, increased intake after abstinence, cross-sensitization with drugs of abuse, and the repeated 
release of dopamine in the nucleus accumbens following repeated bingeing. Studies using the model of fat 
bingeing suggest that it can produce some, but not all, of the signs of dependence that are seen with sugar 
binge eating, as well as increase body weight, potentially leading to obesity.  
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  Although binge-eating behavior has traditionally been associated 
with eating disorders, it is becoming more prevalent in the USA 
through its emergence in a variety of clinical and nonclinical popu-
lations. Bingeing is the main criteria for the diagnosis of binge-
eating disorder, a disorder that affects approximately 6% of the 
population  (  1  ) . Binge eating is also a hallmark of bulimia nervosa, 
a disorder characterized by cyclic binge eating and compensatory 
caloric purging. Further, binge eating has been linked to obesity, 
which presently affl icts 33% of the adult US population  (  2,   3  ) . 
Binge eating may also be a predictor of body-fat gain among chil-
dren, leading to a high risk for adult obesity  (  4  ) . In addition to its 
relationship with obesity, binge eating is associated with increased 
frequency of body weight fl uctuation, depression, anxiety, and 
substance abuse  (  5–  7  ) . Taken together, these studies suggest that 

  1.  Introduction

  1.1.  Bingeing Behavior
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binge eating affects a signifi cant proportion of our society, and it 
has deleterious consequences, making it important to study from a 
public-health perspective. Studies have correlated the increase in 
obesity with an increase in sugar consumption  (  8,   9  )  and fat con-
sumption  (  10  ) . These two nutrients are the focus of this protocol.  

  Animal models of binge eating can be useful for studying the pathology 
underlying aberrant eating behaviors in human beings. Binge-eating 
behavior is observed in rats after just a few days of intermittent access to 
a sugar (e.g., 25% glucose or 10% sucrose) solution and chow. Rats have 
access to sugar and chow 12 h daily followed by 12 h of deprivation for 
approximately 1 month  (  11  ) . Here, binge-eating behavior is defi ned as 
an increase in intake of the sugar solution during the fi rst hour of access 
(animals have been shown to consume approximately 20% of their total 
daily sugar intake in the fi rst hour of access). Further, sugar-bingeing 
rats gradually increase their total daily intake of sugar, eventually drink-
ing as much in the 12-h access period as ad libitum-fed rats do in 24 h 
(~70 mL/day, see Fig.  1 ). We impose a 4-h delay between the onset of 
the dark cycle and the onset of food access in order to induce bingeing, 
as rats normally feed at the onset of the dark cycle and the delay will 
ensure that they will be hungry when the food is made available. Meal 
analyses demonstrate that in addition to escalated intake in the fi rst 
hour, binge-eating rats show spontaneous binge episodes throughout 
the day while ad libitum-fed controls do not  (  12  ) .   

  Food is a natural reward that activates neurochemical pathways in 
the brain that evolved to reinforce this behavior and others by 
making them pleasurable and motivating. Other reinforcers, 
including many drugs of abuse, exert their powerful reinforcing 
effects by usurping these brain pathways. Overlaps in the circuitry 
regulating food and drug intake have been well documented 
 (  13–  18  ) . Together, this overlapping circuitry, along with self-
reports regarding feelings of compulsion to eat sweet or fat-rich 
foods, similar in some ways to an addict’s compulsion to smoke 
cigarettes or drink alcohol, has inspired the study of “food addic-
tion.” The sugar binge eating model described in this chapter is a 
tool that can be used to study food addiction in the laboratory. 

 Bingeing is one criterion used by drug abuse researchers when 
classifying a substance as potentially addictive. Bingeing represents 
the transition from substance use to abuse  (  19  ) , and it involves an 
escalation in the size and frequency of intake bouts, usually after a 
period of deprivation  (  19,   20  ) . In addition to bingeing, other crite-
ria, such as withdrawal, craving and cross-sensitization, have been 
described as behavioral signs of dependence on drugs of abuse. All 
of these criteria have been demonstrated using the animal model of 
sugar binge eating as described in this chapter  (  12,   21–  29  ) . 

