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Abstract 

The behavioural and neurological effects of excessive sucrose intake overlap with those of 

abused drugs, suggesting that sucrose bingeing should be categorized with addictive disorders. 

Behaviorally, a primary characteristic of drug addiction is compulsive responding, manifested as 

an inability to inhibit drug intake despite negative consequences. We examined whether 

excessive sucrose self-administration produces these behavioural patterns using a validated rat 

model of sucrose bingeing (Avena et al., 2008) and investigated potential neurophysiological 

correlates with brain slice electrophysiology. Rats (n = 8-16 per group) received 12 or 24 hour 

access to a 10% sucrose solution and food, while control groups received food only or a 0.1% 

saccharin solution with food, each day for 28 days. Sucrose/saccharin/food consumption and 

weight were recorded daily. Compulsive responding for sucrose was assessed one or 28 days 

after the final self-administration session using a conditioned suppression paradigm. Persistent 

responding in the presence of a cue (tone) predicting a negative outcome (0.5 mA footshock) was 

used as a measure of compulsive responding. Only rats given 12-hour access to sucrose 

developed a binge pattern of intake, in which solution consumption increased dramatically 

during the first hour of each session.  This group also developed compulsive responding for 

sucrose, exhibiting a reduced conditioned suppression effect following both one day and 28 days 

of abstinence. At a neural level, there was a switch in direction (from reduction to enhancement) 

in dopaminergic (DA) modulation of GABA synaptic transmission in the oval bed nucleus of the 

stria terminalis (ovBNST) of rats that developed a binge pattern of sucrose intake. This switch 

was similar to that recently observed in rats displaying enhanced motivation to self-administer 

cocaine. Therefore, excessive intermittent sucrose consumption produces compulsive responding 
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and this shift from controlled to compulsive intake may involve the same neural mechanisms that 

underlie excessive cocaine self-administration.  
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Chapter 1 Introduction 

Compulsive overeating is characterized by many of the same behavioural traits as drug 

addiction, most notably excessive cravings and uncontrolled consumption of foods that  

are high in sugar and fat (Davis & Carter, 2009). From an evolutionary perspective cravings for 

(and consumption of) high sugar/fat foods are adaptive and metabolically efficient: foods that are 

dense in calories provide a large energy source and increase energy storage for times of low food 

availability. However, as with any organic compound, these foods are either beneficial or 

harmful depending on the dosage consumed and the characteristics of those who consume them 

(Gerber, Williams, & Grey, 1999). Unfortunately the increasing doses of fat and sugar in 

commercially available foods (Frazao & Allshore, 2003) and the relative ease of acquiring these 

foods has resulted in an outbreak of obesity, diabetes, and other health problems (Raine, 2012).  

Until very recently, these health conditions were examined and classified as physiological 

disorders, with little reference to the maladaptive eating patterns that characterize them. Nor 

were they examined for any similarities to other psychiatric disorders such as drug addiction. 

Some researchers, however, began to recognize and catalog the similarities between the 

behavioural and neurological changes associated with drug abuse and so called 'food addictions' 

(see Volkow & Wise, 2005). For example, individuals that classify themselves as having a food 

addiction report loss of control in limiting food intake (Colles, Dixon, & O'Brien, 2008). In 

addition, like drugs of abuse, self-perpetuated binge eating patterns develop in rats provided 

intermittent access to sucrose (Avena & Hoebel, 2003).  

Chapter 2 Literature Review 

To date, most research into food addiction has examined the combined effect of high fat 

and high sugar on physiological and behavioural outcomes. This fits with human patterns of 
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maladaptive eating that generally involve overconsumption of both fats and sugars.  

Understanding the similarities and differences between the two, however, may provide clues to 

the addictive properties of food. More specifically, it may be that either sugar or fat, rather than 

their combination, is the primary factor in human overeating. In that respect, sugar consumption 

rather than fat/sugar or fat only consumption in animals appears to produce many of the 

behavioural traits of drug intake. For example, animals placed on a intermittent cycle of sugar 

access increase their consumption over time (Hoebel, Avena, Bocarsly & Rada, 2009), which 

indicates tolerance. They compensate for their caloric consumption of sucrose by reducing the 

amount of chow they eat (Avena, 2007), a behaviour that closely resembles that of rats self 

administering alcohol (Rowland, Nasrallah & Robertson, 2005). In addition, when access to 

sucrose is discontinued, rats display withdrawal behaviorus that closely resemble the withdrawal 

symptoms of opiate drugs (Avena, 2007; Hoebel et al., 2009). Rats also display increased 

responding for sucrose and sucrose-related cues after abstinence (Avena, Long and Hoebel, 

2005; Grimm, Fyall & Osincup, 2005), which is a behavioural measure of craving. And finally, 

similar to drugs of abuse (Dalley et al., 2007), impulsivity predicts increased responding for 

sucrose in rats, as well as reinstatement of sucrose responding after extinction (Diergaarde et al., 

2009). 

In addition to the behavioural similarities, the neurobiological consequences of chronic 

sugar consumption and drug intake overlap. Daily sucrose self-administration releases dopamine 

(DA), measured via microdialysis, in the nucleus accumbens (NAcc), an area of the brain 

associated with reward processes (Avena, Rada, & Hoebel, 2008; Rada, Avena, & Hoebel, 

2005). This enhanced DA release does not diminish over time, which is consistent with 

administration of other drugs of abuse like alcohol (Bassareo et al., 2003). In addition, D1- like 
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receptor binding increases in the NAcc, whereas D2- like receptor binding decreases in the 

dorsal striatum (Colantuoni et al., 2001) and NAcc (Bello, Lucas, & Hajnal, 2002), matching 

changes reported in chronic drug administration (Mukda, Kaewsuk, Ebadi, & Govitrapong, 

2009). Like drugs of abuse (Merrier & Stephens, 2006), overconsumption of sugar involves the 

opioid system in that injections of the opioid antagonist, naltrexone, into the NAcc core reduce 

preference for a fructose/saccharin solution (Bernal et al., 2010). Further neurobiological 

alterations associated with sucrose self-administration include reductions in opioid 

preproenkephalin and preprotachykinin mRNA (Spangler et al., 2004) in dopamine-receptive 

regions of the forebrain (Spangler, Goddard, Avena, Hoebel, & Leibowitz, 2003), similar to 

changes that occur in morphine-dependent animals. Sucrose self-administration also exhibits 

cross sensitization with stimulant drugs, suggesting that both activate brain reward pathways 

(Avena & Hoebel, 2003). In addition, bingeing behaviour leads to delays in acetylcholine (ACh) 

release (Hoebel et al., 2009) and alterations in the DA/ACh balance in the NAcc (Avena, 

Bocarsly, Rada, Kim & Hoebel, 2008), effects that mimic those seen during withdrawal from 

drugs of abuse (Hoebel, Avena, & Rada, 2007). Although the relationship between sugar intake 

and ACh release is unclear, ACh postpones satiety and may be a contributing factor in the 

development of bingeing behaviour. Finally, one interesting connection between drug abuse and 

sugar intake is revealed in human research: biological children of alcoholic parents have a strong 

sweet preference (Fortuna, 2010). 

 Despite the similarities between drug abuse and overconsumption of sugar, there is 

relatively little research examining the behavioural characteristics of excessive sucrose intake in 

animal models. One defining feature of drug addiction is craving. Craving is often defined as an 

affective state of desiring a drug, often induced by exposure to a drug, drug-related cues, or 
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stress. Craving is measured in animal models as increased drug- seeking behavior (e.g. nose 

poke, lever pressing, etc) following exposure to a drug-paired cue (Pickens et al., 2011). 

Variations in responding resulting from changes in the length of drug abstinence using this 

model suggest that animals display time-dependent increases in cue-induced drug seeking after 

withdrawal from a drug. This incubation of drug craving has been shown in animals that 

chronically self-administer cocaine (Grimm et al., 2001), heroin (Shalev, Morales, Hope, Yap, & 

Shaham et al., 2001), methamphetamine (Shepard, Bossert, Liu, & Shaham, 2004), alcohol 

(Bienkowski et al., 2004), and nicotine (Abdolahi, Acosta, Breslin, Hernby, & Lynch, 2010). It 

has also been demonstrated using a variety of procedures that assess the motivational impact of 

drug-related cues in relapse to drug seeking (Everitt & Robbins, 2005; See, 2005; Shalev, 

Grimm, & Shaham, 2002), cue induced reinstatement (Hollander & Carelli, 2007; Lu, Grimm, 

Dempsy, & Shaham, 2004; Sorge, Rajabi, & Stewart, 2005), and acquisition of a new response 

(DiCiano & Everitt, 2004). Importantly, the motivational impact of sucrose increases with 

abstinence, measured as increased lever pressing for sucrose-related cues (Grimm et al., 2001; 

Grimm, Fyall, & Osincup, 2005) or sucrose itself (Avena, Long, & Hoebel, 2005). 

 Another defining feature of drug addiction that has yet to be examined in sucrose self-

administration is compulsive intake, operationalized in animal models as persistent responding 

for drugs or drug-paired cues, despite adverse consequences (Vanderschuren & Everitt, 2004). 

The strength of compulsive intake can be measured using the conditioned suppression paradigm 

(Bouton & Bolles, 1980). In this task, animals learn an operant response for a reward and, in 

separate sessions, undergo classical conditioning trials in which a neutral stimulus (e.g., a tone) 

precedes an adverse outcome (e.g., foot shock). In subsequent sessions, the tone (now a 

conditioned stimulus (CS)) is presented as animals are performing an operant response. Selective 
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suppression of responding during presentation of the CS indicates that animals are sensitive to 

the aversive outcome. Even though the aversive stimulus is not directly associated with the 

response, the CS reduces responding because animals experience conditioned fear and freeze. 

Conditioned suppression of responding for cocaine occurs after limited, but not extended, 

periods of drug self-administration (Vanderschuren & Everitt, 2004), suggesting that extended 

cocaine self-administration makes animals less sensitive to aversive outcomes. Similar effects 

have been observed in obese animals that have had extended access to sweet/fat diets (Johnson & 

Kenny, 2010). This reduction in sensitivity to adverse outcomes is interpreted as an increase in 

compulsive responding for drug-related (or food-related) cues. This compulsive responding can 

be considered a stimulus-response association, rather than a response-outcome association. That 

is, the behaviour becomes automatic or habitual such that the outcome (i.e., the consequences) of 

responding has little to no impact on the behaviour. 

The switch from goal-directed, to habitual or compulsive drug use, involves distinct 

neurobiological pathways. For example lesions of the prelimbic cortex (Coutureau, Marchand & 

DiScala, 2009; Killcross & Coutureau, 2003) and glutamatergic receptor blockade in the dorsal 

striatum (Yin & Knowlton, 2006) interfere with goal directed responding. In contrast, 

inactivation of the infralimbic cortex (Killcross & Coutureau, 2003), the dorsal striatum (Yin & 

Knowlton, 2006; Yin, Knowlton & Balleine, 2004; 2006), or its dopaminergic innervations 

(Faure, Haberland, Conde, & Massioui, 2005) disrupts stimulus-response behaviours and renders 

operant responding sensitive to response-outcome associations. Many other brain areas have 

been implicated in habitual drug intake, including the bed nucleus of the stria terminalis (BNST). 

The BNST is made up of approximately 12 distinct nuclei surrounding the caudal part of the 

anterior commissure in the cerebral hemisphere. Its name is derived from its location at one end 
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of the stria terminalis, which places the region anatomically within the nuclei of the amygdala. 

This anatomical position suggests that the BNST may be a coordinating and relay centre for 

descending cortical information and ascending homeostatic information (Dumont, 2009). To 

date, the BNST has been implicated in the physiology of fear, food intake, social behaviours, 

pain, goal-directed behaviours, and psychopathologies like anxiety, anorexia, and addiction 

(Ciccocioppo et al., 2003; Colussi-Mas et al., 2005; Crown, King, Meagher, & Grau, 2000; 

Delfs, Zhu, Druhan, & Aston-Jones, 2000; Deyama et al., 2007; 2008; 2009; Dumont, Mark, 

Mader, & Williams, 2005; Epping–Jordan, Markou & Koob, 1998; Nakagawa et al., 2005; 

Walker & Davis, 1997).  

