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Abstract 

Cue-potentiated feeding (CPF) describes the stimulation of food consumption by cues that 

have become associated with food. Determining under what conditions CPF occurs is 

important for understanding whether exposure to food cues contributes to overeating. A 

history presented in Chapter 1 describes how the study of CPF developed from incidental 

findings in early experiments to Weingarten’s (1983) influential paper, through to 

contemporary models that focus primarily on the neural circuits underlying CPF. There have 

been fewer attempts to characterise the broader nature of the effect, particularly in relation to 

whether CPF is ‘specific’ to the paired food. This formed the general focus of the present 

thesis. Chapter 2 outlines three experiments using a training procedure in which laboratory 

rats received intermixed exposures to a ‘Plus’ context containing palatable food and to a 

‘Minus’ context containing no food. CPF was found to be specific to the training food even 

when testing a palatable and familiar alternative. However, contexts paired with a variety of 

foods enhanced consumption of other foods never eaten in that environment. Experiments in 

Chapter 3 explored individual differences in CPF and found that the effect did not correlate 

with consumption of palatable food at baseline or during training. Results also suggested that 

consumption of palatable food in training was not matched by an equivalent reduction in 

home-cage chow intake. Chapter 4 reports a series of experiments in which methodological 

changes hypothesised to enhance the CPF effect reversed the predicted pattern of 

consumption. These results are discussed with reference to theories of incentive contrast. The 

effects of diet-induced obesity on CPF were explored in Chapter 5. The present results are 

integrated with existing literature and directions for future research are outlined in Chapter 

6, which discusses CPF with reference to specificity and variety; individual differences; and 

the sensitivity of the effect to procedural parameters. 
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Chapter 1: Introduction 

 

“We wish to suggest, then, that ingestion of food is determined more by the external 

situation than by the actual interoceptive stimulation.”  

(H. F. Harlow, 1932, p. 219) 

1.1. Scope  

 Few would deny that choices about what, when, and how much we eat are influenced 

by the environment around us. As the opening quote attests, the general finding that eating 

could be stimulated by external factors was known early in experimental psychology’s 

history – and surely in conventional wisdom for some time prior. However, systematic study 

of how this occurred began only relatively recently. This introduction will provide a history 

of research on the modulation of feeding behaviour by external stimuli, beginning with 

examples from studies of social facilitation, drive theory, and resistance to satiation spanning 

the middle half of the twentieth century. What is notable about these early studies is that 

feeding was not the primary interest per se, but rather a behaviour that could be manipulated 

and measured relatively easily. Enhanced feeding induced by external stimuli was even a 

hindrance in some designs. 

By contrast, there were only intermittent attempts to characterise the effects of 

conditioned external cues on feeding until the 1980s. The most influential of these was a 

study by Weingarten (1983) that is often referenced as the seminal demonstration of cue-

potentiated feeding. Weingarten’s model was significant both for its experimental precision 

and because it was framed as a challenge to the prevailing belief that energy intake was 

controlled by homeostatic mechanisms. The ways in which Weingarten and others influenced 

the development of theories of energy balance will be discussed in the context of the 
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emergence of obesity as a global public health challenge. Next, contemporary animal models 

of cue-potentiated feeding will be reviewed. The introduction will conclude by outlining the 

research questions addressed by the present thesis. 

It is also important to clarify what is outside the scope of the introduction. Since the 

experiments in this thesis are conducted on laboratory rats, the introduction will focus on 

research in non-human animals and not in people, except to summarise key findings that 

demonstrate the progression of the field. Nor will it cover the large literatures on the 

modulation of feeding by acute or chronic stress, or neuroimaging studies on responses to 

palatable food.  

 

1.2. Socially facilitated feeding 

Social facilitation describes instances where the presence of a conspecific performing 

a particular behaviour initiates or increases the performance of that behaviour in another 

animal (Clayton, 1978). Though the conditions under which social facilitation occurs and the 

behaviours that are affected vary widely, a substantial proportion of the literature has studied 

feeding. While comprehensive reviews are provided by Clayton (1978) and Guerin (1993, 

2010) the purpose of the present overview is simply to describe the many circumstances in 

which the presence of conspecifics invigorates or prolongs feeding. Of particular relevance is 

how some authors interpreted social facilitation in terms of learning and conditioning.  

Ecological and observational studies across a range of species have demonstrated that 

animals will eat a novel food more readily if they observe a conspecific eating it nearby 

(Dally, Clayton, & Emery, 2008). Sometimes, enhanced feeding occurs even in the presence 

of animals from different species (Rubenstein, Barnett, Ridgely, & Klopfer, 1977). In rat 

colonies, young animals learn which foods are safe to consume and which are to be avoided 
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by observing the behaviour of adults (Galef & Laland, 2005), and feeding behaviour is often 

highly synchronised and regularly initiated by ‘pioneer’ rats procuring food (Barnett & 

Spencer, 1951). Livestock animals such as pigs and cows typically increase their feeding rate 

in group housing (Keeling & Hurnik, 1995; Phillips, 2004), but often compensate by making 

fewer or shorter visits to feeders (Nielsen, Lawrence, & Whittemore, 1995; Harb et al., 

1985)1.  

 

1.2.1. Coaction methods 

Such comparisons between individually- and group-housed animals were classified by 

Clayton (1978) as coaction methods and were also applied in laboratory settings. Harlow2 

(1932) found greater food intake when rats were housed in groups (pairs or triplets) than 

individually, but that feeding was unaffected if one rat in a pair was restrained in a small 

cage. Similarly, studies in juvenile chicks suggested that enhanced feeding in pairs emerged 

only when complete social contact was allowed and not when chicks were separated by a 

wire mesh or plexiglass barrier (Tolman, 1964; Tolman & Wilson, 1965). While this 

suggested that social facilitation relied on active competition for a single food source, a host 

of subsequent studies demonstrated enhanced feeding in animals separated by barriers 

(Hoyenga & Aeschleman, 1969) and in other experimental preparations that removed 

competition (Harlow & Yudin, 1933; Dally et al., 2008; Strobel, 1972).  

 

                                                           
1 This is suggested to reflect the tendency of herd animals to synchronise feeding, which may be adaptive by 

enhancing foraging efficiency and reducing the risk of predation (Clayton, 1978; Nielsen, 1999). 

   2 This appears to be one of only two studies by Harlow on feeding, before shifting focus to the attachment work 

for which he is renowned.  
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 Interpreting these results can be complicated by the use of individual housing as a 

baseline. Thus, a difference assumed to reflect stimulated feeding in groups may equally be 

driven by suppressed consumption in isolation (Clayton, 1978), which itself may be 

moderated by whether or not, and for how long animals are raised in groups or alone (Guerin, 

1993). The presence of other animals may also alleviate stress in experiments where tests are 

conducted in unfamiliar environments (Harlow & Yudin, 1933). Few experiments addressed 

these possibilities systematically. Coaction approaches were often unable to measure 

consumption by individual animals (body weight change was often used as a surrogate 

measure) and to identify which specific aspect of feeding was augmented (e.g. latency to eat 

versus rate of feeding). 

 

1.2.2. Resumption methods 

The second method of studying social facilitation tested whether animals that had just 

eaten to satiety could be stimulated to recommence eating by the introduction of a hungry 

companion. This resumption method, though less common (Clayton, 1978), is more 

comparable to methods used to study cue-potentiated feeding today. Two experiments in the 

1920s showed that satiated hens were prompted to recommence eating upon the introduction 

of a second, hungry hen (Fischel, 1927; Bayer, 1929). These papers apparently inspired 

Harlow’s (1932) study in rats, which began with a failed attempt of the resumption method. 

Other studies had greater success, however. Ross and Ross (1949b) found that placing a 

hungry puppy with its satiated littermates stimulated them to eat up to 200% of the amount 

just consumed, while another study showed that satiated dogs recommenced lever-pressing 

for food when another dog or the experimenter entered the room (James, 1954). A more 

recent experiment in monkeys found that providing fresh food to a pair of animals stimulated 
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consumption of stale feed by observers in surrounding cages (Galloway, Addessi, Fragazy, & 

Visalberghi, 2005).  

These effects, however, are often modulated by social hierarchies. Bayer (1929) noted 

that dominant hens would reliably attack their submissive partners in an attempt to prevent 

them eating. This effect of ‘Futterneid’ – food envy – was not evident in submissive hens, 

which nonetheless began eating upon the introduction of their dominant peer. Moreover, the 

direction of social hierarchy effects varies between and even within species. One study found 

that only submissive puppies exhibited social facilitation (James, 1953), while another 

reported the effect in all puppies within a litter (James & Cannon, 1955). Dominant pigs 

exhibited a greater increase in feeding upon the introduction of a hungry pen-mate (Hsia & 

Wood-Gush, 1984), whereas submissive cattle showed stronger social facilitation following a 

shift from individual to group feeding sessions (Harb et al., 1985). What may explain this 

variability is that group feeding sessions might establish social hierarchies rather than 

measure pre-existing ones; indeed, this was the explicit aim of group feeding sessions in 

some studies (Harlow & Yudin, 1933).  

 

1.2.3. The role of learning 

  Researchers debated the extent to which socially facilitated feeding was innate or 

learned. Harlow (1932) and Tolman (1964) argued that social facilitation was independent of 

learning, since their data indicated that enhanced feeding in groups was evident in animals’ 

first group session and remained stable thereafter. However, Harlow and Yudin (1933) 

suggested that the introduction of another animal served as a conditioned, excitatory stimulus 

that facilitated feeding. James and Gilbert (1955) found that puppies raised in isolation only 

exhibited social facilitation after repeated group feeding sessions. These authors hypothesised 
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that repeated group feeding sessions established companion animals as secondary reinforcers, 

or discriminative stimuli associated with food, that elicited feeding behaviour (James, 1954; 

James & Gilbert, 1955). Tolman (1964) explored the idea that social facilitation could be 

traced to specific behaviours, and demonstrated that tapping a pencil on a desk or on his 

birds’ beaks stimulated feeding to a similar extent to the presence of another animal. A study 

in ducklings found that feeding was elicited by presenting a wooden pole which ducklings 

were previously trained to peck to gain access to an imprinted stimulus (Hoffman, Stratton, & 

Newby, 1969). 

 

1.2.4. Interim summary 1 

It is clear that the presence of conspecifics often enhances feeding over the long-term 

(in coaction studies) and can trigger eating in the short-term despite satiety (in resumption 

studies). These effects vary dramatically across species and methods. An obvious point is that 

group settings are generally arousing for animals, and may energise additional appetitive 

behaviours as well as feeding itself (Keeling & Hurnik, 1996). On the other hand, other 

behaviours that preclude feeding could also be enhanced in social settings (e.g. play in young 

rats; Harlow, 1932, Experiment 3). Finally, it is difficult to isolate the specific component of 

the companion animal’s behaviour that enhances eating in these studies (though see Tolman, 

1964). All of this underscores the importance of understanding the behavioural repertoire of 

the animal under study. To quote Guerin (1993): 

“Background psychological and ethological studies are needed to assess any effects of any 

proposed mechanism [for social facilitation]. You must ‘know your animal’ first, whether this 

is a human or an armadillo.” (Guerin, 1993, p. 127.) 
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 Nonetheless, the complexity of social facilitation effects in non-human animals does 

not undermine their relevance to understanding human eating behaviour. Indeed, individuals’ 

meal size, duration and even food choices can be affected profoundly by social facilitation 

and other social processes such as modelling (De Castro, 1997; Stroebele & De Castro, 

2004). Together, this demonstrates that in addition to other forms of conditioned cues that are 

the focus of the present thesis, social factors are an important class of external influences on 

feeding.   

 

1.3. Studies of drive theory and resistance to satiation 

1.3.1. Drive theory 

Throughout the twentieth century experimental psychology adopted more systematic 

methods and stricter experimental control in an attempt to study behaviour in a more 

scientific fashion. A highly influential theory of behaviour that was emblematic of these aims 

was outlined by Clarke Hull in his seminal work Principles of Behavior in 1943. Hull’s 

theory centred on the concept of drive, a theoretical construct thought to motivate animals’ 

behaviour in response to their biological needs. For example, depriving an animal of food 

was thought to increase its hunger drive, which motivated food-seeking and consumption. An 

animal’s food consumption could then be used to infer the strength of its hunger drive 

(Bolles, 1967). The concept of drive, which was also applied to other biological needs such as 

thirst and sexual behaviour, was widely accepted, but was defined in varied and largely 

descriptive terms until Hull refined it within a model that generated testable predictions 

(Bolles, 1967). These were most often explored using feeding behaviour.  

An important question within this framework was the extent to which drive states, 

such as hunger, could be conditioned, acquired, or externalised to cues. This was tested by 
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pairing environmental stimuli with a drive state and measuring behaviour in that 

environment. One such study exposed two groups of rats to a striped box for 30-min/day after 

either 1-h or 22-h food deprivation (Calvin, Bicknell, & Sperling, 1953a). This was intended 

to pair the box with low and high hunger drive, respectively. In feeding tests in the box (held 

after 12-h deprivation) the ‘high-drive’ group ate significantly more. The authors concluded 

that the motivating properties of the hunger drive became associated with the box, eliciting 

greater consumption at test (Calvin et al., 1953a).  