 Rats maintained on the described sugar binge protocol also 
show neurochemical signs of dependence, including an increase in 

  1.2.  An Animal Model 
of Binge-Eating Sugar

  1.3.  Binge Eating 
and Food Addiction
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mu-opioid and D1 dopamine (DA) receptor binding in the nucleus 
accumbens (NAc), and increased D3 dopamine receptor mRNA in 
the NAc  (  25,   30  ) . This is one area of the brain involved in motiva-
tion and reward for both eating and drug abuse  (  14,   31–  35  ) . 
Studies using in vivo microdialysis reveal that sugar-bingeing rats 
release DA in the NAc on days 1, 2, and 21 of bingeing on sugar 

  Fig. 1.    Sugar and chow intake during the 28-day access period. ( a ) Rats with binge access 
to sugar and chow (i.e., intermittent sugar + chow) escalated their total daily sugar intake 
over time. ( b ) However, these rats ate fewer grams of chow than the intermittent chow 
and ad libitum chow control groups. ( c ) There was no difference among groups in total 
daily caloric intake. Adapted with permission from  (  12  ) .       
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 (  28  ) , whereas nonbingeing rats show a blunted DA response that 
is more like the effect seen with a palatable food that is no longer 
novel  (  37  ) . Further, this unabated release of DA with sugar binge-
ing can be elicited by the taste of sucrose, alone, as revealed by 
sham-feeding ( (  36  ) , see Fig.  2 ). These neurochemical alterations 
are similar, albeit smaller in magnitude, to what is observed when 
rats repeatedly administer drugs of abuse.  

 After binge-eating sugar for approximately 1 month, rats show 
signs of opiate-like withdrawal. The opioid antagonist naloxone 
can be used to precipitate withdrawal signs, such as teeth-chattering, 
tremors, and ultrasonic vocalizations  (  24,   38  ) . Signs of withdrawal 
can also emerge spontaneously by fasting the rats for 24–36 h  (  38  ) . 
In both cases, the withdrawal behavior is coupled with an increase 
in the release of accumbens acetylcholine (ACh) and a decrease in 
DA  (  24,   38  ) . This neurochemical imbalance in DA/ACh has been 
seen during withdrawal from drugs of abuse, such as alcohol, mor-
phine, and nicotine  (  39–  42  ) . Further, following abstinence from 
sucrose, rats will exhibit a larger binge than ever before, indicating 
a “deprivation effect” and suggesting craving  (  43  ) . In addition, 
cross-sensitization between rats maintained on the sugar-binge 
feeding schedules and amphetamine, alcohol, and cocaine, have 
been reported  (  21–  23,   26  ) .  

  Body weight does not differ between rats that are bingeing on 
sugar and those with ad libitum access to chow or sugar; the rats 
are able to regulate their caloric intake and compensate for the 
excess energy obtained from sugar by eating less rodent chow  (  38  ) . 

  1.4.  Sugar Bingeing 
and Body Weight

  Fig. 2.    Changes in extracellular DA in the NAc of sham-feeding and real-feeding rats during sucrose intake. The rectangles 
along the ordinate indicate when 10% sucrose was available. DA level is expressed as percentage of the mean baseline 
and is shown before, during and after unrestricted access to the sucrose. Signifi cant differences between groups are 
indicated by asterisks ( p  < 0.05). Signifi cant differences from baseline are indicated by (double dagger ) (  p  < 0.05). Adapted 
with permission from ( 36 ).       
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This type of spontaneous bingeing/restricting behavior is similar 
to that of some patients with nonpurging type bulimia  (  44  ) , par-
ticularly those who binge eat, but nonetheless maintain a normal 
body weight. While eliminating the variable of increased body 
weight is useful for some studies, it does not help with understand-
ing the suggested link between binge eating and obesity. To study 
this relationship, we now discuss another animal model using a dif-
ferent primary nutrient: fat.  