The BNST, as a whole, is bidirectionally innervated with projections to DA-rich areas of 

the brain including the NAcc and ventral tegmental area (VTA), both of which are part of the 

mesolimbic DA system, which is involved in goal-directed behaviours and drug reward (Pierce 

& Kumaresan, 2006). In addition, plasticity in excitatory synapses within this area correlates 

with operant learning, which further supports the role of the BNST in goal-directed behaviours 

for natural rewards (Dumont et al., 2005). The BNST may be part of the neurocircuitry 

underlying addiction because it contributes to the reinforcing properties of drugs of abuse 

(Dumont et al. 2005; see also Walker & Davis, 1997; Georges & Aston-Jones, 2001). More 

recently, the BNST has been linked to drug self-administration via changes in the excitatory 

transmission (excitatory post synaptic currents (EPSCs)) of cells in the ventral lateral BNST 

(vlBNST) following chronic cocaine (Dumont et al., 2005) or morphine self-administration 

(Dumont, Raycroft, Maiz & Williams, 2008). In addition to changes in excitatory transmission 

alterations also occur in inhibitory transmission (post synaptic currents - IPCS’s) of cells in the 

oval BNST (ovBNST) following chronic cocaine self-administration (Krawczyk et al., 2011). 
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Investigations into the mechanisms behind these changes in synaptic transmission have 

revealed a reversal of the neuromodulatory role of DA, from D2
1
 receptor-mediated reductions in 

GABAergic transmission to D1 receptor-mediated increases in GABAergic transmission in the 

ovBNST (Krawczyk et al., 2011). This latter region is populated, exclusively, with GABAergic 

neurons that exert an inhibitory effect on targeted sites outside the ovBNST, including the NAcc 

shell, VTA, lateral hypothalamus, and central amydala. Given that reduced GABAergic tone also 

reduces consumption of abused substances including alcohol (Hyytia & Koob, 1995) and cocaine 

(Epping-Jordan et al., 1998), increased GABAergic tone may contribute to drug-consumptive 

behaviours. Therefore dysregulation of GABAergic activity in the ovBNST (via a change in the 

neurmodulatory effect of DA producing increases in GABAergic output to other brain areas) 

may be partially responsible for the maladaptive drug use that leads to compulsive drug self-

administration.  

The purpose of this research project was three-fold. First, I wanted to replicate the 

behavioural effects of intermittent sucrose access that mirror behaviours involved in drug 

addiction by using the model of sucrose self-administration developed by Avena and colleagues 

(Avena et al., 2005; Avena, Rada, & Hoebel, 2006; Colantuoni et al., 2001). This model involves 

maintaining rats on a daily 12-hr food restriction schedule, followed by 12-hr access to a sucrose 

solution and chow for at least 21 days. The model has successfully produced a progressive 

increase in sucrose consumption during the first hour of access, as well as withdrawal behaviours 

following termination of access. Second, I hypothesized that extended sucrose bingeing (28 

days) will produce compulsive responding for sucrose-related cues using the conditioned 

suppression paradigm previously used to reveal compulsive responding for cocaine 

                                                 
1
 Current research in the ovBNST cannot exclude the possibility of DA receptor involvement other than D1 (e.g. 

D5) and D2 (e.g. D3 and D4). However for the purposes of this manuscript we will refer to D1-like and D2-like 

receptors as D1 and D2 respectively.   
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(Vanderschuren & Everitt, 2004) and high fat/sugar diets (Johnson & Kenny, 2010). In addition, 

I hypothesized that craving for sucrose will increase over a protracted abstinence period, which 

accompanies abstinence from other dugs of abuse (Grimm et al., 2005). Finally, I hypothesized 

that dysregulation in DA-modulated GABAergic inhibitory transmission in the ovBNST mimics 

that produced by chronic self-administration of abused drugs (e.g., cocaine) in animals self-

administering sucrose.  

2.1 Method 

Subjects 

 Ninety male Long Evans rats (Charles River, Quebec) were singly housed in standard 

polycarbonate cages on a 12/12 hr light cycle (lights off at 04:00 hr). All animals had free access 

to water in their home cage; food access (standard chow) was restricted to 2 hr per day during 

operant training (beginning 3 days after arrival) and to 12 hr per day during the sucrose self-

administration phase. Colony room temperatures were maintained at approximately 21
o
C and 

humidity levels between 45 and 55 percent. All procedures were conducted in accordance with 

the Canadian Council of Animal Care guidelines, and all experiments were approved by the 

Queens University Animal Care Committee. 

Apparatus 

 Operant training and testing were conducted in four standard operant chambers (Med 

Associates Inc.) located in sound/light reducing cabinets. Each chamber contained two 

retractable levers, a food magazine (with liquid dipper attachment), two signal lights (one above 

each lever), and a house light. Each box contained shock capable flooring and adjustable tone-

producing speakers.  
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 Weight and food consumption were recorded with a standard scale (measurement unit in 

grams). Liquid solutions were presented to rats in 100 ml graduated glass drinking bottles fitted 

with rubber stoppers containing ball-tipped sipper tubes. A 10% sucrose/water solution (g/L) was 

created by adding 100 g of white sugar (purchased at a local grocery store) to 1 L of filtered tap 

water. A 0.1% saccharin solution was created by adding 1 g of saccharin (> 99% purity, 

purchased from Sigma-Aldrich Canada) to 1 L of filtered tap water. Both dissolve readily in 

water, but were mixed in 1 L pyrex beakers using a magnetic stirrer (Fisher Inc.) for at least 10 

min to ensure complete dissolution. Excess solution was stored in a fridge (2 ˚C) for a maximum 

of 24 hr but was always provided to animals at room temperature. Graduated glass drinking 

bottles and stoppers were thoroughly cleaned at the end of each 12-hr period and emptied bottles 

were replaced with refilled clean ones during each 12-hr period. This was to prevent bacterial 

growth and reduce the likelihood of illness in the subjects.   

Sucrose Self-administration 

 Animals underwent operant training (see below) prior to starting a 28-day self-

administration phase. For this protocol, each subject was randomly assigned to one of 4 groups: 

12 hr sucrose; 12 hr saccharin; 12 hr food only, or 24 hr sucrose. The 12 hr sucrose condition 

functioned as the primary experimental condition, whereas the other three groups were control 

conditions. Each day, beginning 4 hr into the active cycle (08:00 hr) animals were weighed and 

provided with sucrose solution plus food, saccharin plus food, or food only. For animals on the 

12-hr schedules, solution intake (ml) was measured 1 and 6 hr after presentation, as well as on 

removal (12 hr). For animals on the 24-hr schedule, solution intake was measured 1, 6, and 12 hr 

after presentation, as well as when it was refreshed 24 hr after presentation. For all animals, food 

intake (g) for each day was measured 12 hr after presentation (on removal for the 12-hr groups) 
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and when refreshed for the 24-hr group. All solutions and chow were provided to animals in their 

home cage and all animals had ad libitum access to water. 

 Withdrawal.  

 Following the 28-day self-administration phase, rats were assigned to one of two 

withdrawal conditions: precipitated or spontaneous. The assignment was pseudorandom, such 

that half of the animals from each experimental condition (12 hr sucrose, 12 hr saccharin, 12 hr 

food, and 24 hr sucrose) were assigned each of the withdrawal conditions.  

 In the precipitated withdrawal condition, 12 hr after the last exposure to 

sucrose/saccharin/food and 4 hr into the active cycle (coinciding with the usual time fluid was 

presented), animals received a 3 mg/kg (s.c.) injection of naloxone
2
 (Sigma-Aldrich) . In the 

spontaneous condition, animals received a saline injection.  

 Ten min following the injection, each animal was observed and video recorded for 5 min. 

During this time, behaviors specifically indicative of withdrawal were recorded. These behaviors 

included body shakes, head shakes, paw tremors, teeth chattering, mouthing, ear wiping, rearing, 

burying, and general locomotor activity. A research assistant who was blind to all conditions 

recorded the number of times each behavior occurred during the 5-min recording session, with 

the exception of locomotor activity, which was measured on a scale between 0 and 2 (0 = less 

active than would be expected given the time of recording; 2 = more active than would be 

expected given the time of recording). Rats were observed and recorded for 5 min every 6 hr for 

a total of 36 hr. Immediately following this period, all animals were provided with 4 hr of access 

to food. 

 

                                                 
2
 Based on dosage use in previous literature (Colanuoni et al., 2002; Avena et al., 2008) to induce withdrawal in this 

model.  
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 Abstinence.  

 Equal numbers of animals from each withdrawal condition (naloxone or saline) were 

assigned to one of two abstinence conditions: one or 28 day. Animals that underwent only one-

day of abstinence were given 2 hr of food access on that the day following withdrawal. The next 

day they proceeded to operant testing. Those assigned to the 28-day abstinence period were 

returned to a schedule that allowed 2 hr of access to food each day. Following the 28
th

 day, these 

animals proceeded to testing.   

Operant Training 

 Baseline testing  

 Operant training and baseline testing occurred before the onset of the 28-day self-

administration phase (see Figure 1).  Animals received three days of handling, post arrival, to 

familiarize them with the experimenter and environment. During this time, food and water were 

provided ad libitum. Following the familiarization period, all animals were switched to a 2-hr 

food restriction schedule (access to food for only 2 hr per day, provided following training each 

session). Each animal completed daily training sessions for approximately 14 days, including 

magazine training, lever press training, and fixed ratio (FR) training.  

 Magazine training consisted of two 30-min sessions in which the animal learned to 

associate the food magazine with reward delivery. During these sessions each animal received 30 

liquid rewards (via an elevated liquid dipper), consisting of a 10% sucrose/water solution. Dipper 

elevation lasted for 55 s each minute, allowing for 5 s of refill time each minute.  

 Following both days of magazine training, animals were trained to lever press for the 

liquid sucrose reward. Each subject was randomly assigned to one of the two levers (located on 

the left or right hand side of the magazine), which was designated as the reinforced lever. Both 
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levers extended into the operant chamber, however only lever presses on the reinforced lever 

produced a liquid reward. Lever presses on the non-reinforced lever were recorded but produced 

no reward. A visual cue (light above the reinforced lever) signalled potential reward availability. 

This light, and the house light, remained lit until the reinforced lever was pressed, at which point 

both extinguished and the light above the non-reinforced lever lit up, signalling dipper elevation 

(i.e., reward delivery). On the first day of lever press training, following each lever press the cue 

light signalling reward presentation, and the dipper elevation providing the liquid reward, lasted 

10 s. On following days this was reduced to 7 s. Following these delays, the cue light signalling 

reward presentation extinguished, the dipper retracted, and the house light and cue light 

signalling potential reward availability illuminated. Each of these sessions lasted for 60 min, 

during which time each animal was able to obtain a maximum of 80 liquid rewards. Subjects 

were considered to have learned to lever press successfully if they obtained a minimum of 64 

rewards in 60 min over two consecutive days (> 80% success rate).  

 After meeting the criteria for lever press training, each animal was trained for a minimum 

of two days on a fixed ratio schedule of 1, 2, 3, 4, and 5. To graduate to each FR level, subjects 

had to meet the 80% criterion over two consecutive days. Successful completion of the required 

number of lever presses resulted in reward and reward cue presentation for 7 s. After training 

was complete, animals received one more day of access to sucrose on an FR 5 schedule. This last 

session was used as a baseline measure. 

 Reinstatement of lever pressing  

 Following the 28-day self-administration phase, 36-hr withdrawal, and abstinence period, 

subjects were returned to the operant boxes in which training took place. Each animal was given 

1 hr to reinstate lever pressing on an FR 5 schedule. Latency to begin lever pressing, latency 
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between lever presses, latency to begin pressing after each sucrose-paired cue presentation, and 

rewards obtained were recorded. The procedure for cue lights signalling reward availability and 

presentation, as well as the procedure for liquid reward delivery remained the same as previously 

outlined.  