This study is noteworthy for two reasons. First, it is one of the few experiments that 

actually found evidence for conditioned drives. By contrast, most tests of conditioned hunger 

did not find support for this concept, including two studies that failed to replicate the findings 

of Calvin et al. within a few years of its publication (Siegel & MacDonnell, 1954; 

Scarborough & Goodson, 1957). One exception, albeit from a more recent literature with 

different aims, was the finding that rats ate significantly more in an environment previously 

associated with a long period of food deprivation than in one where food was available 

(Roitman, van Dijk, Thiele, & Bernstein, 2001). At the time, however, most authors 

concluded there was very weak evidence for the existence of conditioned drives (Bindra, 

1978; Bolles, 1967; Morgan, 1979). Weingarten (1985) noted that there was no more reason 

to expect an environment paired with the absence of food to elicit eating than to elicit any 

other behaviour that had also been unavailable (e.g. copulation!). However, Bolles (1967) 

made the important distinction that the seeming inability to pair external stimuli with hunger 

was not to say they were unable to affect eating.  

The second reason for presenting Calvin et al. (1953a) as an example of conditioned 

hunger is that these researchers conducted a parallel study in which the same striped box 

contained food. In this case, the intention was to establish the box as a secondary reinforcer, 

through its association with the primary reinforcer of food, rather than with the hunger drive 
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(Calvin, Bicknell & Sperling, 1953b). Two groups of rats were fed a food ration for 30-min 

per day, either in the box or in the home cage prior to exposure to the empty box 1-h later, 

while a third group always remained in home cages. The dependent variable was chow 

consumption in the box in four tests held over two days. The authors reasoned that if the 

secondary reinforcer – the box – functioned like a primary reinforcer, it should reduce the 

primary drive with which it was associated – hunger – and reduce eating. The results, 

however, showed that the group previously fed in the box ate more than the rats fed in the 

home cage. Thus, what appeared to be conditioned to the box for the group fed within it was 

not a reduction in hunger drive, but the act of eating.  

1.3.2. Resistance to satiation 

A fundamental prediction of drive theories was that increasing or decreasing the 

strength of a drive should produce corresponding changes in the behaviours under its control. 

Researchers most often tested this hypothesis by studying whether an instrumental response 

for food learned while hungry would persist when the motivation for food was removed. This 

was often achieved using satiation procedures in which animals could eat freely prior to a test 

of instrumental responding. This acute pre-feeding was often in addition to extended periods 

of ad-libitum feeding in the home-cage to allow rats’ body weight to return to pre-deprivation 

levels (Capaldi & Myers, 1978). ‘Resistance to satiation’ described instances where 

instrumental responding persisted despite these various satiation manipulations (Morgan, 

1974).  

It was crucial in these designs to verify that the animal was truly satiated; otherwise, 

continued instrumental performance might simply reflect residual hunger (Morgan, 1979). A 

recurring problem, however, was that satiation – at least when defined by the cessation of 
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eating – was notoriously difficult to achieve3. This was because animals would often continue 

to eat food upon placement in the test environment. Morgan (1979, p. 190) observed that: 

“…in practice it is often very difficult to eliminate consummatory responding in a 

situation where the animal has learned to eat; and then matters become much more 

complicated.” 

Unfortunately, because such studies viewed food consumption only as a means to 

satiation, consumption in the test phase was rarely reported, let alone analysed (Morgan, 

1974).   

A series of studies by Elizabeth Capaldi and colleagues addressed this issue directly 

by measuring consumption in satiated tests. These studies trained hungry rats to locate food 

pellets in a goal-box at the end of a straight alley, where running speed was the dependent 

variable during training and the index of resistance to satiation at test (e.g. Capaldi & Myers, 

1978). After training, rats were returned to ad-libitum feeding until baseline body weight was 

restored. During tests, rats were pre-fed the reward pellets in the home-cage for 15-min prior 

to placement in the maze, where pellets awaited in the goal-box. Despite unrestricted home-

cage chow and pre-feeding of the pellets, rats continued to traverse the alley and ate the goal-

box pellets on a majority of test trials. Capaldi and Myers (1978) concluded that the 

persistence of running versus that of eating were largely unrelated, based on the observation 

that the groups that continued to run during test did not necessarily eat, and vice versa.  

A later study employed a similar method in which training consisted of reinforced 

alley running trials, as described above, or direct placement into the goal-box with pellets 

inside (Capaldi, Davidson, & Myers, 1981). Two other groups were not pre-exposed to the 

                                                           
3 Miller (1955) was perhaps most pessimistic about inferring anything from food consumption. He suggested it 

was informative only in long term studies of body weight regulation and energy balance, but too variable to 

accurately reflect hunger over the short-term. 
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alley or pellets. On test days rats were provided with 50 reward pellets immediately prior to 

placement in the alley. Although all groups ate pellets in pre-feeding, goal-box pellets were 

only eaten by the groups that had previously eaten pellets in the apparatus, and never by other 

groups. Later experiments in this paper showed that consumption in the goal-box was highly 

persistent: satiated rats ate 4 pellets in the goal-box on each of four daily trials over at least 10 

test days. However, ‘satiation’ consisted of unrestricted home-cage chow access but no pre-

feeding of pellets4.  

Capaldi and colleagues explained their general finding – the continuation of running 

and eating despite multiple levels of satiation – by emphasising an associative process. 

Specifically, the presentation of pellets during pre-feeding and placement in the running alley 

were considered cues that elicited the consummatory response by ‘force of habit’ (Capaldi et 

al., 1978). A second process hypothesised to drive resistance to satiation was the rewarding 

effect of eating pellets while satiated (Capaldi et al., 1981). While these data certainly suggest 

that associative factors prolonged feeding, no studies appear to have ruled out the possibility 

that consumption would continue in any environment, such as other alleys never paired with 

pellets (Capaldi et al., 1981). Such tests were not necessary for the experimenters’ purposes 

but limit the extent to which results can be confirmed as conditioned effects. Nonetheless, it 

is noteworthy that feeding after satiation persisted so reliably over multiple days.  

 

1.3.3. Interim summary 2 

The research discussed so far has covered experiments in which feeding was 

enhanced by various external social or environmental cues. Despite widely different aims and 

                                                           
4 Another study by Capaldi and Myers (1979) compared resistance to satiation in rats that, after alley training 

under food deprivation and subsequent re-feeding, were satiated either with the reward pellets, chow mash, or 

chow alone. Consumption of pellets in tests declined over repeated tests in the pellet-satiated but not the chow- 

or mash-satiated groups.  
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methods, these studies are consistent in their use of feeding as a tool: measuring food intake 

was ideal for logistical reasons, but understanding the control of feeding was not the primary 

aim. Thus, the ubiquity of feeding behaviour across species made it ideal for studies of social 

facilitation. The relative ease of measuring and manipulating feeding made it a popular 

choice for testing predictions of drive theory and identifying the properties of resistance to 

satiation. Although associative explanations were often proposed to explain the outcomes, 

experiments often lacked the necessary control conditions. Learning and conditioning 

processes are difficult to isolate in the complex social interactions that characterise social 

facilitation studies, whereas the continuation of feeding in tests of resistance to satiation was 

rarely compared with feeding in other environments. Therefore, these literatures are best 

viewed as weak evidence for feeding driven by conditioned environmental cues. 

 

1.4. Cues in their own right 

1.4.1. Early studies 

 The idea that environments or stimuli associated with food could acquire the ability to 

stimulate feeding was acknowledged as early as a 1937 textbook of psychology, which 

explained how: 

 “The baby who has acquired the habit of eating when offered fruit or candy, even in 

absence of hunger, will rapidly develop interest in the fruit or candy store, in doing this or 

that to earn the tidbits, in pennies that will procure them, in uncles who furnish the pennies.” 

(Dashiell, 1937, p. 121.)  

 This quote is emblematic of the broad, anecdotal way in which external cues were 

acknowledged. It appears that because examples were relatable and easy to generate, what 
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comprised an ‘external’ cue was not defined rigorously but instead encompassed anything 

other than internal hunger signals (Herman & Polivy, 2008). 

 Within the animal literature, until the late 1960s there were only sporadic attempts 

(e.g. Drew, 1937) to test how initially neutral stimuli paired with food could affect feeding 

behaviour. Unlike the research reviewed so far, the stated intention of these studies was to 

study the control of feeding by learned cues. As for any field of study in its infancy, 

terminology was varied, with food-paired cues and contexts alternatively referred to as 

feeding-related stimuli (Valle, 1968), signals for feeding (Zamble, 1973), external events or 

situational factors (Grant & Milgram, 1973), and eventually conditioned cues by Weingarten 

(1983). 

An early study by Drew (1937) reported an extensive set of tests on what external 

factors could stimulate satiated rats to eat. The paper was impressive for its originality, 

though no numerical data or statistical analyses were reported. The more unusual stimuli 

tested were turning a tap on and off, making the rat tug on a piece of food held by the 

experimenter, and allowing the rat to venture from its home-cage to retrieve pieces of food 

situated on adjacent tables of various shapes. The only manipulation that reliably induced 

feeding was placement in an environment where feeding had previously occurred. Drew 

concluded that this likely constituted an ongoing habit5 learned in rats’ prior training in that 

environment. 

Three decades later Valle (1968) maintained rats on a restricted feeding regimen 

wherein they were fed lab chow in a distinct context (white box) for 1-h/day for 15 days. Two 

hours after the 15th training session, rats received a 10-min feeding test of pellet consumption 

                                                           
5 The term ‘habit’ is defined today as a behaviour insensitive to changes in the value of its outcome and one 

driven by a simple stimulus-response mechanism (Balleine & Dickinson, 1998a). Drew’s use of the term to 

describe persistent eating elicited by the environment is generally consistent with this definition.  
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in the home cage. During this interval rats either remained in the home cage or were re-

exposed to the context for 15 or 60 min immediately prior to the test. The latter two groups 

ate significantly more pellets than rats that remained in the home-cage. Of interest, this effect 

was weaker in groups that had received additional handling at unpredictable times during 

training, suggesting that rats used handling as a food-predictive stimulus. A similar study 

exposed rats to a distinctive chamber containing food pellets for 30-min/day for 6 days (Grant 

& Milgram, 1973). Rats either had unrestricted access to pellets in the home-cage or were fed 

only in the context and for 30 min afterwards in the home cage. After 3 days of unrestricted 

food in the home cage, tests of pellet consumption in the context found that rats ate 

significantly more if they were previously exposed hungry rather than satiated (Grant & 

Milgram, 1973). However, these rats weighed significantly less than the satiated group at test, 

suggesting energy depletion may have contributed to their greater intake. 

While Valle (1968) and Grant and Milgram (1973) used contexts paired with food, 

Zamble (1973) kept rats in their home-cages at all times and used a discrete cue procedure. 

Each day, animals were given a 20g food ration for 30 min at unpredictable times. For some 

rats, feeding was always preceded by turning off the light in the colony room for 15 min, 

while for other rats the offset of the light and feeding times were unpaired. Over 25 days, rats 

that received ‘signalled’ feeding sessions came to eat significantly more of their food ration 

and lost significantly less body weight than those given unpaired feeding. Experiment 2 

compared forward and backward pairings of an auditory cue with feeding sessions separated 

by a highly variable interval (4-44 hours). Once again, the cue enhanced food intake only 

when it preceded food availability, leading to differences in weight change despite identical 

access to food in both groups6.  

                                                           
6 The experiment was terminated after 30 days due to dangerously low intake and high body weight loss in the 

group given backward pairings. 
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A study by Lovibond (1980) appears to be the first to demonstrate cue-potentiated 

feeding in a within-subjects design. During training, rats learned to associate two contexts 

with food and two with no food. Rats were exposed to one context in each pair while hungry, 

and to the other after minimal food deprivation. At test, rats ate significantly more in the two 

food-paired contexts, which also increased their general activity and rates of lever pressing. 

Lovibond (1980) suggested that the food-paired contexts aroused a single central appetitive 

system directed toward procuring food. His second experiment was based on the results of 

Zamble (1973) described above. During training rats were exposed to a cue (tone or light, 

counterbalanced) that predicted the subsequent presentation of food, while a second cue was 

not paired with food. In a series of consumption tests, the food-paired cue enhanced eating by 

11% relative to the unpaired cue and by 13% relative to when no cue was presented. The 

modest size of potentiated feeding despite statistical significance is something many 

researchers have subsequently confirmed.  

The first study of the pharmacological control of feeding driven by external cues was 

by Schallert, Pendergrass and Farrar (1982). For three weeks rats were fed twice per day 

using a distinct routine. At feeding times, the colony room light was switched off, a light 

adjacent to each cage turned on, and the experimenter offered pellets to the animal7. Tests 

assessed the effects of the satiety peptide cholecystokinin (CCK) on feeding in response to 

this sequence of food cues. Minimally deprived rats injected with saline began eating within 

half a minute, on average, and ate almost 5g of food. CCK significantly increased the latency 

to eat and reduced the amount eaten and time spent eating. It also inhibited food intake in rats 

not given conditioning. However, this study lacked a demonstration that the effects of the 

cues were associative, and could not have been produced by any arousing stimulus. The 

                                                           
7 After repeated training sessions rats “…reared up with their heads out of the cage and seized the first 10 g 

pellet from a forceps” (p. 83). 
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authors argued that, under saline, rats given conditioning in Experiment 1 ate more than rats 

given random exposures to the cues in Experiment 2 while on free chow. However, this 

comparison was across experiments and confounded deprivation state with conditioning.  