  Corwin and colleagues have shown that rats with ad libitum access 
to rodent chow will binge on vegetable fat when it is presented for 
2 h each day  (  45,   46  ) . This effect is enhanced when the fat is offered 
on a more restricted schedule; e.g., 2 h, three times per week. 
Others have used diets rich in both fat and sugar (i.e., Oreo cook-
ies), and fi nd evidence of binge eating on these diets that is enhanced 
in response to stress  (  47,   48  ) . Similarly, we describe here a model of 
binge eating in which limited daily access to sweet-fat chow in non-
deprived animals leads to bingeing behavior, as defi ned by exces-
sively large meals  (  49,   50  ) . Unlike Corwin’s model which uses pure 
fat, we used a sweet-fat diet, with the goal of capitalizing on the 
known effects that sugar bingeing can have on behavior and brain 
chemistry, and combining them with the effect that fat is expected 
to have on body weight. Rats with 2-h daily access to sweet-fat 
chow (45% fat, 20% protein, 35% carbohydrate, 4.7 kcal/g) binge 
on it, even though they have ad libitum access to standard rodent 
chow for the other 22 h/day. By week 3 of access, rats consume, on 
average, 58% of their daily calories during the 2-h binge  (  49  ) . 

 Although, as described above, sugar bingeing does not lead to 
obesity, binge eating a combination of sweet-fat does result in 
signifi cant changes in body weight  (  49  ) . These animals show daily 
self-imposed restriction of standard chow intake, resulting in fl uc-
tuations in daily body weight characterized by weight loss between 
binges. However, despite these fl uctuations in body weight, ani-
mals with binge access to a sweet-fat diet weigh signifi cantly more 
than control groups that either have standard chow or sweet-fat 
chow available ad libitum (see Fig.  3 ). This indicates a model of 
binge eating that is associated with weight gain and obesity. 
Further, this is a model of binge eating in the absence of hunger, 
which in many ways, more accurately refl ects voluntary bingeing 
in humans when energy-deprivation is not driving food intake. 
The combination of these two nutrients, sugar and fat, constitutes 
a large proportion of the snacks and desserts that patients with 
eating disorders tend to overconsume, possibly contributing to 
body weight gain  (  51–  54  ) .  

 It is of interest to note that, contrary to our initial hypothesis, 
naloxone-precipitated withdrawal is not seen in rats binge eating 
the sweet-fat chow  (  12  ) . This underscores the idea that not all pal-
atable foods, and importantly, combinations of palatable foods, are 

  1.5.  An Animal Model 
of Fat Bingeing
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  Fig. 3.    Caloric intake and body weight alterations in a rat model of sweet-fat bingeing. ( a ) 
Total daily caloric intake during Week 3 of access expressed as calories derived from 
standard chow ( white ) vs. sweet-fat chow ( black ). The 2-h Daily Sweet-fat group and a 
group that received 2-h of sweet-fat chow only on Mondays, Wednesdays, and Fridays 
(2-h MWF Sweet-fat) both consume more than 50% of their daily calories from sweet-fat 
chow when it is available (asterisk =  p  < 0.05 compared with the Ad libitum Standard 
Chow group, mean ± SEM). ( b ) A saw-tooth pattern emerges for the 2-h Daily Sweet-fat 
group in which they decrease in weight pre-binge and increase in weight post-binge each 
day. ( c ) However, despite this fl uctuation in body weights throughout the day, the rats with 
2-h daily sweet-fat gained signifi cantly more total body weight than rats fed standard 
chow ad libitum. Adapted with permission from ( 49 ).       
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alike in terms of their effects on behavior and the brain. However, 
other models of bingeing on a fat-rich food suggest that there may 
be a link between addiction and overeating of fat  (  55–  60  ) . More 
research is needed to defi ne the exact role that fat consumption has 
in addiction-like behavior.   

 

      1.    Sucrose or glucose.  
    2.    Prepare a 25% (w/v) glucose or 10% (w/v) sucrose solution 

with tap water (see Notes 6–8).  
    3.    Adult male or female rats (e.g., Sprague-Dawley rats) weighing 

at least 250 g (see Note 1).  
    4.    Standard laboratory rodent chow (e.g., LabDiet #5001, PMI 

Nutrition International, Richmond, IN; 10% fat, 20% protein, 
70% carbohydrate, 3.01 kcal/g).  