 Conditioned suppression 

  Animals were randomly assigned to an unfamiliar operant box (different from the one 

they were trained to lever press in) and allowed to habituate to the unfamiliar box for 30 min, 

twice each day, on the two days prior to reinstatement. Animals that underwent one day of 

abstinence received habituation training 6 hr after withdrawal ended (following 4 hr of access to 

food and 2 hr of rest) and during the only abstinence day. Animals that underwent 28 days of 

abstinence received habituation training on the last two days of abstinence. During this time, the 

light attenuating cabinets were left open allowing ambient lighting to enter the operant boxes. 

This procedure helped to ensure that animals would develop a conditioned response to the 

conditioned stimulus (CS), not the environment.  

The day after reinstatement, animals were placed in the recently habituated operant 

chamber. After a 5-min period, they experienced two 10-min presentations of an 85 dB 2900 Hz 

tone (CS), paired with 10 random 1 sec 0.5 mA scrambled foot shocks. Each 10-min presentation 

was separated by a 5-min period in which no tone or shock was administered.  

The next day, animals were placed back into their original operant boxes (in which they 

received lever press training and completed reinstatement), and tested for conditioned 

suppression of lever pressing. The test consisted of six alternating 2-min CS-on/CS-off 

presentations (i.e., 2-min in which the tone was on, followed by 2 min in which the tone was off, 

etc). Lever presses that met the reward criteria (FR 5) resulted in the presentation of familiar cue 
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light changes, but were not accompanied by sucrose reward delivery. Latency to lever press 

during CS-on and CS-off periods, latency to begin pressing after each sucrose-paired cue 

presentation, as well as total lever presses during CS-on and CS-off periods were recorded.  

A separate control group (12 hr sucrose CS control) for the conditioned suppression 

paradigm was included. These animals had access to the 10 % sucrose/water solution and food 

for 12 hr per day and underwent the same training, withdrawal, and testing procedure as the other 

experimental groups. However, to ensure that the results of the conditioned suppression test were 

due to the supressing effect of experiencing the shock paired with the tone, this group did not 

learn the tone-shock association. To accomplish this, these animals were exposed to the same 

number of foot shocks (20 in total), randomly presented over an 80-min session (alternating 10-

min tone-on and 10-min tone-off periods).  The session length was increased to ensure that the 

density of foot shocks was low enough to prevent animals from developing fear conditioning to 

either the tone-on phase, the tone-off phase, or the environment. These animals therefore 

underwent the same number of foot shocks as the other groups, under the same conditions as the 

other groups, but did not learn the tone-shock association.  

 

Figure 1. Schematic of the experimental timeline indicating the length of each phase (i.e., days, 

hrs). The entire experiment ranged from 46 to 73 days, depending on the group. *NOTE* 

Electrophysiology groups underwent only the self-administration and abstinence phases prior to 

sacrifice. 

Operant 
Training & 

Baseline (13 
days) 

Self-
administraiton 

 (28 days) 

•12 hr sucrose 

•12 hr 
saccharin 

•12 hr food 
only 

•24 hr sucrose 

•12 hr Sucrose 
CS control 

Withdrawal (36 
hours) 

•Naloxone 

•Saline 

Abstinence  

•1 day 

•28 days 

Reninstatement 
& Conditioned 
Suppression (3 

days) 
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Electrophysiology 

Separate groups of animals underwent self-administration sessions (12 hr sucrose, 12 hr 

saccharin, and 12 hr food only) for 28 days. Animals were assigned to one of two conditions: a 

one-day or a 28-day abstinence condition. Animals assigned to the one-day abstinence condition 

underwent electrophysiological testing 12 hr after the last presentation of sucrose, saccharin, or 

food, whereas animals assigned to the 28-day abstinence condition underwent testing on the 29
th

 

day of abstinence.  

 Slice preparation 

 Rats were deeply anesthetized using isoflurane (5% at 5L/min) and their brains quickly 

removed. Coronal slices (250 µm) containing the BNST were prepared in cold physiological 

solution containing (in mM) 126 NaCl, 2.5 KCl, 1.2 MgCl2, 6 CaCl2, 1.2 NaH2PO4, 25 NaHCO3, 

and 12.5 D-glucose. Slices were incubated at 34˚C for 60 min and transferred to a chamber that 

was constantly perfused (3 ml/min) with physiological solution maintained at 34˚C and 

equilibrated with 95%O2/5%CO2. 

 Recording 

  Whole cell voltage clamp recordings were made using glass microelectrodes (3.5 MΩ) 

filled with a conductive solution containing (in mM) 70 K
+
-gluconate, 80 KCl, 1 EGTA, 5 

HEPES, 2 ATP, and .03 GTP, adjusted with KOH until pH rested between 7.24 and 7.4. 

Osmolarity for the solution in the perfused bath and microelectrode was measured and 

maintained at a difference of 20 mOsm (~ 270-290 mOsm).  

GABAA-Inhibitory post synaptic currents (GABAA-IPSC) were evoked by local fiber 

stimulation with tungsten bipolar electrodes placed in the ovBNST approximately 100-500 µm 
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lateral of the recorded neuron. Paired electrical stimulation (0.1 ms duration, 50 ms interval) was 

applied at 0.1Hz, and the amplitude of evoked IPSC were recorded.  

 Neurons were voltage clamped at -70 mV, and GABAA-IPSC were pharmacologically 

isolated with the amino-hydroxy-methyl-isoxazolepropionic acid (AMPA) receptor antagonist 

dinitroquinoxalinedione (DNQX) (Tocris Bioscience) (50 µM). After a 5 min stable baseline, 

DA (1 μM) was bath-applied for 5 min and washed for at least 15 min. DA-induced change in 

peak amplitude (in percent) and paired pulse ratio (PPR50msec) of IPSCs were recorded and 

measured.  

Stock solution of DA (10 mM) was prepared in double distilled water, and stock solution 

of DNQX (100 mM) was prepared in DMSO (100%). Both were dissolved into the bath solution 

at the desired concentration and the final DMSO concentration was approximately 0.05%. All 

drugs were obtained from either Sigma-Aldrich Co. (www.sigmaalddrich.com) or Tocris 

Biosciences (www.Tocris.com).  

 Visual guidance was provided by an upright transmitted light microscope (BX-51W1, 

www.olympus.com) equipped with a Dolt-Gradiant-Contrast-System (www.Luigs-

Neumann.com). Synaptic activity was recorded using a Multiclamp 700B amplifier and a Digista 

1440A digitizer (www.mds.com) in conjunction with Axograph X (Axograph Scientific, 

www.axographx.com).  

Data Analysis 

 Self-administration 

  Solution and food intake were measured as a percent of body weight. Solution self-

administration values were calculated by dividing the amount of solution consumed (ml) during 

the first hour and over the full 24-hr period by animal weight (g), measured at the beginning of 

http://www.sigmaalddrich.com/
http://www.tocris.com/
http://www.olympus.com/
http://www.luigs-neumann.com/
http://www.luigs-neumann.com/
http://www.mds.com/
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each 24-hr period. Food consumption values were calculated by dividing the amount of food (g) 

consumed at the end of each 24-hr period by animal weight (g), measured at the beginning of 

each 24-hr period. Data from animals that underwent the same experimental protocol until the 

end of the self-administration phase were combined for this analysis.   

 Separate mixed model analyses of variance (ANOVA) were used to analyse solution self-

administration, food intake, and body weight data. Time (measured over the 28-day self-

administration phase) was included as the within-subjects measure, while group (12 hr sucrose, 

12 hr saccharin, 12 hr food only, and 24 hr sucrose) was included as the between-subjects 

measure. Intake as a percent of body weight for both solution and food, and weight (g) were the 

dependant measures for each respective ANOVA. Cohort, representing the time period at which 

animals arrived at the facility, was included in this and other analyses to account for slight 

differences in age/weight between sets of ordered animals. Because preliminary analysis of 

solution self-administration indicated a significant effect of cohort, F(4, 56) = 3.77, p = .009, and 

a group by cohort interaction, F(48, 670) = 2.15, p < .001, all analyses for solution self-

administration, food intake, and weight were completed with cohort as a covariate. This removed 

the effect of cohort, and adjusted mean consumption and weight values accordingly.  

 All statistics from the within-subjects ANOVA were reported using the Greenhouse-

Giesser correction for violations in sphericity, unless otherwise stated. Degrees of freedom for 

Greenhouse-Giesser values are rounded up to the nearest whole number. Follow-up to significant 

interactions were performed with simple main effects analyses. All pairwise comparisons were 

performed with a Bonferroni correction applied to p values.  
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 Withdrawal 

  Symptoms of withdrawal (body shakes, head shakes, teeth chattering, paw tremors, ear 

wiping, mouthing, rearing, and digging) were video recorded for 5 min every 6 hr following 

injection of either saline or naloxone. Videos were then coded by a research assistant who was 

blind to self-administration and injection conditions. Operational definitions and guidelines for 

scoring each behavior can be found in Table 1. To create a single variable representing 

withdrawal symptomology over time, observed behaviors in each category were summed 

together for each time point. That is each time a behavior was observed it was scored as a 

discrete observation, then all discrete observations were summed together to create an overall 

withdrawal symptom score. The only symptom not included in this was locomotion, which was 

evaluated in a separate analysis and scored on a scale from 0 to 2 (0 = below normal activity, 2 = 

above normal activity) for each 5-min video recording. A blind research assistant experienced 

with normal rat behavior during both active and inactive cycles, observed recorded behaviors 

(e.g. movement, digging, grooming behavior) over each 5-min session and assigned a score 

between 0 and 2 based on the level of activity observed. Activity that was lethargic or depressed 

was given a score of 0, and activity that was agitated or hyper-responsive was given a score of 2, 

whereas typical behaviors were given a score of 1.  

 Both total symptomology and locomotion were analysed using a Mixed model ANOVA. 

Time (recording session 1 to 5), was used as the within-subjects variable, while group (12 hr 

sucrose, 12 hr saccharin , 12 hr food only, and 24 hr sucrose) and injection type (saline and 

naloxone) were the between-subjects variables. Preliminary analysis of withdrawal data 

indicated a significant time by cohort interaction, F(4, 207) = 2.65, p = .038. Therefore all 

withdrawal data were evaluated with the effect of cohort covaried out. F statistics from the 
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within-subjects ANOVA were reported using the Greenhouse-Giesser correction for violations in 

sphericity, unless otherwise stated. Degrees of freedom for Greenhouse-Giesser values are 

rounded up to the nearest whole number. Follow-up to significant interactions were performed 

with simple main effects analyses. All pairwise comparisons were performed with a Bonferroni 

correction applied to p values. 
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Table 1.  

Operational Definitions and Scoring Procedure for Withdrawal Symptom Behaviors 

  

Operational Definition 

 

Scoring 

 

 

Body Shakes 

 

Similar to a "wet dog" shake. Most of 

the body moves rapidly in side to side 

shaking movement. Movement travels 

from posterior to anterior. Can 

include the head and shoulders. 

 

Counted each time the behavior is 

displayed. Shake is counted as over 

when the whole body stops shaking 

movement. 

 

Head Shakes 

 

Head and shoulders move rapidly in 

side to side shaking movement. 

 

Counted each time the behavior is 

displayed. Shake is counted as over 

when the head and shoulders stop 

shaking movement. 

 

Teeth Chattering 

 

Rapid jaw movement that coincides 

with a chattering and/or grinding 

sound 

 

Counted each time the behavior is 

displayed with chattering/grinding 

sound. Counted as over when 

movement and sound stop. 

 

Paw Tremors 

 

One or both paws vibrate quickly 

with no apparent grooming-related 

function. 

 

Counted each time the behavior is 

displayed. Counted as over when one 

or both paws cease vibration. 

 

Ear Wiping 

 

Animal drags both paws 

simultaneously over the ears from 

back to front.  

 

Counted each time both paws pass 

over the ears.  

 

 

Mouthing 

 

A burst of non-directed jaw 

movements. Can occur with or 

without concurrent tongue 

protrusions.  

 

Counted each time behavior is 

displayed with or without concurrent 

tongue protrusions. Counted as over 

when mouth ceases movement. 