 

1.4.2. Weingarten’s model 

If not the first, then certainly the most influential, demonstration of cue-potentiated 

feeding was published in Science by Harvey Weingarten in 1983. Though his most renowned 

work on feeding occurred while in a faculty position within the Department of Psychology at 

McMaster University in Canada, Weingarten’s graduate study at Yale under the supervision 

of Terry Powley was primarily physiological. He published on aspects of the cephalic phase 

response, particularly gastric acid secretion and its measurement (Weingarten & Powley, 

1980a) and effects of hypothalamic lesions on its production (Weingarten & Powley, 1980b). 

Notably, one study reported a conditioned increase of gastric acid secretion in an 

environment paired with food (Weingarten & Powley, 1981), demonstrating an interest in 

applying principles of learning to understand the stimulus control of physiological processes. 

Weingarten’s seminal paper in 1983 reported the results of two experiments, each 

using 7 rats. Animals were housed individually and all training and testing occurred in the 

home cage. The training phase in Experiment 1 lasted 11 days and involved feeding rats six 

meals each day that were always preceded by a 270-s CS+ consisting of a light and buzzer 

compound. The liquid meal was rats’ only food source and was delivered into a food-cup 

during the last 30-s of the cue. In the midpoint of the interval separating each meal (on 

average, 3.5 h) a pure tone was played to establish this cue as a CS-. Across training, latency 

to approach the food-cup after the onset of the CS+ fell rapidly to below 5-s. During the 

subsequent 21-day test phase rats had unrestricted access to the liquid diet from a bottle 
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within the cage. Once a day, Weingarten tested whether presentation of the CS+ and CS- cues 

elicited approach to the food-cup and consumption. Despite free access to food, rats 

continued to reliably approach the food-cup within 5-s of CS+ onset. The time spent 

exploring the food-cup during CS+ presentations and eating after its offset was comparable to 

the training phase. Presentations of the CS- had no such effects.  

 Weingarten’s second experiment examined the contribution of cue-potentiated 

feeding to overall energy intake. After an identical training phase, rats were again allowed 

unrestricted access to the liquid diet from a bottle inserted into the cage. On some days, a 

single presentation of the CS+ was followed by delivery of a 15-ml meal to the food-cup. 

Total consumption was compared between these days and those on which no cue was played. 

Presenting the CS+ stimulated consumption that comprised 20% of rats’ total daily energy 

intake. However, rats compensated for this cued meal by consuming less from the bottle on 

these days, such that total energy intake did not differ between days that contained a CS+ 

presentation and those that did not.  

 Two aspects of Weingarten’s methods were particularly novel. The first was that 

stimulatory effects of the CS+ on consumption were demonstrated under conditions in which 

rats had simultaneous, unrestricted access to the same food from another source (the bottle). 

This was in contrast to studies in which consumption in the presence of food-paired cues or 

contexts was tested after a discrete satiation phase. Thus, testing in the home-cage removed 

the need for context shifts and the necessary handling that had been shown to contribute to 

conditioning effects (Valle, 1968). The second novel aspect of the paper was its analysis of 

the extent to which intake triggered by the CS+ contributed to total energy intake. For the 

first time, the effects of food cues were not evaluated solely in terms of a single test or 

against a given control condition, but within the longer-term context of that animal’s energy 

balance. Weingarten concluded by suggesting the possibility that although his animals were 
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able to successfully compensate for cued meals, in other populations “…persistent 

responding to conditioned cues would result in positive energy balance and obesity.” 

(Weingarten, 1983, p. 432). 

 Full details of Weingarten’s method and results appear to have been constrained by 

the condition of brevity that came with a publication in Science. The following year, 

however, Weingarten published a set of four experiments that further characterised his effect 

(Weingarten, 1984a). Each of these studies used an identical training procedure to 

Weingarten (1983) but varied aspects of the test phase, when the same liquid diet was 

available ad-libitum. An important detail clarified in the methods section is that the six meals 

provided during training provided 70% of rats’ intake under ad-libitum conditions. This 

indicated that learning about the CS+ and CS- occurred in a state of hunger.  

 Experiment 1 in Weingarten (1984a) was actually the same experiment as that 

reported in his 1983 paper, but with far more data8. The main addition to the previously 

reported results was a demonstration that the latency to approach the food cup and feeding 

time in response to the CS+ did not differ significantly between the last day of conditioning 

and the last day of testing. This suggested that the magnitude of cue-induced feeding was 

robust over 21 days of testing, despite the free availability of food and the fact that CS- tests 

were also reinforced (rats often ate this meal, but well after the CS- played). Subsequent 

experiments showed that meals elicited by the CS+ were comparable in size to spontaneous 

meals from the ad-lib bottle (Experiment 2), even when the food cup contained stale milk 

from the previous day (Experiment 3). Experiment 4 replicated the earlier result that rats 

compensated for cue-elicited meals, regardless of whether the CS+ was played once or five 

                                                           
8 This is suggested by the fact that mean starting body weight and the t statistics reported for anticipatory food-

cup activity and feeding time are identical in Weingarten (1983) and Weingarten (1984a).  
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times per day. In the latter case meals triggered by the CS+ comprised 50% of daily energy 

intake; however, not every cue presentation prompted intake (Weingarten, 1984a).  

 It was no surprise that Weingarten’s first attempt to understand the mechanisms of the 

effect tested the role of cephalic phase responses. Weingarten suggested that exposure to 

conditioned cues elicited physiological responses in peripheral tissue, such as the secretion of 

gastric acid and insulin. In turn, these were detected by the brain, which subsequently 

initiated food-seeking behaviour. Weingarten’s schematic of this mechanism is depicted in 

Figure 1.1.  

 

 

Figure 1.1. Weingarten’s hypothesised mechanism for cephalic phase responses as the 

critical physiological mediator of cue-potentiated feeding. Adapted from Weingarten 

(1984b). 
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To test this, Weingarten (1984b) took advantage of the fact that cephalic phase 

responses are mediated primarily by cholinergic receptors. Therefore, after conditioning of 

the kind described above, rats received feeding tests preceded by an injection either of a 

cholinergic antagonist, atropine methyl nitrate, or saline. Contrary to his hypothesis, the 

latency to eat and amount eaten in response to the CS+ were no different under these 

conditions, indicating that feeding driven by conditioned cues did not depend on cholinergic 

aspects of the cephalic phase response. This null effect was unrelated to the efficacy of the 

dose of antagonist, which Weingarten showed was effective in inhibiting gastric acid 

secretion promoted by exogenous insulin. By contrast, pre-treating rats with CCK reduced 

meal size elicited by the cue and the time spent eating, but not anticipatory food-cup 

behaviour or the latency to eat (Weingarten, 1984b). Except for the latter measure, these 

results were consistent with the effects of CCK reported by Schallert et al. (1982) and with 

later studies of CCK’s effects on instrumental responding (Balleine, Davies, & Dickinson, 

1995). 

Weingarten and Martin (1989) conducted additional tests of the mechanisms of cue-

potentiated feeding. This paper explored the dissociation between the anticipatory and 

consummatory aspects of the effect; namely, food-cup behaviour in the presence of the cue 

(latency to approach and time spent exploring) and meal size. Conditioning an aversion to the 

liquid milk diet using injections of lithium chloride had no effect on food-cup activity during 

the presence of the cue, but reduced cue-induced meal size. This result was taken to indicate 

that presenting the cue did not evoke a specific representation of the paired food, but rather 

energised a general appetitive state geared toward food-seeking that ceased when rats tasted 

the now aversive-food (Weingarten & Martin, 1989, Experiment 1).  

Experiments 2-4 explored whether cue-potentiated feeding was affected by a 

dopamine antagonist, α-flupentixol, the opioid antagonist naloxone, and an acute pre-meal of 
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the liquid diet delivered via oral gavage. Treatment with α-flupentixol blunted anticipatory 

food-cup activity but had no effect on meal size; conversely, naloxone reduced meal size but 

was without effect on food-cup activity. In each case, effects appeared to be dose-dependent. 

These results are consistent with many subsequent reports that place dopamine primarily as 

mediating incentive motivation processes and opiates as mediating the hedonic processing of 

rewards (Berridge, Robinson, & Aldridge, 2009). The final experiment demonstrated that 

both anticipatory and consummatory behaviour were reduced when rats were given 8 or 12ml 

of the liquid diet by gavage, indicating that satiety more completely suppressed behaviour 

than either pharmacological treatment. It is worth noting, though, that rats consumed 5.5ml 

even after the 12ml pre-meal.  

1.4.3. Interim summary 3 

In four studies spanning 6 years, Weingarten had established a well-controlled model 

of cue-potentiated feeding and identified several of its key behavioural properties. When 

considering its substantial influence, it is surprising that Weingarten’s experimental work on 

cue-potentiated feeding appeared to end in 1989. His publication history thereafter suggests a 

greater focus on research involving people, including a demonstration of eating after satiation 

in undergraduate students (Cornell, Rodin, & Weingarten, 1989) and broadening to topics 

such as food cravings (e.g. Weingarten & Elston, 1990; 1991) and sweet taste responsivity 

(Looy & Weingarten, 1992; Looy, Callaghan, & Weingarten, 1992) with fewer animal 

studies (e.g. Warwick & Weingarten, 1995). Weingarten’s research directly inspired at least 

one study of cue-potentiated feeding by Birch, McPhee, Sullivan, and Johnson (1989), who 

found that contexts paired with food enhanced consumption in preschool children. In rats, 

however, there would be little further published research on cue-potentiated feeding until the 

late 1990s. 
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1.5. Contribution to theories of food intake 

At this point it is timely to consider these results within their broader context. The 

demonstrations of cue-potentiated feeding described so far were one of several types of 

findings that challenged the prevailing homeostatic theories of food intake and weight 

regulation that dominated much of the 20th century. These homeostatic, ‘set-point’ or 

‘depletion’ models centred on the notion that physiological mechanisms triggered food intake 

in the short-term and regulated body weight over the longer term. For example, Mayer (1955) 

made the very influential proposal that eating was initiated by changes in glucose utilisation 

(this he termed the glucostatic theory), and that body fat stores mediated body weight over 

the longer term (a more tentatively suggested lipostatic hypothesis) (Mayer, 1955). Some 

years later, Le Magnen (1981) proposed that an acute drop in plasma glucose triggered the 

initiation of a meal, and that periodic shifts between the storing and burning of body fat stores 

explained rats’ tendency to feed mostly during the dark phase9. Homeostatic models often 

proposed that the control of feeding was mediated by the hypothalamus. Such proposals 

followed demonstrations of hyperphagia and obesity produced by lesions to the ventromedial 

sub-region (Kennedy, 1950), or by electrical or chemical stimulation of the lateral 

hypothalamus (e.g. Epstein, 1960; Grossman, 1960), contrasted with the complete inanition 

produced by lesions to this region (Anand & Brobeck, 1952). 

 The main criticism of purely homeostatic models was that they failed to account for 

the many, varied circumstances in which rats could be prompted to eat (Kanarek, 1981; 

Toates, 1981). Moreover, others reported that manipulating levels of endogenous glucose 

failed to induce meals under certain conditions (Friedman, 1981; David, 1981; Woods & 

Ramsay, 2000) and that predictions that were supported in animals maintained under severe 

                                                           
9 This ‘dual-periodicity’ account stimulated a great deal of interest, as evidenced by the 23 commentaries that it 

generated from eminent feeding researchers from all disciplines of science (see Le Magnen, 1981). 
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food deprivation did not hold in animals fed ad-libitum (Weingarten, 1985). Together, this 

suggested that homeostatic mechanisms were one of several interacting determinants of 

feeding behaviour, and directed attention towards external factors. 

The first and most influential theory of internal and external cues was developed by 

Stanley Schacter in the 1960s. Schacter proposed that obesity was characterised by a reliance 

on external cues to initiate eating, resulting from an inability to sense internal signals of 

hunger and satiety. Schacter and his students devised a range of experimental situations in 

which normal-weight participants reduced their food intake (often of crackers and under the 

guise of taste tests) after various manipulations, such as pre-feeding with sandwiches, the 

threat of an upcoming unavoidable shock and being led to believe dinnertime had arrived by 

manipulating a clock in the test room (Schacter, 1968). In each case, consumption by obese 

participants was either unaffected by the external cue or, in the latter clock study, increased. 

Schacter reported similar findings across a range of observational, situational and 

experimental studies (for review, see Schacter, 1971). 