    5.    Scale accurate to 0.1 g.  
    6.    Hanging wire-mesh cages or plastic-bottom cages with remov-

able food hoppers (e.g., Allentown Caging Equipment; see 
Note 2).  

    7.    Rodent vivarium with a 12-h light/dark cycle, maintained at 
21°C.  

    8.    100-mL graduated (in 1-mL increments) drinking tubes: e.g., 
glass drinking tubes (Lab Products) or tubes made from 100-
mL polyethylene graduated cylinders (Fisher Scientifi c) by cut-
ting off the fl ange and fi ling the top fl at.  

    9.    Rubber stoppers with sipper tubes (steel-ball tip valves pre-
ferred; see Note 3).      

      1.    Sweet-fat nutritionally complete rodent chow (e.g., Research 
Diets, New Brunswick, NJ, #12451).  

    2.    Adult male rats (e.g., Sprague-Dawley rats) weighing at least 
250 g.  

    3.    Standard laboratory rodent chow (e.g., LabDiet #5001, PMI 
Nutrition International, Richmond, IN; 10% fat, 20% protein, 
70% carbohydrate, 3.01 kcal/g).  

    4.    Scale accurate to 0.1 g.  
    5.    Hanging wire-mesh cages or plastic-bottom cages with remov-

able food hoppers (e.g., Allentown Caging Equipment, see 
Note 2).  

    6.    Housing room with 12-h light/dark cycle, maintained at 21°C.  
    7.    Hopper to provide high-fat diet, or appropriate container if 

using an alternative diet (see Notes 4 and 5).       

  2.  Materials

  2.1.  Sugar Bingeing

  2.2.  Sweet-Fat 
Bingeing
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      1.    Acclimate rats to their home-cage environment for at least 5 
days prior to the onset of the experiment.  

    2.    Divide rats into experimental and control groups (at least 
 n  = 8–10 per group) of similar body weight (<10% variation 
between groups) and individually house animals. Provide water 
ad libitum to all rats throughout the experiment (see Notes 9 
and 10).  

    3.    The main experimental group with binge access to sugar will 
have a 12-h deprivation period (no food, water only), followed 
by 12-h access to a 10% sucrose or 25% glucose solution plus 
pelleted standard rodent chow and water. The feeding period 
should be timed such that access starts 4 h into the dark cycle. 
Maintain rats on this binge-feeding schedule for 21–28 days to 
elicit the dependence-like signs described above (see 
Background Information and Notes 11 and 12).  

    4.    At the same time, maintain control groups of rats, which may 
include:
   (a)     Ad libitum sugar solution and chow . This group is highly 

recommended as a control because it allows for the con-
trast of behavior and neurochemistry in normal feeding 
and binge-feeding. Further, including this control group 
allows for the confi rmation of binge behavior as indicated 
by increased fi rst hour intake in the binge animals com-
pared to the free-feeding rats.  

   (b)     Intermittent chow . This group has 12-h food deprivation 
followed by 12-h access to standard rodent chow (no sugar 
solution) and water. It allows for the control of intermit-
tent access to food, coupled with a period of deprivation.  

   (c)     Ad libitum chow  (without sugar access) (see Note 13).  
    5.    Record the 1-h intake of sugar solution after the fi rst hour of 

access, and record the daily intake before removing the solu-
tion at the end of the 12-h access period. Record the volume 
to the nearest milliliter by reading it directly off the graduated 
drinking tube ( see  Note 14).      

    6.    Average data and analyze using analysis of variance (ANOVA) 
(see Notes 15 and 16).      

      1.    Acclimate rats to their environment for at least 5 days prior to 
the onset of the experiment.  

    2.    Obtain or prepare a nutritionally complete sweet-fat diet (see 
Note 17).  

  3.  Methods

  3.1.  Sugar Bingeing

  3.2.  Sweet-Fat 
bingeing
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    3.    Divide rats (at least  n  = 8–10 per group) into experimental and 
control groups of similar body weight (<10% variation between 
groups) and individually house animals in hanging wire cages 
(see Notes 2 and 8). Provide water ad libitum to all rats 
throughout the experiment (see Note 9).  