 

 

 

Rearing 

 

The animal stands on hind legs and 

extends upper body upward or 

forward.  

 

Counted each time the behavior is 

displayed. Counted as over when both 

forepaws touch the ground. Periods of 

grooming are not considered rears. In 

addition use of objects in the home 

cage, as well as cage walls by 

forepaws are not considered rears.  

 

  

 



  

 

21 

 

Conditioned suppression 

  Preliminary analysis of baseline lever pressing following training indicated a significant 

effect of cohort, F(2, 57) = 52.98, p < .001. Therefore all operant measures were evaluated with 

the effect of cohort covaried out of the analyses. This ensured that group differences in operant 

responding during baseline, reinstatement and testing were not an artefact of animal cohort.  

 Baseline lever pressing was evaluated using a between-subjects ANOVA with group (12 

hr sucrose, 12 hr saccharin, 12 hr food only, 24 hr sucrose, and 12 hr sucrose CS control) as the 

between-subjects measure, and number of lever presses as the dependant measure. In addition to 

lever pressing, latency to lever press (sec) and latency to begin pressing after each sucrose-paired 

cue presentation were analysed. 

 Reinstatement lever pressing, latency to lever press, and latency to begin pressing after 

each sucrose-paired cue presentation were evaluated in 5-min bins for only the first 15 min using 

a mixed model ANOVA. Bin was set as the within-subjects factor, with group, and abstinence 

length (one day and 28 days) as the between-subjects factor. This controlled for possible effects 

of satiety and provided a comparison to baseline lever pressing. In addition, analysis over time 

allowed for any group differences in reacquisition of lever pressing for sucrose to be examined.  

 Conditioned suppression testing was evaluated in two ways. Firstly, lever pressing for 

sucrose-related cues, latency to lever press, and latency to begin pressing after each sucrose-

paired cue presentation were evaluated over CS-on/CS-off phases (across time). Mixed model 

ANOVA were used to evaluate these, with time set as the within-subjects variable, and group 

and abstinence length, as the between-subjects variables. All statistics from the within-subjects 

ANOVA were reported using the Greenhouse-Giesser correction for violations in sphericity, and 

degrees of freedom for Greenhouse-Giesser values are rounded up to the nearest whole number 
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Follow-ups to significant interactions were performed with simple main effects analyses. All 

pairwise comparisons were performed with a Bonferroni correction applied to p values. 

 Secondly, overall suppression of lever pressing was evaluated using a conditioned 

suppression ratio calculated as the number of lever presses during a CS-on phase, divided by the 

number of lever presses during that phase and the CS-off phase preceding it. A value that is not 

significantly different from 0.5 indicates that animals lever press the same during CS-on and CS-

off phases, whereas values significantly less than 0.5 indicates that animals lever pressed more 

during CS-off phases. Therefore groups with values significantly less than 0.5 are considered to 

be experiencing suppression of responding when presented with the CS, while group with values 

not significantly different from 0.5 are considered to be resistant to the suppressing effects of the 

CS. A univariate ANOVA was used to evaluate the conditioned suppression ratio with group and 

abstinence length as the between-subject variables. Follow-ups to significant interactions were 

performed with simple main effects analyses. All pairwise comparisons were performed with a 

Bonferroni correction applied to p values.  

Electrophysiology 

  Measurement of the peak amplitude of evoked GABAA-IPSC was completed using 

Axograph X. Peak amplitude was obtained by measuring the point at which the post-synaptic 

current, following the first of each paired stimulation, reached its lowest point. Each recording 

was evaluated for inclusion into the analysis. Obvious changes in recording conditions, health of 

the neurons, or a change of more than 20% in series resistance were not included in the analysis. 

Changes in access to a cell influence the size of recorded amplitudes of IPSCs. Therefore 

including cells that show large changes in access could result in effects that are simply artifacts 

of changes in series resistance during recording. The entire protocol took approximately 30 min 
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(5-min baseline, 5-min DA application, 20-min wash out). For the analysis, 10 sequential pairs of 

evoked potentials were taken from baseline recordings, 30 from DA application recordings, and 

10 from wash out recordings. 

  The amplitude of the first evoked potential of each paired set was evaluated as a percent 

change from baseline. This was calculated by creating an averaged amplitude value of the first, 

of 10 selected sequential baseline paired potentials, and then creating a percent change score for 

the first potential of each evoked pair from that baseline value. Paired pulse ratio (PPR), which is 

the ratio of the magnitude of the first evoked post-synaptic potential to the second was also 

evaluated as a percent change from baseline. This was calculated by taking the PPR value 

(amplitude of the second potential in an evoked pair over the amplitude of the first) from the 

averaged paired response of the 10 selected baseline evoked potential pairs, and creating a 

percent change score in PPR for each evoked pair from that baseline value. PPR analyses allows 

locating (pre- or post-synaptic) effects of an agonist (here DA) on synaptic transmission. 

Typically, a change in PPR indicates that the agonist pre-synaptically modified the probability of 

neurotransmitter release (here GABA)(Zucker 1989). 

 Analysis of change in amplitude, as well as the percent change in PPR, was evaluated 

with mixed model ANOVA. Episode number was set as the within-subject variable, and group 

and abstinence length as the between-subject variables. All statistics from the within-subjects 

ANOVA were reported using the Greenhouse-Giesser correction for violations in sphericity, and 

degrees of freedom for Greenhouse-Giesser values are rounded up to the nearest whole number 

Follow-up to significant interactions were performed with simple main effects analyses. All 

pairwise comparisons were performed with a Bonferroni correction applied to p values. 
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 The predictive ability of the amount of solution consumed during the first hr of the last 

day of self-administration on percent change in evoked IPSC amplitude was also evaluated for 

both 12-hr sucrose and saccharin groups. This was completed using a simple linear regression 

analysis with the average percent change in amplitude across all 30 evoked pairs during DA 

administration as the dependant measure, and solution intake as the predictor.   

 

 

2.2 Results 

Solution Self-administration  

 The 12 hr sucrose group consumed more solution, and increased solution consumption 

over time, relative to the 12 hr saccharin or 24 hr sucrose groups during the first hour of intake 

(Figure 2A). Mixed model ANOVA revealed main effects of both time, F(12, 764) = 2.80, p = 

.001, ηp
2
 = .043, and group, F(2, 62) = 45.47, p < .001, ηp

2
 = .595, as well as a significant time 

by group interaction, F(25, 764) = 3.75, p < .001, ηp
2
 = .108. Follow-up analysis for the 

interaction indicated a significant simple main effect of group indicated a significant effect of 

group, Fs(2, 62) > 5.90, ps < .005, ηp
2
s > .160. Pair wise comparisons for days 1, 4, and 8  

indicated that the 12 hr sucrose group consumed more than the 12 hr saccharin group, but did not 

differ from the 24 hr sucrose group, while the 12-hr saccharin and 24-hr sucrose groups did not 

differ. On all other days the 12 hr sucrose group consumed significantly more fluid than either 

the 12-hr saccharin or 24-hr sucrose groups, while these latter two groups did not significantly 

differ from each other. Follow-up analyses also produced a significant simple main effect of time 

for the 12 hr sucrose group, F(27, 36) = 4.57, p < .001, ηp
2
 = .774, and the 24 hr sucrose group, 

F(27, 36) = 2.45, p = .006. ηp
2
 = .648. Pairwise comparisons indicated that consumption 
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increased over time for the 12 hr sucrose group. Specifically, consumption was significantly 

greater than day 1, on day 18, and 21, and days 23 to 28. However for the 24 hr sucrose group, 

consumption differed between day 4 and 21, and between day 8 and days 10, 21, 25, and 27. On 

the last day of the self-administration phase animals (weight of ~430 g) in the 12 hr sucrose 

group were consuming ~24 ml of solution during the first hour, while those in the 12-hr 

saccharin and 24hr sucrose groups consumed ~9.8 ml and 9.5 ml respectively.   

 The 12 hr saccharin group consumed less solution than the 12-hr and 24-hr sucrose 

groups, while these latter groups did not differ, by the end of each 24-hr period (Figure 2B). 

Mixed model ANOVA indicated a significant main effect of time, F(7, 439) = 5.10, p < .001, ηp
2
 

= .076, group, F(2, 62) = 29.29, p < .001, ηp
2
 = .486, and a significant time by group interaction, 

F(14, 439) = 4.53, p < .001, ηp
2
 = .128. Follow-up analyses for this interaction indicated a 

significant simple main effect of group for each of the 28 days, Fs(2, 62) > 15.65, ps < .001, ηp
2
s 

> .335
3
. Pairwise comparisons indicated that the 12 hr saccharin group consumed less than the 

12-hr and 24-hr sucrose groups on each day, while these latter groups did not differ from each 

other. The only exception was the seventh day, in which the 12 hr saccharin group did not differ 

from the 24 hr sucrose group. Follow-up analyses also produced a simple main effect of time for 

the 12-hr sucrose group, F(27, 36) = 5.70, p < .001, ηp
2
 = .810, and the 24-hr sucrose groups, 

F(27, 36) = 4.77, p < .001. Pairwise comparisons indicated that solution consumption increased 

in the 12 hr sucrose group across the 28-day self administration phase. Specifically, consumption 

was significantly higher than the day 1 on all days except day 27. However, for the 24 hr 

surcrose group, consumption only differed between the day 7 and days 3 to 6. On the last day of 

the self-administration phase animals (weight of ~430 g) in the 12 and 24 hr sucrose groups 

                                                 
3
 F values for the main effect of group on each of the 28 days of the self-administration phase.  
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consumed ~81 ml and 71 ml of solution respectively, while those in the 12 hr saccharin group 

consumed ~35 ml.    

 The 12-hr saccharin and food only groups consumed more food than either the 12-hr or 

24-hr sucrose groups over each 24-hr period (Figure 3A). Analysis of food intake, as a percent of 

body weight and controlling for cohort, over each 24-hr period produced a significant time, F(9, 

800) = 80.72, p < .001, ηp
2
 = .487, and group, F(3, 85) = 57.29, p < .001, ηp

2
 = .669, effect, and a 

significant time by group interaction, F(17, 800) = 8.21, p < .001, ηp
2
 = .225. Follow-up analyses 

indicated a significant simple main effect between groups on each day, Fs(3, 85) > 12.73, ps < 

.001, ηp
2
s > .310. Pairwise comparisons showed that within each day the 12-hr and 24-hr sucrose 

groups consumed less than the 12-hr saccharin and food only groups on each day, while the 

former and latter two groups did not differ from each other. Exceptions included the first day in 

which the 24 hr sucrose group consumed more than any other group, the second day in which the 

12-hr saccharin and the 24-hr sucrose groups did not differ, and days 7 and 8 in which the 24 hr 

sucrose group consumed less than all other groups. Follow-up analyses also indicated significant 

simple main effect for groups across the 28 days, Fs(27, 59) > 16.01, ps .001, ηp
2
s > .880. 

Pairwise comparisons showed that food consumption declined relative to the first day in the 12-

hr sucrose, saccharin, and food only groups, and relative to the second day in the 24 hr sucrose 

group
4
. 