As with homeostatic theories, however, Schacter’s theory was criticised for being 

overly simplistic: internal and external control over feeding was not a dichotomy, and 

sensitivity to one form of cue over the other was not determined only by weight (Rodin, 

1981). For example, Meyers and Stunkard (1980) reported that normal-weight, overweight 

and obese individuals were equally susceptible to the influence of external cues on dessert 

choices in an observational setting at a hospital cafeteria. Several of Schacter’s students 

proposed modifications to his original hypothesis that described ways in which internal and 

external cues could interact, and distinguishing between types of external cues (see Herman 

& Polivy, 2008, for review).  
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Theories of feeding developed outside the Schacter laboratory argued that feeding 

was best explained by interactions between internal and external cues (e.g. Toates, 1981). 

The appeal to learning and conditioning processes was often based on processes such as 

flavour-nutrient learning, conditioned satiety and sensory-specific satiety (Bellisle, 1979; 

Booth, 1981; Rolls et al., 1981) and did not consider feeding elicited by conditioned cues. 

Indeed, the study of cue-potentiated feeding was only just beginning. Weingarten’s own 

‘two-factor’ theory proposed that two separate hunger systems had independent and 

interactive effects on feeding. The first, internal hunger was induced by energy depletion and 

was characterised by its slow onset and non-specificity; the second, external, hunger was 

produced by exposure to conditioned cues which rapidly provoked a desire for a specific food 

(Weingarten, 1985). This distinction resembles more recent descriptions of homeostatic 

versus hedonic feeding systems (e.g. Saper, Chou, & Elmquist, 2002) and distinct ‘metabolic’ 

versus ‘cognitive’ brain systems thought to underlie them (Berthoud, 2007, 2012). 

Interest in external cues was heightened by the emergence in the late 20th century of 

obesity and metabolic disease as major public health challenges. Many suggested that such a 

rapid increase must relate more to environmental than genetic causes. The term ‘obesogenic 

environment’ was coined in 1999 to describe the myriad ways in which technological, social 

and environmental features of modern societies serve to promote energy intake and reduce 

energy expenditure (Swinburn et al., 1999). Among the most noteworthy features of so-called 

obesogenic environments is their ready access to foods that are highly palatable, calorically 

dense, and signalled by salient and ubiquitous cues (Hetherington, 2007). It follows that 

overeating – and long-term weight gain – is more likely in societies saturated with cues and 

environments signalling food, and in which far less energy need be expended to obtain it. 

This is an appealing argument in evolutionary terms, as outlined by Berthoud (2007):  



25 

 

“These forebrain systems evolved to engage powerful emotions for guaranteed supply 

and ingestion of beneficial foods from a sparse and often hostile environment. They are now 

simply overwhelmed with an abundance of food and food cues that is no longer interrupted 

by frequent famines.” (Berthoud, 2007, p. 486.) 

Modern theories express this basic idea in various ways that ascribe slightly different 

roles for external cues. In their ‘boundary model’, Herman and Polivy (1984, 2005) proposed 

that external cues were the primary determinants of food intake, aside from instances of 

complete satiation or significant hunger (i.e., the boundaries). A similar theory suggested that 

environmental cues only influence body weight within a ‘settling zone’ determined by 

biology (Levitsky, 2005). Other accounts propose that responding to food cues established 

through Pavlovian conditioning is an adaptive process that helps organisms prepare for meals 

(Pavlov, 1927; Woods & Ramsay, 2000). De Castro (1996, 2010) has argued that 

environmental cues are the primary determinant of food intake, and that physiological 

mechanisms exert subtle effects that are evident only over the longer term. Davidson and 

colleagues suggest that food cues act within a vicious cycle of obesity and cognitive decline 

mediated by the hippocampus. In their model, food cues prompt consumption of palatable but 

ultimately unhealthy foods that promote obesity and impair hippocampal function; in turn, 

individuals are less able to inhibit responding to food cues and overeat further (Davidson, 

Kanoski, Walls, & Jarrard, 2005; Davidson, Sample, & Swithers, 2014; see also Parent, 

2016). In sum, it is clear that most contemporary theories of food intake and obesity assign an 

important role for external cues.  
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1.6. Current cue-potentiated feeding paradigms 

Most research on cue-potentiated feeding over the past two decades has come from 

the laboratories of Peter Holland and Gorica Petrovich. Their paradigm was initially 

developed as part of a broader project in collaboration with Michela Gallagher assessing the 

role of the amygdala in various learning tasks (Holland & Petrovich, 2005). To avoid 

repetition, the training and test procedures that are common to most studies by these 

researchers will be described first; herein, these are collectively referred to as the Holland-

Petrovich method. The Holland-Petrovich method has been used most fruitfully to identify 

the neurocircuitry underlying cue-potentiated feeding. Various experiments have also tested 

the importance of procedural variables and behavioural manipulations. Greater attention will 

be given to this latter class of variables, since these form the focus of the present thesis. 

Studies from other groups will be integrated where relevant.  

 

1.6.1. The Holland-Petrovich method 

The Holland-Petrovich method resembles Weingarten’s procedure in that rats are 

trained hungry and tested satiated. During training rats are typically housed individually and 

maintained at 85% of free-feeding weights. Unlike Weingarten’s studies, daily training 

sessions occur in conditioning chambers and not in the home-cage. Pavlovian training 

typically begins with two days in which an auditory cue (most often a tone or white noise) is 

established as a CS+ by delivering two 45-mg pellets at the end of a 10-s stimulus 

presentation. Subsequently, rats undergo 10-11 days of discrimination training in which CS+ 

presentations are intermixed with non-reinforced presentations of a CS- cue (white noise or 

tone). Some studies employ between-subjects designs in which a single cue is rewarded for a 

Paired group, whereas an Unpaired group receive equivalent, non-contingent presentations 

of the cue and pellets. The emergence of conditioning over training is indexed by the increase 
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in anticipatory magazine entries during the CS+, relative to the CS- or to rats given unpaired 

training. 

After training rats receive unrestricted access to chow in the home cage for 7-14 days. 

This allows body weight to return to pre-training levels and reduces the extent to which rats 

are hungry at test. Test days often begin with ad-libitum pre-feeding of the test food, pellets, 

before the cue/s are tested. This additional satiation is implemented because the pellets are 

palatable and readily eaten by non-deprived rats; thus, reducing otherwise high consumption 

should yield clearer effects. For the pre-feeding treatment rats are placed in the conditioning 

chambers with an ample supply of pellets (e.g. 50) in the food-cup. After some time, typically 

5-10 min, rats and any remaining pellets are removed. In some studies, this pre-feeding 

procedure is repeated a second time; in others, rats have already been pre-fed in home cages. 

Finally, rats are returned to the chamber where a large number of pellets are now available 

for a 5-10 min test containing ten 10-s presentations of the cue.  

Cue-potentiated feeding is demonstrated by higher consumption in the CS+ test 

relative to the CS- test in within-subjects designs or relative to rats given unpaired training in 

between-subjects designs. Because of the multiple preceding pre-feeding sessions, 

consumption in the cued test is often small in absolute terms, though statistically robust. 

Thus, in contrast to Weingarten’s model, in which the CS+ triggered spontaneous meals in 

free-feeding rats, the Holland-Petrovich method provides stricter control over food intake 

immediately prior to the test to show that cues prolong or extend consumption despite ample 

pre-feeding. This is reflected in terminology: whereas Weingarten referred to meals elicited 

or induced by cues, the effect is often described as cue-potentiated feeding by Holland and 

Petrovich. This latter term will be used herein for consistency and is abbreviated as CPF. 
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1.6.2. Key results: neurocircuitry and neuropharmacology 

 Holland, Petrovich and Gallagher (2002) used this method to compare CPF between 

rats with lesions to the basolateral (BLA) or central nuclei (CeA) of the amygdala. BLA-

lesioned rats failed to exhibit CPF, despite comparable training performance and pre-feeding 

intakes to the CeA- and sham-surgery groups, which each ate more in the presence of the 

CS+. However, BLA-lesioned rats exhibited the shortest latency to enter the food cup during 

the CS+ test. Notably, the magnitude of CPF was similar regardless of whether the pellets 

were presented in the food-cup (i.e. the trained location) or in a bowl on the other side of the 

chamber, suggesting that the effect was not driven by conditioned approach behaviour.  

Holland and Gallagher (2003) replicated this result in a study that also tested 

instrumental responding for the pellet reward signalled by the cues – i.e., Pavlovian-to-

instrumental transfer (PIT). After Pavlovian training in which cues were presented for 2-min 

(rather than the standard 10 s), BLA-lesioned rats showed no elevation in feeding to the CS+, 

unlike CeA- and sham-lesioned rats. By contrast, the effects of the lesions were reversed 

during PIT tests, where instrumental responding during the CS+ was elevated for BLA- and 

sham-lesioned but impaired in CeA-lesioned rats10. Experiment 2 replicated this double 

dissociation when 10-s, rather than 2-min, stimuli presentations were used in Pavlovian 

training and PIT testing. Several other studies confirmed that CPF is impaired by BLA 

lesions (Holland, Hatfield, & Gallagher, 200111; Galarce, McDannald, & Holland, 2010) and 

is unaffected by lesions to the CeA (Holland & Hsu, 2014).  

                                                           
10 Similar effects of BLA and CeA lesions have been found on tasks measuring fear-induced inhibition of 

feeding, as measured by the consumption of food in the presence of a tone previously paired with shock 

(Petrovich & Lougee, 2011; Petrovich, Ross, Mody, Holland, & Gallagher, 2009). 

11 In that study, the cue that ultimately served as the CS+ was originally only weakly associated with food 

reward within a more complex serial conditioning procedure designed to assess attentional processing. It was 

then re-trained as a first-order CS+ and subsequent tests showed a robust CPF effect in sham-operated rats that 

was blunted in those with BLA lesions. 
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 Petrovich, Setlow, Holland, and Gallagher (2002) demonstrated that the role of the 

BLA in CPF depended on its connections with the lateral hypothalamus (LHA). Rats received 

lesions to the BLA and LHA either in opposing hemispheres or in the same hemisphere. 

Because LHA-BLA connections are mostly ipsilateral, this abolished functional connectivity 

for the former group but retained it in one hemisphere for the latter group, while equating 

total tissue damage (Petrovich et al., 2002). Rats with ipsilateral or sham lesions showed 

significantly greater intake in the presence of the CS+, whereas those with contralateral 

lesions ate similarly low amounts in CS+ and CS- tests. However, groups did not differ in a 

second-order conditioning task where a new (visual) cue was followed by presentations of the 

original (auditory) CS+. Therefore, BLA-LHA disconnection affected the ability of the CS+ 

to promote feeding but not to drive new learning (Petrovich et al., 2002).  

 Subsequent studies characterised the role of cortical regions in CPF. Petrovich, 

Holland, and Gallagher (2005) injected a retrograde tracer (FluoroGold) into the lateral 

hypothalamus on the day after standard Pavlovian training, allowing for projections to this 

area to be identified. Thirteen days later, eating in the presence of the CS+ and CS- was 

tested in two 5-min tests held on the same day, separated by 25-min and with order 

counterbalanced (CS- or CS+ test first). Rats were culled immediately after the second test. 

This arrangement ensured that the first and second cue tests were aligned with the maximum 

mRNA induction of two immediate-early genes, H1a and Arc, respectively. Rats ate 

significantly more in the CS+ than CS- test, despite their temporal proximity. Within the 

basolateral/basomedial amygdala and the orbitomedial frontal cortex, a significantly higher 

percentage of the total FluoroGold-positive neurons were H1a- or Arc-positive12 during the 

                                                           
12 FluroGold-positive neurons that were positive for both IEGs were recorded as ‘nonselective’, since this 

indicated the projection neuron was not specific to the CS+ or CS- test. 
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CS+ than in the CS- test. These results indicated that projections from these frontal regions to 

the LHA were activated during the potentiated feeding driven by the CS+. 

 Two other studies clarified the role of the frontal cortex in CPF. The first by 

McDannald, Saddoris, Gallagher and Holland (2005) showed that CPF was intact in rats 

given bilateral lesions of the lateral orbitofrontal cortex (OFC). However, OFC-lesioned rats 

were poorer in a differential outcome-expectancy task that tested lever pressing for distinct 

outcomes during various discriminative stimuli. Poorer performance by OFC-lesioned rats on 

this task suggested that CPF did not require the retrieval of specific outcome representations 

(McDannald, Saddoris, et al., 2005), a result with implications for the specificity of cue-

potentiated feeding. Whereas McDannald, Saddoris and colleagues targeted the lateral OFC, 

another study found that lesions to the ventromedial prefrontal cortex that incorporated the 

medial OFC abolished CPF when a context (not cue) was paired with food (Petrovich, Ross, 

Holland, & Gallagher, 2007a).  