    4.    The fat-binge group receives access to sweet-fat chow from 6 to 
8 h after the onset of the dark cycle, daily. For the other 22 h of 
the day, all rats have ad libitum access to standard rodent chow.  

    5.    At the same time, maintain control groups of rats, which may 
include:
   (a)     Ad libitum sweet-fat diet . This group is highly recom-

mended as a control because it allows for the contrast of 
behavior and neurochemistry in normal feeding and binge-
feeding conditions. Further, including this control group 
allows for the confi rmation of binge behavior as indicated 
by increased fi rst hour intake in the binge animals com-
pared to the free-feeding rats.  

   (b)     Ad libitum chow  (with no access to sweet-fat diet).  
   (c)     Limited intermittent fat-binge group . This group receives 

access to sweet-fat chow from 6 to 8 h after the onset of 
the dark cycle 3 days/week (Monday/Wednesday/Friday). 
This feeding pattern has also been shown to elicit binge 
eating  (  49,   61  )  (see Note 18).      

    6.    Record the 1-h intake of fat diet using a scale, after the fi rst 
hour of access, as well as daily intake.  

    7.    Average data and analyze using ANOVA (see Note 15).       

 

     1.    Studies have been conducted in male  (  21,   24,   28,   38  )  and 
female  (  22,   43  )  Sprague-Dawley rats; both sexes will binge.  

    2.    Wire bottom cages are preferred because solid bottom cages 
retain the animals’ feces and urine, which introduces confound-
ing factors into the experiment. Consumption of bedding 
material (which is often caloric in nature) and fecal boli make 
it diffi cult to truly food deprive the rat. Further, gastric disten-
sion that results from fi lling the stomach with bedding or other 
substances collected in the bottom of the cage can cause the 
release of feeding peptides and neurotransmitters  (  62  ) , poten-
tially confounding studies. Additionally, measurements of food 
intake are less accurate in solid bottom cages; wire cages allow 
for the collection and weighing of pieces of chow that have 
been spilled, and allows the researcher to ensure food was 

  4.     Notes



360 N.M. Avena et al.

ingested and not hidden in the bedding. Wire food hoppers 
are recommended to hold standard rodent chow. Hoppers can 
be easily removed from the cage, allowing for easy facilitation 
of the 12-h deprivation period without too much disturbance 
to the rat’s environment.  

    3.    Rubber stoppers with steal ball tubes (e.g., Lab Products, Inc.) 
are preferred for providing fl uid to the rats because they pre-
vent unintentional fl uid spillage. Further, the best practice for 
accurately measuring fl uid intake is to attach the rubber stop-
pers and steal ball tubes to graduated cylinders. Cylinders can 
be mounted to the outside of a wire cage using a spring. 
Cylinders must be mounted vertically on the cage for accurate 
reading to the meniscus of the solution. Mounting bottles on 
the outside of the cage allows the researcher to take frequent 
readings of the fl uid volume without disturbing the rat or risk-
ing fl uid spillage.  

    4.    Our research has been done predominately using binge con-
sumption of a pelleted nutritionally complete diet. However, 
Corwin and colleagues have a well-developed model of binge 
consumption of pure vegetable fat  (  45,   46  ) .  

    5.    Containers to administer the high-fat diet should be chosen 
depending on the consistency of the diet. For example, metal 
hoppers can be used for pelleted diets and jars can be used to 
administer a Crisco or lard diet. Containers should limit spill-
age and allow for the collection of any stray food substances. 
Further, diet should be easy to remove from the cage, with 
little disruption to the rat, in order to smoothly facilitate daily 
food measurements.  

    6.    Binge behavior has been observed with both lucose  (  25,   43  )  
and sucrose  (  12,   21,   23,   38,   43,   63  ) .  

    7.    To prepare the 10% w/v sucrose solution, slowly dissolved 
100 g of sucrose in approximately 800 mL of tap water while 
using a spin bar (i.e., a spinning magnet) to stir it, then, fi ll the 
container to 1,000 mL with tap water.  