 Weight increased over time but did not differ between groups (Figure 3B). Measured in 

grams each day and controlling for cohort, mixed model ANOVA produced a significant main 

effect of time F(2, 133) = 442.13, p < .001, ηp
2
 = .839, and a significant time by group 

interaction, F(5, 133) = 2.92, p = .018, ηp
2
 = .093. Follow-up analyses indicated a simple main 

effect for all groups across the 28 days, Fs(27, 59) > 14.52, ps < .001, ηp
2
s > .869. Pairwise 

                                                 
4
 Comparisons were made against the second day because the value for the first day far exceeded all other groups.  
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comparisons showed that for all groups, weight significantly increased from each day to the next, 

with the exception of the first three days. The first and second day did not significantly differ for 

the 12 hr sucrose group, and for the 12-hr saccharin and food only groups the first three days did 

not significantly differ. Follow-up analyses indicated no simple main effects of group on any of 

the 28 self-administration days, Fs(3, 85) < 1.74, ps > .165. 
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Figure 2. Solution intake over the 28-day self-administration phase. A: Solution intake (ml) as a 

percentage of body weight (g) during the first hr of each 24-hr period. The 12 hr sucrose group 

consumed significantly more than the 12 hr saccharin group and the 24 hr sucrose group (with a 

few exceptions), while the latter two groups did not differ. † indicates days in which the 12-hr 

sucrose and 24-hr sucrose groups did not significantly differ from each other. Consumption 

significantly increased over that of the first day for the 12 hr sucrose group and some differences 

occurred in the 24 hr sucrose group. * indicates days in which consumption was significantly 

greater than the first day, p < .05 for the 12 hr sucrose group. For the 24 hr sucrose group ᶲ and ˠ 

indicate days in which less was consumed relative to day 4 and 8 respectively, p < .05. B: 

Solution intake (ml) as a percentage of body weight (g) during each 24 hr period. The 12-hr and 

24-hr sucrose groups consumed more than the 12 hr saccharin group (with one exception), while 

the two sucrose groups did not differ. † indicates the day in which the 24-hr sucrose and the 12-

hr saccharin group did not differ. Consumption increased over time for the 12 hr sucrose group, 

such that all days where significantly greater than the first, p < .05, with the exception of day 27 

(indicated with ϕ). For the 24 hr sucrose group ˠ indicates days in which consumption was 
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significantly greater relative to the 7th day, p < .05. **NOTE** Error bars represent standard 

error of the mean.  

  

 

Figure 3. Food intake and weight gain over the 28-day self-administration phase. A: Food 

consumed (g) as a percentage of body weight for each 24-hr period declined over time, and was 

higher for the 12-hr saccharin and food only groups than either the 12-hr or 24-hr sucrose 

groups, while the former and latter two groups did not differ from each other (with on a few 

exceptions). † indicates where the 24 hr sucrose group consumed more than all other groups, p < 

.05, ϕ indicates where the 24 hr sucrose group did not differ from the 12-hr saccharin and food 

only groups, and ˠ indicates where the 12-hr and 24-hr sucrose groups differ from each other, p < 

.05. * indicates the point at which food consumption became significantly lower for each day 

relative to the first day, p < .05. For the 12-hr saccharin and food only groups this occurred on 

day 19, but for the 12-hr and 24-hr sucrose groups this occurred on day 9 and 7.  B: Body weight 

measured (g) at the beginning of each 24-hr period. Weight significantly increased from each 

day to the next, p < .05, with the exception of the first three days. † indicates where the 12 hr 
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sucrose group did not differ from the first day. ϕ indicates where the 12 hr saccharin and food 

only groups did not differ from the first day. *NOTE* Error bars represent standard error of the 

mean.  

Withdrawal 

 Observed withdrawal symptoms changed over time, but did not differ between groups or 

injection types (Figure 4A), whereas locomotion changed over time and differed between groups 

(Figure 4B). Mixed model ANOVA revealed a significant main effect of time, F(4, 207) = 2.90, 

p = .023, ηp
2
 = .049, on withdrawal symptoms, but no main effects of group, or injection type, 

and no significant interactions. Follow-up analyses indicated that symptoms were higher at 24 hr 

relative to12 hr, p = .036. For locomotion there was a significant main effect of time, F(4, 190) = 

37.84, p < .001, ηp
2
 = .40, and group, F(3, 56) = 2.89, p = .043, ηp

2
 = .132, but no significant 

interactions. Follow-up analyses of the main effect of time indicated that locomotion increased at 

18, 24 and 30 hr relative to 12 hr, ps < .003. Follow-up analyses of the main effect of group 

indicated that both the 12-hr sucrose and saccharin groups showed higher levels of locomotion 

than the 24 hr sucrose group, p = .033 and p = .027 respectively. Whereas the former two groups 

did not significantly differ from each other, and the 12 hr food only group did not differ from any 

groups. Even though there was no group by injection type interaction mean values for 

withdrawal symptoms and locomotion averaged across time are organized by group, and 

injection type, and can be found in Table 2. 
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Figure 4. Withdrawal measures during the 36 hr withdrawal period. A: Mean withdrawal 

symptoms increased over time so that symptoms were greater at 24 hr than at 12 hr, p < .05 

(indicated by *). B: Mean locomotor activity increased over time so that locomotion, collapsing 

across groups, increased at 18, 24, and 36 hr relative to 12 hr, ps < .05, (indicated by *). In 

addition, groups differed collapsing across time, such that the 24 hr sucrose group was 

significantly less active than both the 12-hr sucrose and 12-hr saccharin groups. These latter 

groups did not differ from each other and there were no other differences between groups. ϕ and 

† indicate significantly different pairs of groups in the figure ledged, p < .05. *NOTE* Error bars 

represent standard error of the mean.  
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Table 2. 

Mean values for Withdrawal Symptoms and Locomotion Based on Group and Injection Type. 

 
 

Withdrawal Symptoms 
 

Locomotion 

Group 

Injection 

Type M SE 

 

M SE 

       
12 hr Sucrose Saline  

(n = 12) 

10.22 1.06  1.30 0.07 

 

Naloxone 

(n = 12) 

10.84 1.06  1.30 0.07 

12 hr Saccharin Saline  

(n = 8) 

11.46 1.33  1.35 0.08 

 

Naloxone 

(n = 8) 

9.88 1.33  1.30 0.08 

12 hr Food Only Saline 

 (n = 8) 

10.88 1.33  1.25 0.08 

 

Naloxone 

(n = 8) 

11.11 1.33  1.23 0.08 

24 hr Sucrose Saline 

 (n = 5) 

11.18 1.91  1.12 0.10 

 

Naloxone 

(n = 4) 

8.60 2.08  1.00 0.12 

 

Conditioned Suppression  

 Groups did not differ on any measured aspect of baseline operant responding (Table 2) 

following training before solution self-administration, or during reinstatement following self-

administration (Table 3). Univariate ANOVA for baseline lever pressing showed no significant 

main effect of group, F(4, 59) = 1.45, p = .228, baseline latency to lever press, F(4, 59) = 0.85, p 

= .501, or latency to lever press following presentation of sucrose-paired cues, F(4, 59) = 1.94, p 

= .117.  
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 Mixed model ANOVA analyzing reinstatement lever pressing for animals that underwent 

one day of abstinence showed no significant main effect of time, F(2, 39) = 2.00, p = .15, no 

main effect of group, F(2, 21) = 0.31, p = .74, and no interactions. Likewise for animals that 

underwent 28 days of abstinence there were no main effects of time, F(2, 63) = 0.33, p = .70, or 

group, F(4, 36) = 0.83, p = .52, and no interactions. Latency to lever press for animals with one 

day of abstinence indicated no main effects of time, F(1, 29) = 1.41, p = .26, or group, F(2, 21) = 

1.24, p = .31, and no interactions. Similarly, animals with 28 days of abstinence had no main 

effects of time, F(1, 36) = 1.32, p = .26, group, F(4, 36) = 0.92, p = .46, and no interactions. 

Finally, univariate ANOVA analyzing latency to lever press following sucrose-paired cue 

presentation indicated no group differences for animals that underwent either one day of 

abstinence, F(2, 21) = 0.90, p = .42, or 28 days of abstinence, F(4, 35) = 1.05, p = .40. 

Table 3.  

Mean Values for Operant Measures During Baseline 

  
Lever Pressing   Latency to Lever Press   Latency Following 

Last Cue 

Group M SE   M SE   M SE 

12 hr Sucrose  

(n = 16) 

 

508.56 21.93  1.94 1.98  6.04 0.73 

12 hr Saccharin 

(n = 16) 

 

488.50 21.93  5.35 1.98  6.18 0.73 

12 hr Food Only 

(n = 16) 

 

492.00 21.93  1.88 1.98  6.26 0.73 

24 hr Sucrose  

(n = 9) 

 

435.33 29.24  6.27 2.64  11.29 1.53 

12 hr Sucrose CS 

Control (n = 8) 

444.00 31.01   2.50 2.80   9.47 1.53 
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Table 4. 

Mean Values for Operant Measures During Reinstatement 

      Lever Pressing   

Latency to 

Lever Press   

Latency 

Following Last 

Cue 

Group Abstinence Bin M SE 
 

M SE 
 

M SE 

12 hr 

Sucrose 

1 Day  

(n = 8) 

5 101.63 11.20  3.06 0.49  10.83 1.13 

10 80.25 14.03  4.32 1.70  

15 88.13 15.68  4.10 2.94  

28 Days  

(n = 8) 

5 83.00 14.26  5.11 0.87  12.89 3.30 

10 76.00 14.82  5.02 0.78  

15 86.00 15.73  4.75 29.91  

12 hr 

Saccharin 

1 Day  

(n = 8) 

5 107.63 11.20  2.77 0.49  10.23 1.13 

10 100.00 14.03  3.32 1.70  

15 97.38 15.68  4.24 2.94  

28 Days  

(n = 8) 

5 108.75 14.26  3.35 0.87  8.05 3.30 

10 107.00 14.82  3.17 0.78  

15 101.88 15.73  11.37 29.91  

12 hr Food 

Only 

1 Day  

(n = 8) 

5 97.50 11.20  3.66 0.49  12.31 1.13 

10 76.00 14.03  6.80 1.70  

15 110.50 15.68  8.22 2.94  

28 Days  

(n = 8) 

5 86.38 14.26  3.98 0.87  17.05 3.52 

10 72.75 14.82  4.40 0.78  

15 87.00 15.73  70.67 29.91  

24 hr 

Sucrose 

1 Day  5 - -  - -  - - 

10 - -  - -  

15 - -  - -  

28 Days  

(n = 9) 

5 69.56 13.44  4.68 0.82  10.91 3.11 

10 74.22 13.97  4.17 0.73  

15 77.11 14.83  4.68 28.20  

12 hr 

Sucrose 

CS 

Control 

1 Day  5 - -  - -  - - 

10 - -  - -  

15 - -  - -  

28 Days  

(n = 8) 

5 88.75 14.26  3.91 0.87  9.38 3.30 

10 88.75 14.82  4.01 0.78  

15 83.88 15.73  5.24 29.91  
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 Lever pressing during conditioned suppression testing was altered for groups during the 

CS-on/CS-off phases for animals that underwent both one-day and 28-days of abstinence (Figure 

5). Mixed model ANOVA of lever pressing for animals that underwent one day of abstinence 

indicated a significant main effect of time, F(4, 78) 4.57, p = .003, ηp
2
 = .179, and a significant 

time by group interaction, F(7, 78) = 2.84, p = .009, ηp
2
 = .213. Follow-up analysis indicated a  

significant simple main effect of group within fourth bin (min 7 and 8, CS-off), F(2, 21) = 3.62, 

p = .045, ηp
2
 = .256, and the sixth bin (min 11 and 12, CS-off), F(2, 21) = 4.29, p = .027, ηp

2
 = 

.29. Pairwise comparisons for the fourth bin indicated that the 12 hr saccharin group responded 

more than the 12 hr food only group, p = .047, while comparisons for the sixth bin indicated that 

the 12 hr sucrose group lever pressed more than the 12 hr food only group, p = .05. Follow-up 

analyses also produced a significant simple main effect of time for the 12 hr sucrose group F(5, 

17) = 5.25, p = .004, ηp
2
 = .607, such that lever pressing during the sixth bin was significantly 

greater the first bin, and the third to fifth bins, ps < .018.  