 More recent research has explored the peptide and neurotransmitter systems that 

mediate CPF. Unsurprisingly, a host of peptides involved in the regulation of feeding have 

been shown to influence the control of feeding by learned cues. The peptide orexin (also 

referred to as hypocretin) is produced within the lateral hypothalamus and appears important 

for the expression of CPF, as indicated by a study in which systemic injections of an orexin 

antagonist blocked the effect in rats (Cole, Mayer, & Petrovich, 2015). Another study using 

the Holland-Petrovich method adapted for the home-cage found that presentations of a 

conditioned food cue induced neuronal activation in orexin neurons within the lateral 

hypothalamus (Petrovich, Hobin, & Reppucci, 2012). The same study found no effects on 

LHA melanin-concentrating hormone (MCH) neurons, a result which contrasts two other 

studies reporting that deletion of the MCH-1 receptor blocked CPF in mice (Johnson, 2011; 

Sherwood, Holland, Adamantidis, & Johnson, 2015).  
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 Several studies have assessed how CPF is moderated by ghrelin, an orexigenic 

peptide secreted from the stomach. One study using a method adapted from Weingarten’s 

(1983) original protocol found that ghrelin microinjections to the ventral hippocampus 

enhanced the number of meals induced by a food-paired CS+ relative to a CS- paired with no 

food (Kanoski, Fortin, Ricks, & Grill, 2013). Of interest, CPF was not observed following 

vehicle injections, suggesting that the cue exerted only weak effects on feeding under 

baseline conditions. Walker, Ibia and Zigman (2012) found that oral administration of a 

ghrelin antagonist blocked CPF in mice. This was due to increased consumption during the 

CS- rather than reduced consumption during the CS+, a finding which is somewhat difficult 

to reconcile with ghrelin’s function as an orexigenic peptide. A final study showed that 

peripheral administration of a ghrelin antagonist had no effect on CPF as measured in 

consumption, but delayed the onset of feeding in response to the CS+ relative to vehicle-

treated rats (Dailey, Moran, Holland, & Johnson, 2016).  

1.6.3. Interim summary 4 

 Lesion and neuroanatomical tracing studies have revealed that the lateral 

hypothalamus, basolateral and basomedial nuclei of the amygdala, and ventromedial 

prefrontal cortex are key structures that contribute to the expression of CPF. Study of the 

effects of feeding peptides on CPF have produced somewhat more mixed results, with this 

variability perhaps due to whether pharmacological interventions are region-specific or global 

(e.g. knockout models). In addition, the manipulation of feeding peptides appears to exert 

more subtle influences on the distribution of meal patterns as well as (or instead of) changes 

to absolute consumption. However, CPF is clearly sensitive both to manipulations of 

hormones generated in the CNS (e.g. orexin) as well as those produced by peripheral organs 

(e.g. ghrelin). 
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1.6.4. The specificity of CPF 

  In modern environments people receive broad exposure to a multitude of cues and 

environments associated with various foods. The extent to which these cues drive overeating 

depends, in part, on whether their effects are specific or general. That is, do cues prompt 

consumption only of the food they have previously signalled or of a wider range of foods? 

Studies in humans suggest that the effects of food cues may partly generalise to other foods, 

provided these are sufficiently similar. Two studies showed that after exposure to an olfactory 

pizza cue, participants reported greater desires to eat and larger anticipated portion sizes of 

not only pizza, but a range of other savoury foods (Ferriday & Brunstrom, 2008, 2011). 

Importantly, however, Ferriday and Brunstrom (2011) found that the desire to eat sweet foods 

was unaffected. This divide between sweet and savoury foods is consistent with earlier work: 

Cornell, Rodin and Weingarten (1989) found that eating a small bite of pizza or ice cream 

prompted greater consumption only of that food when both were subsequently available to 

consume ad-libitum13. Similarly, a study of restrained eaters found that the smell of pizza or 

cookies selectively enhanced consumption only of that food (Federoff, Polivy, & Herman, 

2003).  

 Most research in rats has found that CPF is selective or specific to the training food. 

Few early experiments tested this issue, often because the paired food in training was also 

rats’ maintenance diet (e.g. Zamble, 1973; Weingarten, 1983). More recently, two studies by 

Petrovich and colleagues indicated that CPF was specific to the training food (Petrovich et 

al., 2007a; Petrovich, Ross, Gallagher, & Holland, 2007b). The method used in these studies 

differed in several important respects from the standard Holland-Petrovich procedure. First, 

rather than discrete auditory cues, the conditioning chamber itself served as the conditioned 

                                                           
13 However, the effect was far stronger when pizza was the primed food than ice cream. Cornell and colleagues 

suggested that pizza may have constituted a more salient cue (seemingly due to the smell). 
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stimulus. Training consisted of six 10-min exposures to the context, which contained pellets 

for Paired groups and no food for Unpaired groups. Second, the 7g of reward pellets 

(approximately 150) presented in the context for Paired groups far exceeded the total amount 

earned in discrete cue studies. Third, a milder deprivation schedule was used wherein rats 

received unrestricted chow in the home cage for 24-h after each training session. Food was 

removed the following day so that rats were then hungry for training the following day. 

Finally, the interval between the end of training and tests was shorter (2-3 days) than the 

standard 7-14 days, presumably because there was no weight loss from which to recover.  

Petrovich et al. (2007a) held four CPF tests on consecutive days. No pre-feeding was 

conducted prior to placement in the context for the 10-min test. The first and fourth tests 

measured consumption of the pellets used in training and found significantly greater 

consumption in rats given Paired training. Critically, the second test measured consumption 

of a novel pellet formula, while the third test presented an alternative but familiar food, 

home-cage chow. No CPF effect was found in either of these two tests; instead, consumption 

was minimal in both groups. This suggested that CPF was specific to the food paired with the 

context during training (Petrovich et al., 2007a).  

The second demonstration of specificity by Petrovich et al. (2007b) also used chow as 

the alternative, familiar food. Rats received three CPF tests that measured pellets, then chow, 

then pellets once again (Petrovich et al., 2007b). Here, however, the context test lasted 20-

min and rats were removed so that fresh food could be inserted after 10-min. Once again, 

consumption was higher in Paired than Unpaired rats when the test food was pellets, but 

consumption was at floor when chow was tested. Removing rats after the halfway point of 

tests also allowed for examination of the time-course of CPF. Of interest, the difference 

between Paired and Unpaired groups was more pronounced in the second half of the test, 
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with comparably high intakes of pellets in the first 10-min (Petrovich et al., 2007b). This 

would appear to support the rationale for pre-feeding used in other studies.  

 In contrast to the above results are those from a context conditioning study by 

Boggiano, Dorsey, Thomas, and Murdaugh (2009). In the first phase of this experiment rats 

received seven 24-h exposures to a distinct ‘Cookie cage’ containing Oreos, chow, and water, 

distributed over 22 days in which rats otherwise had unrestricted chow and water in the home 

cage. Tests found that chow consumption in the Cookie cage over 24-h was greater than in 

the home cage, and that providing a morsel of Oreo (2g) enhanced this effect. Subsequently, 

the same rats were re-trained in a better-controlled design where seven 4-h exposures to the 

Cookie cage were intermixed with seven 4-h exposures to a distinctly marked Chow cage 

over 14 days. In tests, rats ate significantly more chow in the Cookie than in the Chow cage 

after 4 and 24-h. Providing a 2g morsel of Oreo reduced consumption of chow in the Chow 

cage, but not in the Cookie cage. Boggiano and colleagues hypothesised that placement in the 

Cookie cage blunted rats’ satiety responses, fostering greater consumption of chow in this 

environment.  

A caveat for interpreting these results as evidence against the specificity of CPF is 

that chow was provided in the Cookie and Chow cages in training14. Their results are also 

inconsistent with two studies from the Petrovich lab that found CPF to be specific when 

pellets and chow were available concurrently during tests of similar duration. These studies 

employed between-subjects designs and administered all training and testing in the home-

cage. During training, home cages were brought into the conditioning room and 10 x 10-s 

presentations of a cue were made over 5-min, either paired or unpaired with pellets (the latter 

                                                           
14 It seems likely that at least some chow was consumed during the 4 to 24-hr conditioning sessions (although 

these data were not reported) and, consequently, that the Cookie cage was also associated with chow, if only 

weakly. Therefore, it is difficult to conclude whether the overeating of chow constitutes a non-specific CPF 

effect.  
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group received pellets after a delay). In the first study, pellet intake stimulated by the cue was 

greater in rats given Paired training, with minimal chow intake by both groups over the 75-

min test (Petrovich et al., 2012). Similarly, the second study found that exposure to the cue 

enhanced pellet but not chow consumption over a 4-h test, but only when rats were tested 

satiated and not food-deprived, when consumption was high in both groups (Reppucci & 

Petrovich, 2012). Experiment 2 in this paper showed that the CPF effect persisted for the first 

two of four tests over a 2-week period; increased intake by the Unpaired group nullified the 

effect on latter tests.  

Whereas these studies showed a clear failure for CPF to transfer to chow, the absence 

of the effect in such tests is typically because consumption is minimal in both groups or 

conditions. This may suggest that the potential to detect CPF effects is constrained by the low 

palatability of chow relative to the reward pellets paired with the cue. Stronger evidence for 

the specificity of CPF comes from a series of experiments from the Holland laboratory that 

have paired two auditory cues with sucrose and maltodextrin solutions. Two key procedural 

differences in this work are that (1) during training the liquid rewards are presented 

intermittently during longer-duration CS presentations (typically 2-min), rather than at the 

offset of the CS+ as described previously; and (2) CPF tests compare the rate of consumption 

of one of the rewards in the presence of its predictive CS, the CS paired with the alternate 

reward, and with no cue. Studies using this method have shown that consumption of each 

reward is enhanced only by its predictive CS and not by the CS that predicts the alternative 

reward (Galarce, Crombag, & Holland, 2007; Delamater & Holland, 2008; Galarce & 

Holland, 2009; Holland, 2014; Holland & Hsu, 2014).  

The type of specificity found in these experiments is often also shown in instrumental 

responding. Thus, if animals are trained to perform two instrumental responses for the two 

rewards, presentation of the Pavlovian cues increases responding only of the action earning 
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the same reward; i.e., specific Pavlovian-to-instrumental transfer (PIT) (e.g. Corbit & 

Balleine, 2005). However, inhibitory associations between each cue and the absence of the 

other reward also contribute to the expression of specific PIT (Laurent & Balleine, 2015). 

Additionally, presenting a cue paired with an outcome not used as a reward in instrumental 

training can produce a general elevation in responding (Corbit & Balleine, 2005). These 

results indicate that the associative history of a food can influence the circumstances in which 

animals will work for and consume it in the presence of other cues. In the case of CPF, it 

remains to be seen how food cues affect consumption of alternative foods that are without 

associations with other cues, and which are of similar palatability and familiarity to the paired 

food. Indeed, evidence from studies in humans suggests that the effects of food cue exposure 

can generalise to alternatives.  

 

1.7. Summary and outline of the present thesis 

Three broad research questions shaped the experiments reported in this thesis. First, to 

what extent is CPF specific to the training food, and under what conditions might this 

specificity be overcome? Second, are all animals equally susceptible to overeating triggered 

by food cues, and can vulnerability to CPF be predicted on an individual or a group level? 

Third, how do motivational manipulations and procedural parameters chosen for training and 

test affect the expression of CPF?  

These aims are addressed in various ways across the following experimental chapters. 

Chapter 2 reports three experiments that establish a protocol for studying CPF in which 

contexts are paired with palatable foods, and which test the effects of variety on CPF. 

Experiments in Chapter 3 explore whether individual differences in eating behaviour can 

predict susceptibility to CPF. Chapter 4 reports a series of experiments in which 
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methodological changes that seemed likely to enhance the CPF effect failed to do so. These 

results are discussed with reference to incentive contrast. Chapter 5 presents an experiment 

assessing the effects of diet-induced obesity on CPF. The present results are integrated with 

existing research and directions for future research are outlined in Chapter 6. 
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Chapter 2: Variety and CPF 

Note: a manuscript reporting the three experiments in this chapter has been accepted for 

publication in the Journal of Experiment Psychology: Animal Learning and Cognition. 

 

2.0. Introduction 

The experiments in Chapter 2 studied the specificity of CPF using a protocol in which 

contexts were trained as food-paired stimuli. Experiments applied within-subjects designs in 

which a ‘Plus’ context was paired with palatable food and a ‘Minus’ context was paired with 

no food or chow. As outlined in Chapter 1, evidence that CPF is specific to the training food 

comes from two forms of results. First, several studies have demonstrated that food-paired 

cues or contexts do not augment intake of chow or novel pellet varieties (Petrovich et al., 

2007a, 2007b, 2012). Second, experiments involving two cues paired with separate liquid 

rewards show that consumption of each reward is enhanced or sustained selectively by its 

predictive cue (Galarce et al., 2007; Delamater & Holland, 2008).  

 

A general observation that inspired the present experiments was that modern food 

environments contain a wide range of palatable foods that are signalled by salient cues (e.g. 

signs and advertisements) and which are often available alongside one another in distinct 

environments. Therefore, exposure to a food cue rarely involves access only to that food; to 

the contrary, it would seem we are just as often exposed to multiple food cues with multiple 

foods available. This prompted two research questions that focused on the specificity of CPF. 

The first was whether CPF would be specific when testing an alternative food that was 

palatable and familiar. The second was how a context paired with a variety of foods would 

affect the size and specificity of CPF. 
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Experiment 2.1 examined whether the use of contexts as food-paired stimuli provided 

suitable conditions to observe CPF. Thus, after context conditioning, an initial CPF test 

measured consumption of the training food in the contexts. The specificity of CPF was then 

addressed in a second test that measured consumption of an alternative palatable food. The 

effects of variety were explored in Experiment 2.2, which focused on the potential for CPF to 

‘transfer’ to an alternative food. Experiment 2.3 replicated and extended the results from 

Experiment 2.2 with a minor change in procedure.  