    8.    Prepare only enough sugar solution for each day. Store extra 
solution at 4ºC for a maximum of 3 days, otherwise bacteria 
and mold can begin to form. Drinking bottles for sugar solu-
tions should be emptied, rinsed, and refi lled with new solution 
each day to avoid bacterial and mold growth. Bacteria can 
inhibit intake and possibly make rats sick. Each week bottles 
and drinking tubes should be sterilized using a laboratory dish-
washer or commercial cage washing device.  

    9.    There is some variability in chow, sugar, and fat intakes from 
rat to rat, so it is advisable to use at least 8–10 rats/group.  

    10.    Rubber stoppers with sipper tubes and steel-ball tip valves work 
best to prevent leakage of the sugar solution. Water can also be 
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provided using these tubes and stoppers, or it can be made 
available using automatic watering systems.  

    11.    Each rat is typically given 100 mL/day of the sugar solution, 
and those rats that drink almost all of it are given more on sub-
sequent days. Ample amounts of chow should also be provided. 
Male Sprague-Dawley rats consume about 30–35 g of chow 
each day, nearing 100 kcal, with fl uctuation depending on body 
weight and age. The goal is to always provide more sugar solu-
tion and chow than the rats will consume. By the end of 1 
month, some rats may increase sucrose consumption to a degree 
that larger drinking tubes (e.g., 250 mL) are required.  

    12.    Intermittent sugar access always begins 4 h into the dark cycle. 
Animals typically engage in a large meal at the onset of the dark 
cycle. By delaying access to chow and sugar until 4 h into the 
dark period, the rat spontaneously engages in a binge when 
food is provided. Water is always provided ad libitum, which 
ensures that sugar solution consumption is not driven by dehy-
dration, but rather palatability and motivation.  

    13.    Chow intake can also be recorded so comparisons can be made 
with control animals that do not have access to sugar. Hoppers 
containing chow can be weighed to determine the amount 
consumed, after returning dropped pieces of the pellets to the 
hopper to correct for spillage.  

    14.    Graduated cylinders or bottles should hold at least 100 mL of 
solution. By the end of 1 month, some rats may consume more 
than this each day and may require larger bottles (e.g., 250 mL). 
It is anticipated that rats maintained on this intermittent sugar-
access protocol usually reach an asymptote in daily intake after 
about 10 days, and binge on sucrose as seen in the 1-h daily 
intake (Figs.  1  and  4 ). These rats also have increased 1-h intake 
by day 20 compared to control rats (Fig.  4 ), which is sugges-
tive of bingeing behavior.   

    15.    Intake data can also be converted into calories. For reference, 
1 mL of 10% sucrose solution has 0.4 kcal. 1 mL of 25% glu-
cose solution has 0.97 kcal.  

    16.    The time frame for completing an experiment is about 1 month 
(signs of opioid-like withdrawal are noted after 1 month of 
sugar bingeing). Daily time commitments for routine prepara-
tion and administration and removal of the sugar solution will 
vary depending on the number of subjects being tested, but 
generally requires about 1 h/day.  

    17.    A pelleted diet can be purchased from Research Diets (Research 
Diets, New Brunswick, NJ. #12451; 45% fat, 20% protein, 
35% carbohydrate, 4.7 kcal/g). This is the diet we have used 
successfully.  
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    18.    Food intake should be measured daily at 6 and 8 h after the 
onset of the dark cycle (i.e., before and after the 2-h access to 
the sweet-fat chow) for all groups. Hoppers containing chow 
can be weighed to determine the amount consumed, after 
returning dropped pieces of the pellets to the hopper to cor-
rect for spillage.          
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  Fig. 4.    Sucrose solution and chow intake during the fi rst hour of daily access on days 1 
and 21. ( a ) For the sugar drinking groups, there was no signifi cant difference in intakes on 
day 1 ( left panel  ), but by day 21 ( right panel  ), only the bingeing rats (i.e., intermittent 
sucrose) showed a difference in intake relative to day 1. Rats with ad libitum sucrose and 
chow or ad libitum chow with sucrose solution for 1 h only on days 1 and 21 drank the 
same amount on day 21 as on day 1. ( b ) Rats with intermittent access to chow did not 
show a binge-eating effect on chow consumption; asterisk =  p  < 0.05. Adapted with per-
mission from ( 28 ).       
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