 Mixed model ANOVA analyzing lever pressing for animals that underwent 28 days of 

abstinence also indicated a main effect of time, F(4, 136) = 7.59, p < .001, ηp
2
 = .174, and a 

significant time by group interaction, F(15, 136) = 2.47, p = .003, ηp
2
 = .215. Follow-up analyses 

produced a significant simple main effect of group, F(4, 36) = 5.08, p = .002, such that the 12 hr 

sucrose group lever pressed more than the 24-hr sucrose, p = .024, and 12-hr sucrose CS control 

groups, p = .002 during the second bin. Follow-up analyses also produced a significant simple 

main effect of time for the 12-hr saccharin, F(5, 32) = 7.77, p < .001, 12-hr food only, F(5, 32) = 

4.42, p = .004, and 24-hr sucrose groups, F(5, 32) = 2.83, p = .032. Pairwise comparisons 

indicated that lever pressing was significantly higher during the second bin than any other bin, 

excepting the sixth bin, for the 12 hr saccharin group, ps < = .023. For the 12 hr food only group 
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lever pressing was higher during the second bin, relative to the third, p = .028, and fifth bins, p = 

.012, and higher during the fourth bin, relative to the fifth bin, p = .007. For the 24 hr sucrose 

group lever pressing was significantly higher during the fourth bin than either the first, p = .015, 

or fifth, p = .03, bins.  
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Figure 5. Mean values for measures of operant responding during the conditioned suppression 

test. A: For animals that underwent one day of abstinence, the 12-hr saccharin and 12-hr sucrose 

groups lever pressed more than the 12-hr food only group during CS off periods. Specifically, 
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the 12 hr saccharin group lever pressed more than the 12 hr food only group (indicated by *) 

during the fourth bin, p < .05, and the 12 hr sucrose group lever pressed more than the 12 hr food 

only group (indicated by ϕ) during the sixth bin, p < .05. In addition the 12 hr sucrose group 

lever pressed more during the sixth bin, than during all other bins (excluding the second). † 

indicates bins in which lever pressing for the 12 hr sucrose group was significantly different than 

the sixth bin. B: For animals that underwent 28 days of abstinence, control groups lever pressed 

more during CS-off periods. Specifically, the 12 hr saccharin group lever pressed more during 

the second bin than the 24 hr sucrose (indicated by *) and 12 hr sucrose CS control (indicated by 

ϕ) groups, p < .05. Lever pressing was also higher during the second bin, than all other bins 

(excluding the sixth) for the 12 hr saccharin group. † indicates bins in which lever pressing was 

significantly different from the second bin for the 12 hr saccharin group p < .05. Lever pressing 

was also highest during the second bin, relative to the third and fifth in the 12 hr food only group 

(indicated by ˠ) and higher during the fourth relative to the fifth (indicated by ‽) bin in that same 

group, ps < .05. Finally for the 24 hr sucrose group, lever pressing was higher during the fourth 

bin than either the first or fifth bins (indicated by ‡), p < .05.   

 There were no significant differences on any other absolute values of operant measures 

taken during conditioned suppression testing (Table 5). Specifically, there were no differences 

between groups on latency to lever press following the last sucrose-paired cue for either the one-

day, F(2, 17) = 2.09, p = .154, or 28-day, F(4, 28) = 0.84, p = .512, abstinence groups. 

Table 5.  

Mean Latency to Lever Press Following Last Presentation of Sucrose Related Cue 

  1 Day   28 Days 

Group M SE 

 

M SE 

12 hr Sucrose 

(n = 7) 

28.08

4 

7.468  14.911 20.327 

12 hr 

Saccharin  

(n = 7) 

25.41

6 

8.623  20.957 20.327 

12 hr Food 

Only (n = 8) 

5.997 8.623  31.286 19.014 

24 hr Sucrose 

(n = 7) 

   59.645 20.327 

12 hr Sucrose 

CS Control 

 (n = 4) 

   11.308 26.890 
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 The 12 hr sucrose group was not suppressed by presentation of the CS in either the one or 

28-day abstinence conditions, but control groups in both conditions were (Figure 6A and 6B). To 

determine the effect of the CS on lever pressing during the conditioned suppression test, two 

conditioned suppression ratios (# lever presses during CS-on/ # lever presses during CS-on and 

pre-CS-off) were calculated. The first ratio calculated the effect of the CS during the second and 

third bin, and second ratio calculated the CS effect during the fourth and fifth bins. Using this 

method any value that falls significantly below 0.5 represents suppression of responding by the 

CS, whereas any value that is equal to 0.5 represents no suppressing effect of the CS. Estimated 

marginal means were obtained using a repeated measures ANOVA and t tests evaluating each 

group means' distance from 0.5 were conducted. For animals that underwent one day of 

abstinence, the 12 hr saccharin group had a mean ratio value that was significantly less than 0.5, 

t(7) = 3.88, p = .006, but the 12-hr sucrose and food only groups did not differ from 0.5, ts(7) < 

2.00, ps > .09. For animals that underwent 28 days of abstinence, the 12-hr saccharin and food 

only groups, and the 24 hr sucrose group had  significantly lower mean ratio values than 0.5, 

ts(7) > 3.92, ps < .005 and t(8) =  2.81, p = .02 respectively. However the 12-hr sucrose and 

sucrose CS control groups did not significantly differ from 0.5, ts(7) < 1.98, ps > .09.  
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Figure 6. Mean conditioned suppression ratio values for self-administration groups. A: For 

animals that underwent one day of abstinence, only the 12 hr saccharin group was suppressed 

(indicated by *), p < .05, whereas neither the 12 hr sucrose or 12 hr food only groups were 

suppressed. B: For animals that underwent 28 days of abstinence, the 12-hr sucrose and 12-hr 

sucrose CS control groups were not suppressed, whereas all other groups significantly differed 

from 0.5 (indicated by *), p < .05. *NOTE* Error bars represent standard error of the mean.  

 

Electrophysiology 

 Amplitudes of evoked GABAA-IPSC differentially increased with DA application for 

animals in the 12 hr sucrose group depending on abstinence length (Figure 7). Mixed model 

ANOVA evaluating the amplitude of evoked GABAA-IPSC produced a significant main effect of 

time, F(50, 2650) = 2.25, p < .001, ηp
2
 = .041, and group, F(2, 53) = 29.03, p < .001, ηp

2
 = .523, 

However, these main effects were qualified by a significant group by abstinence length 

interaction, F(2, 53) = 4.58, p = .015, ηp
2
 = .147, and a significant time by group by abstinence 

length interaction, F(100, 2650) = 1.32, p = .019, ηp
2
 = .048. To interpret this three way 

interaction simple main effects analyses were conducted for time and group within each level of 

abstinence length. 

 Analyses of the simple main effects of group, Fs(2, 30) > 3.27, ps < .05, ηp
2
s > .177, for 

those that underwent one day of abstinence (Figure 7A), indicated that baseline amplitudes did 
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not differ between groups, while amplitudes during DA application did. Amplitudes significantly 

increased following DA application for those in the 12 hr sucrose group over both the 12-hr 

saccharin and 12-hr food only groups, while these latter groups did not differ from each other. 

However there were no significant group differences during washout. The simple main effects of 

group, Fs(2, 23) > 5.17, ps < .014, ηp
2
s > .310, for those that underwent 28 days of abstinence 

(Figure 7B), indicated that baseline amplitudes again did not differ, but that amplitudes differed 

during DA application and wash out. Amplitudes significantly increase in the 12 hr sucrose 

group over both the 12-hr saccharin and 12-hr food only groups during both DA application and 

wash out, while the latter two groups did not differ from each other. There were no simple main 

effects of time,  Fs(1, 30) < 1.95, ps > .52. Representative traces of evoked GABAA-IPSC, 

showing amplitude changes between groups are presented in Figure 8A.  

 The significant group by abstinence interaction was also followed up to give an 

indication of the average change in amplitude during DA application for each group (Figure 8A). 

Follow-up analysis indicated simple main effects of group for both one and 28 day abstinence 

lengths, F(2, 53) = 6.87, p = .002, ηp
2
 = .206, and F(2, 53) = 23.14, p < .001, ηp

2
 = .466, 

respectively. Pairwise comparisons showed that for one-day and 28-day abstinence lengths the 

12 hr sucrose group showed significantly higher amplitudes than either the 12-hr saccharin, ps < 

.009 and ps < .001 respectively, or 12-hr food only groups, ps < .017 and ps < .001 respectively. 

Follow-up analyses also produced a significant simple main effect of abstinence length for the 12 

hr sucrose group, F(1, 53) = 11.20, p = .002, ηp
2
 = .174, such that amplitudes were significantly 

greater for animals abstinent for 28 days relative to one day.  
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Figure 7. Percent change in amplitude of evoked GABAA-IPSC. A: Amplitudes for groups of 

animals that underwent one day of abstinence did not differ during baseline (BL). Following 

dopamine (DA) application amplitudes increased for animals in the 12 hr sucrose group relative 

to both the 12-hr saccharin and 12-hr food only groups (indicated by *), p < .05, whereas the 

latter two groups did not differ. Amplitudes declined in the 12 hr sucrose group during wash out 

(WO) and no longer differed from either the 12-hr saccharin or 12-hr food only groups. B: 

Amplitudes for groups of animals that underwent 28 days of abstinence did not differ from each 

other during baseline (BL). Following dopamine (DA) application, amplitudes increased for 

animals in the 12 hr sucrose group relative to both the 12-hr saccharin and 12-hr food only 

groups (indicated by *), p < .05. This increase persisted throughout wash out (WO). *NOTE* 

Time axis represents the time (mins) at which recorded potentials were evoked. BL potentials 

included are the last 10 evoked before DA application, DA potentials included are all 30 evoked 

during DA application and WO potentials included are the last 10 evoked during the 20 min 

wash out following DA application. The horizontal bar represents DA application and error bars 

represent standard error of the mean. 
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Figure 8. A: Average amplitude change for groups that underwent either the one or 28-day 

abstinence period. The 12 hr sucrose group showed significantly greater amplitude changes than 

either the 12-hr saccharin or 12-hr food only groups (indicated by *), p < .05. In addition, for the 
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12 hr sucrose group, amplitude was significantly greater for animals that underwent 28 days of 

abstinence (indicated by †), p < .05.  B: Traces of evoked GABAA-IPSC from animals in the 12 

hr food only, 12 hr saccharin, and 12 hr sucrose groups respectively.  

 PPR decreased during DA application for animals in the 12 hr sucrose group (Figure 7). 

Mixed model ANOVA produced a significant main effect of group, F(2, 53) = 6.43, p = .0030 

ηp
2
 = .195, and a significant time by group interaction, F(100, 2650) = 1.38, p = .008, ηp

2
 = .050. 

Follow-up analyses indicated simple main effects of group during DA application and washout, 

Fs(2, 53) > 3.18, ps < .05, ηp
2
s > .107, such that  the 12 hr sucrose group had lower PPR values 

that either the 12 hr saccharin or 12 hr food only groups, while the latter two groups did not 

differ from each other. There were no significant simple main effects of time.  

 

  

Figure 9. Percent change in paired pulse ratio (PPR) of evoked of evoked GABAA-IPSC, in 

which the 12 hr sucrose group showed significantly lower PPR relative to the 12 hr saccharin and 

12 hr food only groups. Specifically, during baseline (BL) PPR did not differ between groups, 

but declined in the 12 hr sucrose group relative to the 12-hr saccharin or 12-hr food only groups 

during dopamine (DA) application and wash out (WO). ᶲ indicates evoked GABAA-IPSC where 
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the 12 hr sucrose group differed from the 12 hr saccharin group, p < .05. * indicates evoked 

GABAA-IPSC where the 12 hr sucrose group differed from the 12 hr food only group, p < .05. 

*NOTE* Horizontal bar represents DA application, error bars represent standard error of the 

mean.  

 For animals in the 12 hr sucrose group, there was a slight positive trend toward solution 

consumed on the final day predicting change in IPSC amplitude, B = 18.50, t( 21) = 1.99, p = 

.06. However there was no significant predictive relationship between amount consumed and 

amplitude change in saccharin animals, B = -1.16, t( 17) = -.26, p = .796 (Figure 10). 

 

Figure 10. A: Trending relationship between amount of solution consumed during the first hour 

of access on the last day and average change in amplitude of GABAA-IPSC for the 12 hr sucrose 

group, as opposed to no relationship in the 12 hr saccharin group.   

2.3 Discussion 

Solution Self-administration 

 After 28 days of access to solution, animals with intermittent (12 hr) access to sucrose 

developed a binge pattern of consumption (Figure 2A). This pattern of intake is consistent with 

previously reported findings using this and similar models of intermittent sucrose access (Avena 

& Hoebel, 2003; Avena et al., 2004; Avena, et al., 2005; Colantuoni et al., 2001; 2002). 