 

2.1. Experiment 2.1: CPF using contexts 

 Experiment 2.1 trained food-deprived rats to associate one environment with 

consumption of a palatable food, and another environment with no food. In keeping with 

most past CPF research, rats were then given unrestricted access to chow in home cages prior 

to tests. The measure of CPF was whether, after pre-feeding the training food, consumption 

would be potentiated in the Plus context relative to the Minus context. To address the 

specificity of this effect, a second set of tests then measured consumption of a palatable and 

familiar alternative food. 

 

2.1.1. Method 

Subjects 

 Sixteen female adult Long-Evans rats were purchased from the University of 

Adelaide. We chose female animals because evidence in humans indicates that reactivity to 

food cues is more strongly associated with binge eating and body weight in females than in 

males (Sobik, Hutchison, & Craighead, 2005). Nonetheless, the use of female animals is rare 

in animal CPF experiments and will be considered in Chapter 6 (General discussion). Mean 
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body weight was 301g (range: 246 – 411g) at the beginning of the experiment. They were 

housed 4 per cage within a temperature- and humidity-controlled colony room maintained on 

a 12:12 reverse dark:light cycle (lights off at 0900h). For one week prior to experimental 

procedures animals were handled regularly and a restricted feeding schedule (10-13g/rat/day) 

was introduced. The maintenance diet was laboratory chow (“Rat and Mouse Cubes”; 14.23 

kJ/g; Specialty Feeds®; see Appendix A).  

Apparatus 

Training and testing was conducted in 12 identical operant chambers (Med 

Associates; East Fairfield, VT) housed within sound- and light-attenuating shells. A 3 W, 24 

V houselight mounted on the top-centre of the wall opposite the levers and magazine 

provided illumination. Visual, tactile and olfactory dimensions of these chambers were 

manipulated to provide two distinct contexts, as shown in Appendix A. One context had 

striped walls, a rough sandpaper floor and was scented with 10% rosewater solution, while 

the second had spotted walls, smooth plastic floor and was scented with 10% vanilla essence 

solution (Queen, Australia). Wall decorations were black and white laminated paper fitted 

around the exterior of the chamber. Odour solutions were pipetted onto a folded paper towel 

and placed in the bedding tray below the floors on which the rats were placed. These two 

environments were assigned as Plus and Minus contexts in a counterbalanced fashion (n = 8 

each configuration).  

The palatable food paired with the Plus context during training was Froot Loops® 

(FL) (Kellogg’s®; 16.33 kJ/g), a sweet cereal eaten readily by rats (e.g. Ahn & Phillips, 

2012). The alternative palatable food was Banana bread® (BB) (Coles®, 13.5 kJ/g). A full 

list of foods used throughout this thesis is available in Appendix A.  
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Procedure 

Training 

Over the 12 days of training rats received six 30-min exposures each to the Plus and 

Minus contexts in an intermixed, semi-random order, such that rats received no more than 

two consecutive exposures to the same environment (order: MPPMMPMPPMMP). Context 

conditioning sessions were held between 1500 and 1700 hrs each day. In each Plus session, 

16 FL (~4 g) were provided in a Petri dish centred against the side wall of the chamber. No 

food was available in the Minus context. During training rats were fed a daily chow ration 

(~12 g/rat) at least 30-min after the end of each session. After the twelfth training session rats 

were returned to free food for six days. The recovery of body weight was monitored during 

this time. On two of these days rats were familiarised for 20-min to the individual cages used 

for pre-feeding. These were plastic tubs (40 x 25 x 20 cm) with wire tops, and were located in 

a room adjacent to where training occurred. 

Test 

The first CPF test compared consumption of FL in the Plus and Minus contexts. The 

two test days were separated by 2 days and their order was counterbalanced. Each test began 

with 20-min access to a dish of 25-30 FL in individual feeding cages. Rats were then 

immediately transferred to the Plus or Minus context for a 30-min test, with a new dish of FL 

available. Consumption was measured after 10, 20, and 30 min by quickly removing and 

weighing the dish of FL. This typically took no more than 15-s per chamber; rats were not 

touched and remained in the context. After the second FL test, rats remained in their home 

cages for 2 days with free chow and water. In the afternoon of the second day rats were pre-

exposed to the alternative food, BB, while being weighed. Each rat was fed 1g individually 

and all rats took and readily ate this piece within 1-min.  
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The second CPF test began the following day and compared BB consumption in the 

Plus and Minus contexts. The procedure was identical to Test 1 except that a single day of 

rest separated the two tests. Test order was counterbalanced such that rats were tested in the 

reverse configuration to that used in Test 1. A procedural error was that on the second test 

day the 8 rats due to be tested in their Minus context were tested in the Plus context a second 

time. These rats were tested in the Minus context after a day of home-cage rest. Data from the 

second Plus test were used for these rats because pre-feeding intakes on this test were more 

comparable to those prior to the Minus context test. 

 

2.1.2. Results 

Body weight 

 Food restriction during training reduced rats to an average of 93.6 ± 0.6% [SEM] of 

their free-feeding weights. Weight increased for all rats during the six days of re-feeding, 

although rats remained marginally lighter than their prior ad-libitum weights at the time of 

both tests (Test 1: 97.0 ± .9% and Test 2: 97.8 ± .9% of free-feeding weights).  

Training 

 Figure 2.1.1 shows that FL consumption increased and then plateaued over the six 

Plus context sessions. In practice, almost all rats ate all the available FL by the end of 

training. This observation was supported by significant linear (F(1, 15) = 39.15, p < .001) and 

quadratic trends (F(1, 15) = 7.49, p = .015) in a repeated-measures ANOVA.  
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Figure 2.1.1. Training consumption in Experiment 2.1. Rats were provided with a dish of 

approximately 4g (~65 kJ) of FL in each Plus context training session (P). On other days, rats 

were exposed to a Minus context (M) where no food was available. Consumption of FL was 

nearly complete by the 6th Plus session.  

 

Tests 

Consumption during pre-feeding and in the contexts is shown in Figure 2.1.2. In each 

figure, consumption is collapsed across the two context tests and shows total intake after 30-

min. Pre-feeding consumption prior to the Plus versus Minus tests was analysed in repeated-

measures ANOVAs. Total intake in the 30-min context test was analysed using 2 x (2) 

mixed-ANOVAs (test order x [context]). 

Consumption in the training food test is displayed in Figure 2.1.2.A. During pre-

feeding rats ate 2.01 ± .2 g (32.7 kJ) prior to the Minus test and 2.49 ± .3 g (40.6 kJ) prior to 

the Plus test; this difference was statistically significant (F(1, 15) = 6.11, p = .026). This 

unexpected result appears to be a chance effect, since conditions prior to these two pre-
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feeding periods were identical and test order was counterbalanced. Analysis of consumption 

in the test phase found a significant main effect of context (F(1, 14) = 4.63, p = .049), 

indicating higher consumption in the Plus than Minus context, despite higher intake in the 

pre-feeding period. The main effect of test order and the test order x context interaction were 

not significant (both F < 1). Further analyses indicated that although consumption was higher 

in the Plus context in each 10-min bin, the difference was not statistically significant in any 

bin individually (all p > .17; data not shown). 

Consumption in the test of the alternative food is shown in Figure 2.1.2.B. Pre-

feeding consumption prior to the Minus (3.12 ± .33 g) and Plus tests (3.11 ± .30 g) did not 

differ significantly (F < 1). Analysis of consumption in the test phase found no main effect of 

context (F < 1), no main effect of test order (F(1, 14) = 3.88, p = .069) and no context x test 

order interaction (F < 1). There was no effect of context within any of the three 10-min bins 

(all p > .12; data not shown). 

Finally, data from the two tests were collapsed and analysed in a (2) x (2) within-

subjects ANOVA, with context (Plus or Minus) and test type (training or alternative food) as 

factors. Consumption in kJ was used and test order was omitted given this factor did not 

interact in prior analyses, as described above. This analysis found a significant main effect of 

context was significant (F(1, 15) = 6.85, p = .019) but no main effect of test type (F(1, 15) = 

1.12, p = .31) and no test type x context interaction (F < 1).  
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Figure 2.1.2. Experiment 2.1 test results. Panel A: Rats ate significantly more of the training 

food in the Plus than in the Minus context, despite higher consumption in pre-feeding prior to 

this test (*p < .05 for difference between Plus and Minus in both Pre-feed and Context 

phases). Panel B: Consumption of an alternative palatable food, Banana Bread, did not differ 

between contexts. 

 

2.1.3. Discussion 

Experiment 2.1 tested the specificity of CPF following training in which mildly 

hungry rats learned to associate one context with consumption of a palatable food, FL, and 

another with no food. Tests compared FL consumption in these ‘Plus’ and ‘Minus’ contexts 

after 6 days of free-feeding in home cages. In addition to free access to chow in the home 

cage, immediately prior to tests rats were satiated on the test food. The key demonstration of 

CPF was that rats ate almost twice as much when subsequently placed in the Plus context 

than when placed in the Minus context (see Fig. 2.1.2.A), despite eating somewhat more 

during the pre-feeding period prior to it.  

Results of Test 2 indicated that consumption of an alternative palatable food, which 

was pre-exposed prior to testing, did not differ significantly between Plus and Minus 

0

5

10

15

20

25

30

35

40

45

50

Minus Plus Minus Plus

Pre-Feed Context

F
L

 i
n
ta

k
e 

(k
J)

A) Training food

*

0

5

10

15

20

25

30

35

40

45

50

Minus Plus Minus Plus

Pre-Feed Context
B

B
 i

n
ta

k
e 

(k
J)

B) Alternative food

N.S.



47 

 

contexts. Caution should be taken when using this as evidence for the specificity of CPF 

because the interaction term from a combined analysis of the two tests was not statistically 

significant. Nonetheless, the absence of a CPF effect on this test is consistent with previous 

literature where food-paired cues or contexts selectively promote further consumption only of 

the food they signal during training (Petrovich et al., 2007a, 2007b, 2012; Delamater & 

Holland, 2008). Although past studies have demonstrated that CPF is robust over multiple 

tests without re-training (Reppucci & Petrovich, 2012; Petrovich et al., 2007a, 2007b), in the 

present experiment the order of the training food and alternative food tests was not 

counterbalanced. As such, the possibility that repeat testing contributed to the non-significant 

results in Test 2 cannot be dismissed entirely. For example, presenting food in the Minus 

context during Test 1 violated its past association with no food, perhaps explaining higher 

consumption in the Minus context in Test 2 than Test 1 (compare Fig. 2.1.2., panels A and 

B). Therefore, Experiment 2.2 focused on testing an alternative food in a design that also 

assessed the effects of variety on CPF. 

 

2.2. Experiment 2.2: The effects of variety on CPF 

Training in past CPF experiments has involved pairing each cue with a single food. 

Modern societies, however, are typified not only by an abundance of food cues, but also by 

enormous variety in food products and flavours. There would appear at least as many 

opportunities for food cues and environments to become associated with multiple foods as 

single ones. Shopping centre food courts, buffets, movie theatres, sporting events, and our 

own kitchens are but a few examples of ‘contexts’ that, now more than ever, may be 

associated with multiple foods. In the case of discrete cues, fast food signs for different 

brands – e.g. the archetypal ‘golden arches’ – could feasibly be associated with multiple 

foods, since many fast food chains feature ever-broadening menu choices. Even food cues 
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that are more proximal to eating itself might share common elements with several foods, such 

as the sound of a chip packet opening or of food sizzling on a barbecue. Perhaps the only sure 

form of ‘specific’ cue for any given food is the smell, sight, or taste of that food itself.  

Providing a variety of foods either successively (i.e., one food after another) or 

simultaneously (i.e., multiple foods together) increases consumption in both people (e.g. 

Rolls et al., 1981) and in rats (e.g. Sclafani & Springer, 1976; Treit, Spetch, & Deutsch, 1983; 

Rolls, Van Duijvenvoorde, & Rowe, 1983; Warwick & Schiffman, 1991). Indeed, variety is 

so reliably obesogenic that animal models frequently employ ‘cafeteria’, ‘western’ or 

‘supermarket’ diets, consisting of varied exposure to multiple palatable foods, to induce 

weight gain with no interest in variety per se. Additionally, instrumental responding can be 

enhanced when it is rewarded by a variety of outcomes, as shown in rats (Bouton, Todd, 

Miles, León, & Epstein, 2013; Thrailkill, Epstein, & Bouton, 2014), children (Temple, 

Giacomelli, Roemmich, & Epstein, 2008), and adults (Myers Ernst & Epstein, 2002).  