Specifically, animals with 12 hr access to sucrose and food  increased intake of solution during 
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the first hr of access relative to animals that had either 24 hr access to sucrose and food, 12 hr 

access to saccharin and food, or 12 hr access to food only. Similar to previous reports, this 

pattern began to develop early on in the self-administration phase. In this case, differences were  

observed as early as the fourth day of access and remained relatively stable following the 10th 

day of access (Avena & Hoebel, 2003; Avena et al., 2005). In addition, consumption increased 

over time so that animals on an intermittent sucrose schedule were consuming much more 

solution during the first hour of intake than on the first day.  There were no differences in total 

daily solution consumed between the 12-hr or 24-hr sucrose access groups; however, both 

sucrose access groups consumed more solution each day than the 12 hr saccharin group. 

Similarly to the first hour of intake, solution consumption increased over time so that animals on 

an intermittent sucrose schedule were consuming much more solution over each 24 hr period 

than on the first day. All of these were anticipated results, and replicate multiple previous reports 

(Avena & Hoebel, 2003; Avena et al., 2004; Avena et al., 2005; Colantuoni et al., 2001; 2002). 

Taken together, these patterns indicate that animals with access to sucrose consume more than 

those with access to saccharin.  Moreover, animals on an intermittent schedule of sucrose access 

(12 hr) escalate their intake over time and consume the same amount as those with ad libitum (24 

hr) access - the majority of which occurs during the first hour of intake.   

 Other replicated findings include caloric compensation in animals with intermittent and 

ad libitum access to sucrose (Avena and Hoebel, 2003; Avena et al., 2006; 2008; Colantuoni et 

al., 2002).  Specifically, throughout the self-administration phase, animals with 12-hr and 24-hr 

access to sucrose reduced intake over time and consumed less food than animals with 12-hr 

access to saccharin or food only; however, body weight did not differ between any of the groups. 

Food intake reduction, in conjunction with no change in body weight, indicated that animals 
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consuming sucrose regulated their caloric intake by reducing the amount of food they consumed 

as the amount of sucrose they consumed increased. The tendency to  compensate for the extra 

calories consumed through sucrose intake allowed the animals within this group to  maintain a 

body weight comparable to saccharin and food only controls.  

Withdrawal 

 Contrary to previous reports of somatic signs of opiate-like withdrawal symptoms (Avena 

et al., 2008; Colantuoni et al, 2002), intermittent access to sucrose did not produce any clear 

differences in either precipitated (i.e., with 3mg/kg naloxone injection) or spontaneous 

withdrawal symptoms (Colantuoni et al., 2002; Wideman, Nadzam , & Murphy, 2005). Overall 

withdrawal symptomology produced an increase in observed behaviors 24 hr into withdrawal 

although, this was not dependant on group membership or withdrawal (i.e., spontaneous or 

naloxone induced) condition. This increases may simply be do to natural changes in circadian 

activity, however this is unlikely as the 24 hr measurement was taken 4 hr into the animals night 

cycle. In addition, 12 and 36 hr into withdrawal, times that we could expect more circadian 

activity (4 hr into their wake cycle) activity was at its lowest. Alternatively, perhaps standard 

somatic signs of opiate withdrawal are not a sensitive enough measure to identify withdrawal 

symptoms in animals with intermittent sucrose access. In addition, coding withdrawal symptoms 

from video is suboptimal, as some symptoms (teeth chattering, mouthing) are difficult to 

decipher using video recordings. 

 Locomotor activity, like somatic signs, increased during withdrawal (Figure 4B). Coded 

so that a score of 1 represented normal activity during both the active and inactive periods (i.e., 

scores were normalized to 1), increased activity suggests that animals displayed locomotor 

agitation during withdrawal regardless of the "time of day". It is therefore extremely unlikely that 
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changes in locomotion were due to natural circadian activity cycles. In addition,  animals with 

12-hr access to sucrose and saccharin displayed locomotor agitation relative to those with 24 hr 

access. The fact that locomotor activity differentiated between groups and across time while 

somatic signs of withdrawal did not, suggests that locomotion may be a slightly more sensitive 

measure of withdrawal. 

Conditioned Suppression 

 There were no observed differences between groups on baseline or reinstatement 

measures of operant performance (e.g. lever presses, latency). The fact that groups did not differ 

on reinstatement measures is surprising given reports of increased responding for sucrose 

following abstinence (Avena et al., 2005), and changes in the motivational impact of sucrose 

related cues after abstinence (Grimm et al., 2005). Increased responding for drugs or drug related 

cues following abstinence, often described as incubation of craving,  is a well validated effect in 

many drugs of abuse including cocaine (Grimm et al., 2001), heroin (Shaley et al., 2001), 

methamphetamine (Shepard et al., 2004), alcohol (Bienkowski et al., 2004), and nicotine 

(Abdolahi, et al., 2010).  No changes in operant measures of reinstatement for animals with 

intermittent access to sucrose indicates a lack of incubation of sucrose. It is possible that the 

measure of reinstatement used here (i.e., first 15-min of a one-hr session), produced a ceiling 

effect, thus interfering with our ability to detect differences between groups of animals. 

 For groups that underwent only one day of abstinence, there were no notable differences 

on absolute values of lever pressing or average latencies (Figure 4A). However, for groups that 

underwent 28 days of abstinence, animals with 12 hr access to sucrose that learned a tone-shock 

association showed little differences in responding during the CS-on periods relative to the CS-

off periods, similar to animals that did not learn a tone-shock association (Figure 4B). On the 
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other hand, animals with 12-hr access to saccharin and food only or 24-hr access to sucrose over-

performed relative to the intermittent sucrose groups during CS-off phases. Observing no 

differences between the 12-hr sucrose and 12-hr sucrose CS control groups mirrors operant 

responding in the conditioned suppression paradigm in rats with extended access to cocaine. In 

rats with extended, but not limited access to cocaine, responding for cocaine related cues is the 

same for animals that do- and do-not learn a tone-shock association (Vanderschuren & Everitt, 

2004) indicating resistance to conditioned suppression. Interestingly, animals that respond for 

sucrose are often used as control animals for the conditioned suppression paradigm because 

presentation of the CS suppresses sucrose seeking. Our data, indicate that animals who develop a 

binge pattern of intake resist conditioned suppression.  

 Resistance to the suppressing effects of the tone (CS) was further investigated using a  

conditioned suppression ratio (lever presses during CS-on/ lever presses during CS-on and 

previous CS-off phase). This measure evaluates relative changes in responding cause by 

exposure to the CS. Values that do not differ from 0.5 indicate no suppression by the CS, while 

values that are significantly lower than 0.5 indicate suppression by the CS. Based on this 

criterion it is expected that animals who did not learn the tone-shock association would show no 

suppressing effect of the CS on responding (e.g., values close to 0.5), while groups that did learn 

the tone-shock association would show a suppressing effect of the CS (e.g., values less than 0.5). 

Indeed the tone had little effect on the 12 hr sucrose CS control group that did not learn the tone-

shock association, but suppressed responding in the 12-hr saccharin, 12-hr food only, and 24-hr 

sucrose groups that did. The fact that the tone also had little effect on the 12 hr sucrose group 

that did learn the tone-shock association indicates that responding for sucrose-paired cues was 

insensitive to adverse outcomes. This insensitivity to adverse outcomes has also been observed in 
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animals on extended sweet/fat diets (Johnson & Kenny, 2010), in which a shock-paired cue had 

no effect on palatable food consumption in rats on an 18 to 23-hr access schedule.  

 Evaluating absolute lever pressing and the conditioned suppression ratio together suggest 

that animals that have been abstinent from intermittent access to sucrose for one- and 28-days 

display the same pattern of behavior as those that did not learn a tone-shock association (Figure 

6). The fact that the pattern of behavior was the same indicates that intermittent access to 

sucrose, and the development of sucrose bingeing, reduces rats' sensitivity to adverse outcomes 

in the presence of sucrose-paired cues. This reduction can then be interpreted as development of 

compulsive responding for sucrose related cues, such that the consequences of responding had 

little effect on behavior. Resistance to adverse outcomes is not the result of simple exposure to 

sucrose as indicated by the suppressing effect of the CS in the 24 hr sucrose group. It is also not 

the result of an intermittent schedule of intake, as animals on the 12-hr saccharin and food only 

schedules display a suppressing effect of the CS.  

Electrophysiology 

   The effect of DA (1 μM) produced differential increases in the amplitude of GABAA-

IPSC in animals with intermittent access to sucrose that underwent either a one- (Figure 7A) or 

28-day (Figure 7B) abstinence period. Similar to animals that self-administer cocaine (Krawczyk 

et al., 2011), animals with 12 hr access to sucrose displayed increases in the amplitude of DA-

modulated GABAA-IPSC, whereas control animals (i.e., 12-hr saccharin and food only groups) 

showed little change in amplitude. This pattern of results mirrors the effects of a DA-modulated 

switch from D2 receptor-controlled reductions in GABAA-IPSC, to a D1 receptor-controlled 

increase in GABAA-IPSC (Krawczyk et al., 2011). DA also reduced PPR (Figure 9) in animals 

with intermittent sucrose access, but increased PPR in control animals.  Increases (facilitation) in 
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PPR accompanied by reduction in the amplitude of GABAA-IPCS suggests that DA acts 

presynaptically on D2 receptors (see Krawczyk et al., 2011) to reduce the probability of GABA 

release. On the other hand, reduced PPR is indicative of a population of cells with a high 

probability of GABA release (Zucker, 1989). The decline in PPR following DA administration 

for animals in the 12 hr sucrose group relative to the 12-hr saccharin and food only groups is 

consistent with previous reports of reduced PPR in animals self administering cocaine and 

increased PPR in control animals (Krawczyk et al., 2011; Krawczyk et al., unpublished data). An 

explanation of possible mechanisms underlying both alterations in amplitude and PPR can be 

found in the following section.  

 Solution intake during the first hour of the last day of self-administration did not predict 

amplitude change in the 12 hr saccharin group, and marginally predicted amplitude change 

(Figure 10) in the 12 hr sucrose group. This marginal relationship for the 12 hr sucrose group 

was positive, such that animals that consumed more sucrose during the first hour of access on the 

last day showed a larger increase in the amplitude of GABAA-IPSC. This is consistent with 

current ongoing research suggesting a predictive relationship between the amplitude of GABAA-

IPSC and the motivational value of cocaine reinforcement to individual animals (i.e., progressive 

ratio schedule break point) (Krawczyk et al., unpublished data) . 

Chapter 3 General Discussion 

3.1 A Case for the Role of the BNST in Sucrose Self-Administration and Compulsive 

Responding 

 The BNST, with its projections to cortical areas, ventral striatal regions, and lower 

autonomic, neuro-endocrine, and somatosensory areas (Dong & Swanson, 2003; 2004a; 2004b; 

2006a; 2006b; 2006c; Dong, Petrovich & Swanson, 2000; 2001; Dong, Petrovich, Watts & 
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Swanson, 2001; McDonald, Shamma-Langado, Shi & Davis, 1999; Li & Kirouac, 2008) is an 

ideally located coordinating and relay station for extra- and interoceptive, as well as cognitive 

information. Because of its connections to areas involved in homeostatic maintenance, as well as 

areas involved in reward and motivation, the BNST may be involved in drug seeking and 

consumption behaviors. Indeed the BNST has already been implicated in different aspects of the 

addiction cycle. Intra-BNST GABAA receptor blockade reduces alcohol self-administration 

(Hyytia & Koob, 1995), and intra-dlBNST opiod receptor blockade reduces self-administration 

of both alcohol and cocaine (Eiler, Seyoum, Foster, Mailey, & June, 2003; Epping-Jordan, 

Markou & Koo, 1998). Additionally, evidence suggests that synaptic strengthening in the BNST 

contributes to self-administration of cocaine (Dumont et al., 2005). Perhaps in our case, the 

BNST acts to produce behaviors that maintain an optimal blood concentration of sucrose in self-

administering rats, in order to maintain some internal reward state.  