To our knowledge, no studies have examined the interactions between food cues and 

exposure to variety on measures of feeding. In particular, it is currently unknown whether the 

size and specificity of CPF effects is altered by variety. That is, will an environment paired 

with multiple palatable foods enhance consumption more than one paired with only a single 

palatable food? In addition, will exposure to variety foster feeding on alternative foods? To 

this end, Experiment 2.2 compared CPF between groups for which the Plus context was 

paired with either one or three palatable foods, or with chow. All groups were also exposed to 

a Minus context containing no food, as in Experiment 2.1. To focus on the specificity of CPF 

under these conditions, we tested consumption of an alternative food that was pre-exposed 

prior to training but which was never previously presented in either training context.  
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The training procedure in Experiment 2.2 incorporated three changes as part of a less 

restrictive design. First, rats were not food-deprived during training. This allowed for CPF 

tests to be conducted more proximally to training. Second, we did not restrict the amount of 

palatable food available in Plus context training sessions. In CPF studies using discrete cues, 

rats typically receive very few rewards in daily training sessions whereas studies using 

contexts have tended to provide a larger but capped amount (e.g. 7g pellets; Petrovich et al., 

2007a, 2007b) or unlimited food (Boggiano et al., 2009). We were interested in the extent to 

which consumption would continue to increase across training and whether the CPF effect 

might be larger following greater training consumption. The third change was that no pre-

feeding was conducted prior to CPF tests. This precluded the possibility that variability or 

group differences in pre-feeding might obscure CPF or complicate the interpretation of 

effects, and allowed a direct assessment of the contexts’ ability to promote consumption of an 

alternative food.  

 

2.2.1. Method 

Subjects 

 Thirty-one female Sprague-Dawley rats were used. At the beginning of the 

experiment mean body weight was 295g (range: 264 – 332g). Animals were previously used 

in unrelated conditioning experiments where discrete cues signalled the delivery of reward 

pellets. Neither the pellets nor the cues were used in the present experiments. Housing 

conditions were as described for Experiment 2.1, except that the colony room was maintained 

on a 12:12h light:dark cycle (lights on 0900 – 2100 hrs) and rats were tested during the light 

cycle. 
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Foods 

Chow and water were available ad-libitum throughout all experimental procedures. 

The palatable foods (PF) paired with the Plus context were selected to provide a variety of 

tastes and textures. Thus, we used Oreo cookies® (Nabisco, USA, 20.33 kJ/g), Banana 

Bread® (Coles, Australia, 13.50 kJ/g), and Burger Rings® (herein ‘Rings’; Smiths, Australia, 

21.93 kJ/g) (see Appendix A). These foods were not pre-exposed prior to training. The test 

food for all rats was Froot Loops (FL), which was familiarised prior to training but never 

paired with the Plus context. 

Design 

The key manipulation was in terms of the number and type of foods that were paired 

with the Plus context. At the start of the experiment rats were randomly assigned to Chow (n 

= 10), Single (n = 11) and Variety (n = 10) groups. For rats in the Single group the Plus 

context was always paired with the same PF, such that four rats received Oreos, three 

received Burger Rings, and four received Banana Bread. For the Variety group the Plus 

context was paired with all 3 PF, with a single PF presented in each Plus session. Variety was 

provided successively rather than simultaneously because the latter scenario would likely 

increase intake relative to the Single group (Rolls et al., 1983; Treit et al., 1983). The order in 

which the 3 PF were presented over days for the Variety group was varied, such that subsets 

received “ABC”, “BCA”, and CAB” orders. Thus, on every Plus training day, all 3 PF were 

provided to similar numbers of rats in Single and Variety groups. We considered this 

important in order to more accurately compare training consumption between groups over 

days. The Chow group underwent identical training and test procedures but received standard 

chow in the Plus context. This assessed the extent to which CPF might be affected by 

nonspecific effects of exposure to PF.  
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Procedure 

Froot Loop familiarisation 

 Several days prior to training, rats were familiarised to the test food, FL. Thirty FL 

were scattered in each home cage, and the experimenter confirmed each rat sampled them. 

On the next day, inspection of the cage bedding confirmed all were eaten. 

Training 

The preparation of the Plus and Minus contexts was as described in Experiment 2.1. 

Daily training sessions were 30-min in length and were held between 1400 and 1600 hrs. For 

20 days rats received intermixed exposures to the Plus and Minus contexts (10 sessions in 

each context, order: MMPMPMPPMPMMPMMPPMPP). Training was longer than in 

Experiment 2.1 in order to increase exposure to the 3 foods for the Variety group. After the 

last training session rats were given a single day of rest in the home cage prior to tests. 

Test 

 The CPF test compared consumption of FL in the Plus and Minus contexts, within-

subjects. Each test was 30 min in length and no pre-feeding was conducted. Intake was not 

measured after 10 and 20 min since these data were not illuminating in Experiment 2.1. Test 

order was counterbalanced and the two test days were separated by a single day of rest in the 

home-cage.  
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2.2.2. Results 

Training 

 Since the training foods differed in energy density, consumption in grams was 

converted to kJ and analysed in a 3 x (10) mixed-ANOVA (group x [session]). Consumption 

in Plus sessions during training is shown in Figure 2.2.1. Single and Variety groups steadily 

increased their intake of PF, while chow consumption in the Chow group remained low. 

These observations were confirmed by a significant linear trend over sessions (F(1, 28) = 

75.99, p < .001), a significant group x session linear interaction trend (F(2, 28) = 21.17, p < 

.001), and a significant main effect of group (F(2, 28) = 25.64, p < .001). Post-hoc pairwise 

comparisons (Tukey HSD correction) showed that the Chow group consumed fewer kJ than 

both Single and Variety groups (both p < .001) but gave no indication that the latter two 

groups differed (p = .93). A separate analysis comparing Single and Variety groups failed to 

find any difference in their rates of increase in consumption (F < 1). 
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Figure 2.2.1. Training consumption in Experiment 2.2. Single and Variety groups steadily 

increased their consumption of PF during Plus training sessions (P) at a similar rate. Chow 

rats ate minimal amounts of lab chow. Intermixed with these Plus sessions were sessions in 

the Minus context (M) where no food was available.  

 

Test 

 Compiled test data are shown in Figure 2.2.2 and were analysed in a 3 x 2 x (2) 

mixed-ANOVA (group x test order x [context]). This analysis found a significant main effect 

of context (F(1, 25) = 5.04, p = .034) and a significant group x context interaction (F(2, 28) = 

4.41, p = .023). There was no main effect of group (F(2, 25) = 1.75, p = .19) or of test order 

(F < 1). The group x test order interaction was significant (F(2, 25) = 3.75, p = .038) but not 

the context x test order or group x context x test order interactions (F(2, 25) = 3.76, p = .064 

and F(2, 25) = 2.53, p = .10, respectively). The context main effect and group x context 

interaction indicated that consumption was greater in the Plus than in the Minus context, but 
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that this effect differed between groups. Analyses of simple effects indicated that the 

difference between consumption in the Plus and Minus contexts was not significant for the 

Chow and Single groups (both F < 1), but that the Variety group ate significantly more in the 

Plus than in the Minus context (F(1, 9) = 11.80, p = .007).  

 

 

Figure 2.2.2. Experiment 2.2 test results. After pairing a Plus context with 1 (Single) or 3 

(Variety) PF, or with chow (Chow), only the Variety group overate FL in this context relative 

to a Minus context paired with no food. **p < .01 refers to the effect of context in the Variety 

group.  

 

2.2.3. Discussion 

 The key result from this experiment was that only the Variety group exhibited CPF 

when an alternative food was tested, by eating significantly more FL in the Plus than in the 

Minus context. This effect was not explained by differences in training consumption, since 

the Single and Variety groups ate substantial and similar amounts of PF during training (see 
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Fig. 2.2.1). Furthermore, all groups were given equivalent pre-exposure to the test food prior 

to test. Therefore, the effect in the Variety group appears to relate to the provision of variety 

in this environment and not simply a history of eating more. Of note, the Plus context did not 

enhance consumption for the Single group, which received the same palatable food in every 

Plus training session. This group was effectively a replication of Experiment 2.1, where all 

rats were trained with a single food, and where no CPF effect was found on an alternative 

food. Therefore, the results are consistent with past CPF studies that have found the effect to 

be specific. The present result extends previous research by indicating that CPF does not 

transfer to an alternative food even when this food is familiar and palatable.  

Finally, there was no CPF effect in the Chow group, which received laboratory chow 

in Plus sessions. With free access to chow in the home cage, Chow rats ate minimally during 

Plus sessions, far less than intake of palatable food by Single and Variety groups. At test, 

however, the Chow group ate ample amounts of Froot Loops in both contexts, with their 

consumption at least as high as other groups’. This may reflect positive contrast, such that the 

availability of a more palatable food at test was highly salient and drove high consumption in 

both contexts (whereas Single and Variety groups were accustomed to such highly palatable 

foods). 

 

2.3. Experiment 2.3: Replication with chow in the Minus context 

The first aim of Experiment 2.3 was to replicate the effect of variety on CPF observed 

in Experiment 2.2. A second aim was to test whether this ‘variety effect’ would transfer to a 

completely novel palatable food. If the variety manipulation facilitated a CPF effect on a 

familiar but not a novel palatable food, this would indicate that prior experience of 

consuming the test food is necessary for the effect. By contrast, observing CPF in the Variety 
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group on a novel food might suggest the effect of the manipulation involved, in part, 

preventing or blunting neophobia toward novel foods. To explore these possibilities, 

Experiment 2.3 first tested for CPF using a familiar food, Froot Loops, and then, after brief 

re-training of the contexts, tested consumption of a novel food in a second set of tests. 

A minor procedural change was implemented after noting that in Experiment 2.2, the 

provision of unrestricted chow in home cages meant that Minus context training sessions 

were the only periods when rats could not eat. Although the training sessions were relatively 

brief, it nonetheless seemed possible that the Minus context may have become a signal for the 

absence of food. This possibility is important because past research indicates that cues or 

contexts paired with the absence of food can promote feeding if food is subsequently made 

available in their presence (Roitman et al., 2001; Galarce & Holland, 2009; Holland, 2014; 

Holland & Hsu, 2014). Consequently, we hypothesised that the absence of food in the Minus 

context during training may have enhanced consumption at test to a greater extent than would 

a more neutral environment. 

A counter-argument to this possibility is the observation that the Chow group ate 

similarly in their (chow-paired) Plus and (empty) Minus contexts at test. However, this group 

only occasionally ate very small amounts of chow in training sessions, suggesting the 

distinction between the Plus and Minus contexts was minimal. By contrast, the absence of 

food in the Minus context during training was likely more salient for Single and Variety 

groups, which came to eat substantial amounts of food in the Plus context. In addition, 

placement in the Minus context followed a sequence of cues – transporting cages from the 

colony to the test room and necessary handling – that also preceded Plus sessions. This 

possibility was easily addressed by providing chow in the Minus context during training. 

Therefore, Experiment 2.3 sought to replicate and extend the results of Experiment 2.2 under 
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conditions where there was now no possibility that the Minus context was associated with the 

absence of food.  

 

2.3.1. Method 

Subjects 

 Forty adult female Sprague-Dawley rats were used. The experimental history of the 

rats and housing conditions were as described in Experiment 2.2 except that the colony room 

was maintained on a reverse cycle dark:light schedule (lights off 0900 – 2100 hrs) and rats 

were tested between 0930 and 1230 hrs each day. At the beginning of the experiment mean 

body weight was 301g (range: 273 – 331g). 

Foods 

The same palatable foods were used as in Experiment 2.2, except for Burger Rings. 

These were replaced with another savoury food, Sausage Roll® (Coles®, 11.1 kJ/g), after 

choice preference tests indicated that this food was more equally matched with Oreos and 

Banana Bread (see Experiment 3.2). As in Experiment 2.2, Test 1 measured consumption of 

FL. The novel palatable food presented in Test 2 was Mini Jam Roll® (Coles®, 11.95 kJ/g).  

Design 

At the beginning of the experiment rats were randomly assigned to Chow (n = 12), 

Single (n = 14), and Variety (n = 14) groups. The preparation of the Plus and Minus contexts 

was as described in Experiment 2.2.  
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Procedure 

Froot Loop familiarisation 

FL were pre-exposed in the home cage as described in Experiment 2.2. 

Training 

Twenty total training sessions were administered (10 exposures each to Plus and 

Minus contexts) in the following order: MPPMPMMPPMMPMMPPMPMP. As described, 

the main methodological change was that chow (15g or 4-5 pellets) was provided in a Petri 

dish in each Minus context session for all groups. Therefore, for the Chow group both “Plus” 

and “Minus” contexts contained chow. Of the 14 rats in the Single group, 5 received Oreos, 5 

received Banana Bread and 4 received Sausage Roll during Plus sessions. The Variety group 

received access to all three foods, one per Plus session, with different sequences of exposure 

used for subsets of rats. 

Tests 

 Test 1 measured FL consumption in the Plus and Minus contexts. After 18 days of 

training, rats remained in their home cages for one day before two CPF tests that were 

separated by a single day of rest. Each test lasted 30-min and no pre-feeding was conducted. 