 One defining feature of drug addiction is compulsive intake, in which the reinforcing 

properties of a drug become dissociated from its use. This is often described as the switch from a 

response-outcome association, to a stimulus-response association. Current research suggests that 

this switch  involves a transfer of behavioral control from ventral to dorsolateral striatal sub-

regions (Everitt & Robins, 2005) accompanied by reduced frontal cortical control over behaviors 

(Belin & Everitt, 2008; Ito, Dalley, Robbins & Everitt, 2002; Vanderschuren, DiCiano & Everitt, 

2005; Jentsch & Taylor, 1999). Recent evidence suggests that the BNST may be involved in 

compulsive intake in two ways. Firstly, animal models of obsessive compulsive disorder (OCD) 

indicate that stimulation of the BNST removes compulsive water drinking in polydipsic rats (van 

Kuyck, Brak, Das, Rizopoulos, & Nuttin, 2008). Secondly, executive control of behavior in the 

presence of threat cues is implemented by the OFCs influence on the BNST in primates, 
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influencing freezing behavior in the human intruder paradigm  (Fox et al., 2010). Given that the 

progression of goal directed to compulsive behaviors involves a gradual disconnect of the OFC 

(for a review see Everitt et al., 2007), it is reasonable to suggest that the transition to compulsive 

behavior might involve a modification of this OFC-BNST circuit.  

 Another potential explanation for the role of the BNST in consumption and compulsive 

behaviors includes evidence that this area is heavily involved in both aversive behaviors (Lu, 

Chen, & Liang, 2009), via its bi-directional connections to the amygdala (Dong et al., 2001), and 

reinstatement of drug seeking behavior following withdrawal (Leri, Flores, Rodaros & Stewart, 

2002; Erb & Stewart, 199; Erb, Salmaso, Rodaros & Stewart, 2001).  This suggests that 

compulsive intake may represent an impairment of the functional representation of aversive and 

appetitive cues, in which aversion is overridden by cue-controlled drug seeking.  

 Based on this evidence, it is reasonable to suggest that the BNST may be involved in 

sucrose self-administration via its involvement in homeostatic maintenance, reward, and 

motivation. In addition, the BNST may contribute to the development of compulsive responding 

via its relationship with the OFC, or a deregulation of aversive/appetitive cue representations. 

Resistance to aversive outcomes displayed by the 12 hr sucrose group may well be the product of 

both a change in the motivational impact of sucrose cues and misinterpretation of aversive cues 

resulting from dysfunctional activity in the BNST.  

3.2 The Role of Dopamine in Sucrose Self-Administration and Compulsive Responding 

 Recently Krawczyk et al. (2011) reported a reversal in the nuerormodulatory role of DA 

on GABA transmission in the ovBNST. Specifically,  their research revealed a shift from a D2 

receptor-mediated decrease to a D1 receptor-mediated increase in GABA transmission in 

animals that self-administered cocaine for an extended period of time. Current research into the 
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mechanisms behind this D1 receptor mediated increase in GABA transmission reveal a long term 

potentiation of GABA synapses (D1-LTPGABA) resulting from de novo expression of post-

synaptic D1 receptors  (Krawczyk et al., unpublished data).   

 The changes in GABAA-IPSC  amplitude we observed in animals with 12 hr access to 

sucrose mirror the results of Krawczyk et al., suggesting that GABA transmission in the ovBNST 

of these animals undergoes the same neuromodulatory reversal. Increased GABAA-IPSC 

amplitude suggests that the 12 hr sucrose group is displaying a similar potentiation of GABA 

synapses (D1-LTPGABA) resulting from de novo post-synaptic expression of D1 receptors.  

 While the process of how D1 receptor are de novo expressed is still unknown, the 

mechanism behind the D1-LTPGABA effect (Figure 11) is currently under investigation (of 

Krawczyk et al, unpublished data). In naive animals DA binds to pre-synaptic D2 receptors, 

which decrease the amplitude of GABAA-IPSC in conjunction with an increase in PPR, reducing 

pre-synaptic GABA release. This D2 response was clearly observed in both the 12 hr saccharin 

and 12 hr food only groups, and has been observed in animals that have acquired cocaine self-

administration (i.e., learned but not maintained), and animals that have received cocaine without 

having to respond for it (Krawczyk et al., 2011). Contrary to this, in animals that self administer 

cocaine, D1 receptors are expressed de novo post-synaptically. DA activation of post-synaptic 

D1 receptors produces a short term release of neurotensin (NTS), which acts as a retrograde 

messenger on pre-synaptic NTS receptors. Pre-synaptic NTS receptor activation produces a 

transient increase in pre-synaptic GABA release, and a resulting transient increase in the 

amplitude of GABAA-IPSC. However, activation of the post-synaptic D1 receptors also produces 

a self sustaining biological response within the post-synaptic neuron (via the receptor coupling to 

c-Src tyrosine kinases in a G-protein-independant manner) that produces prolonged NTS release. 
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This prolonged NTS release then generates prolonged increases in pre-synaptic GABA release, 

becoming the mechanism by which  D1-LTPGABA increases the amplitude of GABAA-IPSC 

regardless of whether DA is still present.  

 

1) D1 receptor activitation 
occures post-synaptically 

2) NTS is transiently released 
post synaptically. It acts as a 
retrograde messenger on pre-
synaptic NTS receptors 

•c-Src activation in post-
synaptic cell starts a self 
sustaining post synaptic 
response producing prolonged 
NTS release 

3) NTS binding at the pre-
synaptic cell itransiently 
increases GABA release 

•Pre-synaptic D2 receptor-
mediated reduction in GABA 
release is has declined 

4) DA has produced a pre-
synaptic increase in GABA 
release 

•Self sustaining post-synaptic 
NTS release produces long 
lasting pre-synaptic increases 
in GABA release  

•Results in D1-LTPGABA 
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Figure 11. Visual representation of the D1-long term potentiated GABA release (D1-LTPGABA) 

mechanism. Dopamine (DA) produces a pre-synaptic increase in GABA release that (in the 

absence of D2-mediated interference) becomes a self-sustaining LTP-like increase in GABAA-

IPSC regardless of whether DA remains present in the synapse.   

 

 The net change in the amplitude of GABAA-IPSC is therefore the result of a "tug of war" 

between the D1 and D2 receptor-mediated effects of DA on pre-synaptic GABA release. 

Evidence suggests that in addition to the expression of D1-LTPGABA, D2 receptor-mediated 

effects become largely dysfunctional over time in rats that self-administer cocaine (Krawczyk et 

al., 2011). This is clearly evident in the animals that had intermittent sucrose access. Animals 

that underwent only one-day of abstinence show D1 receptor-mediated increases in GABAA-

IPSC that washed out, but animals that underwent 28-day abstinence show a much larger D1 

receptor-mediated increases in GABAA-IPSC that did not wash out. This suggests that the D2 

receptor mediated effects of DA on GABAergic transmission, while partly dysfunctional, was 

able to reduce and reverse the effect of D1-LTPGABA , once DA was no longer available, in 

animals that underwent one day of abstinence. However, over time these D2 receptor-mediated 

effects became dysfunctional to the point of being unable to interfere with D1-LTPGABA in 

animals that underwent 28 days of abstinence.   

 Our data shows that DA released in the ovBNST changes function, from a transient 

reduction - to a long term increase in GABA release in rats that self-administer sucrose. The 

same change was observed in rats that self-administer cocaine (Krawczyk et al., 2011). This is in 

direct conflict with previous reports that animals who self-administer sucrose show the same 

changes in GABAergic transmission as naive and control animals (Krawczyk et al., 2011; 

unpublished data). This is likely do to the nature of the paradigms used. Animals that self-

administer sucrose in the Krawczyk paper are on a progressive ratio schedule that lasts about an 
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hour a day. This limited access to sucrose is unlikely to produce the same behaviors we observe 

in animals on an intermittent binge schedule. However, animals with intermittent access to 

sucrose, that develop a binge pattern of intake and display compulsive responding for sucrose-

related cues, clearly show the same neuromodulatory reversal in DA as animals that self-

administer cocaine. Likewise, animals that had 12 hr access to either saccharin or food only who 

did not develop binge patterns of consumption, and did not display compulsive responding for 

sucrose related cues, showed a normal pattern of GABAergic transmission in the ovBNST.  

3.3 Limitations and Future Directions 

 A complete analysis of conditioned suppression includes multiple control groups, some 

of which were not included in this study. Immediate future directions include adding 12 hr 

sucrose CS control and 24 hr sucrose groups to the conditioned suppression data for the one-day 

abstinence experiment. Other control groups for the conditioned suppression analysis include no-

shock controls, that are only exposed to a tone during training. This control groups is similar to 

the 12 hr sucrose CS control group that experienced unpaired tone-shock training in that they do 

not associate the CS with a negative outcome, and would provide a comparison group with 

which to determine if there were any unknown suppressing effects of receiving foot-shock in the 

12 hr sucrose CS control group. For example, animals in the 12 hr sucrose CS control group 

might display increased overall freezing behavior because of the unpredictable nature of the foot-

shocks during training, thus resulting in suppressed responding that is independent of a tone-

shock association.  

 Likewise, in order to completely examine the electrophysiological effects of sucrose 

bingeing, a 24 hr sucrose group will have to be added for both the one-day and 28-day abstinence 
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lengths. This group is necessary to confirm that the D1 receptor-mediated effect on GABAA-

IPSC is the result of sucrose bingeing, and not just sucrose exposure.  

 Another further line of inquiry is to confirm that the increases in GABAA-IPSC observed 

in sucrose bingeing animals was in fact the result of D1 receptor binding. Therefore, one possible 

set of experiments would include pharmacological D1 receptor blockade prior to DA 

administration. Blocking D1-LTPGABA  of GABAA-IPSC in this manner would confirm that the 

same mechanistic changes occur in sucrose binging animals as in cocaine self-administering 

animals. In addition, adding electrophysiological recordings of animals that underwent an even 

longer period of abstinence may indicate whether the reversal between D2 to D1 mediated 

signaling is time dependant.  

 Larger future projects include intra-BNST D1 receptor blockade during the self-

administration phase. This manipulation successfully prevented animals self-administering 

cocaine from developing higher rates of responding than sucrose controls (Krawczyk et al, 

unpublished data), suggesting that intra-BNST D1 receptor blockade may reduce the 

motivational incentive of cocaine to that similar to sucrose in non compulsive animals. Likewise, 

intra-BNST D1 blockade may also prevent animals from developing a binge pattern of sucrose 

intake, and as a result compulsive responding for sucrose related cues, when given intermittent 

access to sucrose. Other potential future directions include closer investigation of the OFC-

BNST circuit and other brain areas (dorsolateral striatum) that may be involved in the 

development of compulsive responding in animals that self-administer sucrose.  

3.4 Conclusions 

 The behavioral effects of intermittent sucrose access outlined by Avena and colleagues 

(2006), including increased consumption over sweet taste controls, development of a binge 
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pattern of intake, and compensating caloric intake; were robustly replicated in this project. In 

addition, locomotor activity emerged as a potentially more sensitive measure of sucrose 

withdrawal than classic somatic signs of opiate withdrawal. Sucrose bingeing produced 

compulsive responding for sucrose-related cues while access to sucrose itself, saccharin, or food, 

did not. Sucrose bingeing also produced dysregulation of DA-modulated GABAergic inhibitory 

transmission in the ovBNST, but did not produce dysregulation in saccharin or food only 

animals. In addition the magnitude of this deregulation increased between one and 28-day 

abstinence lengths such that D2 receptor-mediated decreases in  GABAA-IPSC is almost, if not 

totally overridden by D1-LTPGABA increases in GABAA-IPSC following 28-day abstinence.  

Moreover, the degree to which GABAA-IPSC increased in animals that binged on sucrose was 

marginally predicted by the amount of sucrose they consumed during their final binge period.  

 These data suggest that excessive intermittent sucrose consumption produces compulsive 

responding, which may be the result of alterations in the motivational impact of sucrose or 

misinterpretations of aversive cues resulting from dysfunctional activity in the BNST.   
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