The order in which contexts were tested was counterbalanced. After the second test day rats 

were left in home cages for a week of rest, and then received a Minus and Plus re-training 

session on consecutive days. For the Plus re-training session, rats in the Variety group 

received their second most-consumed food during training. Then, Test 2 measured 

consumption of the novel food, Jam Roll. The test procedure was identical to Test 1 except 

that the order in which contexts were tested was reversed (rats tested M->P in Test 1 were 

now tested P->M and vice versa). 
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2.3.2. Results 

Training 

 Intakes in kilojoules are displayed in Figure 2.3.1 and were analysed in a 3 x (2) x 

(10) mixed-ANOVA (group x [context] x [session]). Single and Variety groups steadily 

increased their consumption of palatable foods in the Plus context and ate little chow in the 

Minus context. The Chow group ate similarly low amounts of chow in both contexts. These 

observations were supported statistically by significant linear interaction trends between 

session and context (F(1, 37) = 62.84, p < .001) and session, context, and group (F(2, 37) = 

20.78, p < .001). Averaged over sessions, there were significant main effects of context (F(1, 

37) = 250.41, p < .001), group (F(2, 37) = 45.30, p < .001) and a significant interaction 

between context and group (F(2, 37) = 65.24, p < .001). A separate analysis comparing Plus 

context consumption between Single and Variety groups found no significant difference in 

the increase in consumption across sessions (linear interaction trend: F(1, 26) = 1.36, p = .26; 

quadratic interaction trend: F < 1), and no main effect of group (F < 1).  
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Figure 2.3.1. Training consumption in Experiment 2.3. Chow consumption in the Minus 

context is shown in unfilled symbols, while filled symbols show palatable food intake for the 

Single and Variety groups. Only one data series is used for the Chow group since both ‘Plus’ 

and ‘Minus’ contexts contained chow.  

 

Tests 

Consumption in Test 1 (FL) and Test 2 (novel food) is shown in Figure 2.3.2.A and 

2.3.2.B, respectively. These data suggested that a CPF effect was exhibited only by the 

Variety group in both tests. To compare the strength of CPF between groups and across tests, 

compiled data were first analysed in a 3 x 2 x (2) x (2), (group x order x [test] x [context], 

mixed-ANOVA. This analysis revealed a significant interaction between context and group 

(F(2, 34) = 5.57, p = .008) and significant 3-way interactions between test, context and order 

(F(1, 34) = 21.88, p < .001) and between context, order and group (F(2, 34) = 3.94, p = .029). 

A main effect of test (F(1, 34) = 40.89, p < .001), suggested lower consumption in the novel 
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food than familiar food test; however, this appeared to be an artefact of energy density, since 

intakes in grams did not differ between tests (F < 1). No other main or interaction effects 

were significant (largest F(1, 34) = 2.85, p > .10). 

To clarify the nature of the interaction between context and group, separate 2 x 2 x (2) 

ANOVAs assessed the effects of test (familiar or novel food), context, and order for each 

group. The main effect of context was significant for the Variety group (F(1, 12) = 26.30, p < 

.001, but not for the Single or Chow groups (both F < 1.51). Unexpectedly, the 3-way 

interaction between test, context, and order was significant for each group (F(1, 10) = 6.45, p 

= .029; F(1, 12) = 6.49, p = .026; F(1, 12) = 9.61, p = .009, for Chow, Single and Variety 

groups respectively), while the context x order interaction was significant for the Chow group 

(F(1, 10) = 6.23, p = .032) and Variety group (F(1, 12) = 6.71, p = .024). The main effect of 

test was significant within each group (reflecting the lower energy density of the novel food: 

F(1, 10) = 23.69, p = .001; F(1, 12) = 10.39, p = .007; F(1, 12) = 8.81, p = .012 for Chow, 

Single and Variety groups, respectively). No other main or interaction effects were 

significant. 

The interactions involving test order were somewhat difficult to interpret from the 

above analysis, given that this factor identified rats that were tested Minus-Plus for Test 1 and 

Plus-Minus for Test 2 from those that were tested Plus-Minus for Test 1 and Minus-Plus for 

Test 2. The key result was that the context main effect was only significant for the Variety 

group. Therefore, the final analysis consisted of separate (2) x 2 ANOVAs ([context] x test 

order) for the Variety group on Test 1 and Test 2. At Test 1 the main effect of context was 

significant (F(1, 12) = 5.78, p = .033) with no context x order interaction and no main effect 

of order (both F < 1). At Test 2 the main effect of context was significant (F(1, 12) = 13.61, p 

= .003) as well as the context x order interaction (F(1, 12) = 31.86, p < .001) with no main 

effect of order (F(1, 12) = 1.27, p = .28). Inspection of the data indicated that the context x 
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order interaction reflected the tendency for consumption to increase over repeat tests. (This 

was also the case for order interactions within the Single and Chow groups.) Importantly, the 

Plus context significantly enhanced intake only for the Variety group despite the influence of 

test order. 

 

  

Figure 2.3.2. Experiment 2.3 test results. In both tests, only the Variety group ate 

significantly more of a familiar food (Panel A) and a novel food (Panel B) in the Plus context. 

*p < .05; **p < .01 for the effect of context within the Variety group.  

 

2.3.3. Discussion 

 Experiment 2.3 aimed to replicate the effect of variety on CPF when chow was 

provided in Minus context training sessions. This change was made in light of research 

demonstrating that cues signalling the absence of food can stimulate intake when food is 

available. We hypothesised that providing chow in the Minus context during training might 

reduce consumption in this context during CPF tests. Results did not support this prediction: 
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although rats ate appreciable but small quantities of chow during Minus context training 

sessions, consumption in the Minus context in both tests remained substantial. The relatively 

brief duration of training sessions and free access to chow in the home cage were likely to 

make the absence of chow less salient than in previous studies using longer training sessions 

(Roitman et al., 2001) or utilising food deprivation (Galarce & Holland, 2009).  

The results of CPF tests replicated those from Experiment 2.2. When testing a 

familiar food never previously exposed in the contexts, the Plus context enhanced 

consumption only in the Variety group. Consumption was unaffected by context for the 

Single group, despite a similar history of consuming significant amounts of palatable food in 

the Plus context. There was no opportunity to observe CPF in the Chow group, since the two 

training contexts both contained chow and differed only arbitrarily in their decoration. This 

group ate substantial amounts of FL in both contexts in Test 1, mirroring the result from 

Experiment 2.2 and reinforcing the idea that positive contrast contributed to this effect.  

Notably, only the Variety group ate significantly more of a novel food in the Plus 

context in Test 2. This effect emerged despite an interaction with test order that reflected the 

tendency for consumption to increase across repeat tests. These results could suggest that the 

variety manipulation functioned by increasing acceptance of, or reducing neophobia towards, 

novel foods. However, the fact all groups readily ate the novel food suggests that effects of 

neophobia, if any, were confined to the early portion of the test. An alternative possibility is 

that exposure to variety produced a different form of learning within the context, perhaps 

encoding a more general association with eating rather than with the specific features of the 

foods used in training. 

 

 



64 

 

2.4. General discussion   

 The experiments in Chapter 2 tested CPF using a context conditioning protocol 

wherein animals were given access to palatable food within a distinct environment. To test 

CPF we compared consumption of palatable food in this ‘Plus’ context with another distinct 

‘Minus’ context paired with no food. The primary aim was to examine the extent to which 

CPF could extend to foods other than those paired with predictive stimuli during training. 

The first key result is that, for contexts paired with a single food, CPF was specific even 

when the alternative food was familiar and highly palatable. The second and more novel 

finding is that this specificity was overcome when the Plus context was paired with a variety 

of foods.  

Results from the training food test in Experiment 2.1 indicated that our general 

procedure, in terms of the use of contexts as food-paired stimuli and the palatable foods used, 

provided appropriate conditions to observe CPF. No CPF effect was found when an 

alternative palatable food was tested in Experiment 2.1, nor in the Single group in 

Experiments 2.2 and 2.3. The Plus context was associated with consumption of a highly 

palatable food for these rats, but did not potentiate consumption of familiar or novel 

alternative foods. The absence of CPF was not due to neophobia: rats ate ample amounts in 

tests but not in a way that was modulated by their environment. Thus, data from Experiment 

2.1 and the Single groups in Experiments 2.2 and 2.3 are consistent with past research 

showing that CPF is specific when cues are paired with a single food (Petrovich et al., 2007a, 

2007b, 2012; Delamater & Holland, 2008; Galarce et al., 2007).  

The novel result is that this specificity was overcome when the Plus context was 

associated with multiple foods. The current study is the first, to our knowledge, to confine 

exposure to variety to a distinct context and to test the ability of this context to potentiate 
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feeding. The most likely process underlying this ‘variety effect’ is generalisation: the range of 

tastes and textures provided by the three foods encoded a broader representation of food 

reward to the context. This allowed the association formed with the Plus context to generalise 

to the test scenario, facilitating consumption of alternative foods for the Variety group. By 

contrast, the Single group’s exposure to the same food throughout training may have 

conditioned a stronger specific association with the context that rendered the presentation of 

an alternative food at test more surprising.  

In the present experiments, variety was spaced such that one food was provided per 

Plus session. This was in order to avoid a difference in consumption that likely would have 

emerged had the Variety group received access to three foods simultaneously, as shown in 

much past work (Rolls et al., 1981, 1983; Raynor & Epstein, 2001). Consequently, Single and 

Variety groups did not differ significantly in the rate of increase or in average consumption 

during training. This appears to rule out the possibility that the CPF effect in the Variety 

group was explained by differences in conditioned satiety with the Plus context (Booth, 1972) 

or other factors arising from one group simply eating more in training. Other data indicates 

that variety can promote overeating by weakening associations between flavours and their 

post-ingestive consequences (Martin, 2016; Hardman, Ferriday, Kyle, Rogers, & Brunstrom, 

2015). However, compromised flavour-nutrient learning would not appear to explain the 

present data, since rats were exposed to FL prior to the variety manipulation. Additionally, 

rats were not food-deprived for training, suggesting that consumption of the palatable foods 

in the Plus context was driven more by their palatability than by a need to relieve hunger.  

The lack of an effect of variety on training intake is interesting to compare with a rat 

study in which instrumental responding was higher when it was rewarded by both sucrose 

and grain pellets than only with sucrose pellets (Thrailkill et al., 2014). Of interest, this 

‘variety effect’ emerged in rats trained on random-interval (RI)-3 or RI-6 schedules, but not 
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when RI-12 and RI-24 schedules were used. An earlier study from this group reported that no 

variety effect was found when variety was given between, rather than within, sessions 

(Bouton et al., 2013, Experiment 2). These findings are consistent with the present results, 

where variety was provided between sessions separated by 24-72 hours, and produced 

comparable consumption relative to animals receiving the same food. They also suggest that 

providing simultaneous variety might produce larger effects, although as described, the likely 

increase in training intake might necessitate additional control groups.  

Finally, consumption in CPF tests may have been influenced by incentive contrast 

between the training and test foods (e.g. Flaherty & Largen, 1975). This is most strongly 

suggested by comparing the Chow and Single groups in Experiments 2.2 and 2.3. Though 

neither group exhibited CPF, intake by the Chow group appeared higher overall than by the 

Single group. This would appear to be explained by the simple fact that FL were more 

palatable than the chow provided to the Chow group (positive contrast) and less palatable for 

the Single group (negative contrast). For the Variety group, Froot Loops were unexpected, but 

with prior exposure to multiple foods in this environment, negative contrast was reduced and 

the generally excitatory properties of the context drove further consumption. This idea is 

explored further in coming chapters. 
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Chapter 3: The role of individual differences in CPF 

3.0. Introduction 

The general aim of the experiments in Chapter 3 was to continue to explore properties 

of the ‘variety effect’ described in Chapter 2. Thus, under what conditions do contexts paired 

with palatable food enhance consumption of various other foods? To this end, the same 

general method was retained: training consisted of intermixed exposures to a Plus context 

containing palatable food or chow and to a Minus context containing no food, prior to CPF 

tests measuring consumption in each environment. The first two experiments in Chapter 3 

tested CPF when the test food was chow (Experiment 3.1) and when preferences for the 

training and test foods were identified for each rat (Experiment 3.2). The third experiment 

used a larger sample of animals and focused on the transfer of an alternative and familiar 

palatable food, Froot Loops (Experiment 3.3).  

Experiments also sought to identify whether individual differences in eating 

behaviour would correlate with the strength of the CPF effect. This aim was generated by the 

observation that despite the significant group differences reported in Chapter 2, CPF was 

often variable within each group. Animal models of diet and obesity have demonstrated the 

importance of individual differences on a range of measures. For example, while obesity-

prone animals rapidly gain weight when fed a high-fat, high-sugar diet, their obesity-resistant 

counterparts weigh no more than controls (Levin, Dunn-Meynell, Balkan, & Keesey, 1997). 

This phenotype extends beyond body weight: obesity-prone rats have been shown to exhibit 

greater anxiety and higher craving for food when their high-fat, high-sugar diet is removed 

(Pickering, Alsio, Hulting, & Schioth, 2009). Additionally, rats’ approach behaviour toward a 

sucrose-paired cue prior to an obesogenic diet can predict body weight gain (i.e., differentiate 

prone and resistant rats; Robinson et al., 2015). Similarly, studies of sign- versus goal-
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tracking use individual differences to classify rats as the former or the latter, according to 

whether the presentation of a food cue elicits approach toward the location of food (goal-

trackers) or toward the cue itself (sign-trackers) (Boakes, 1977; Flagel, Watson, Akil, & 

Robinson, 2008).  

In what appears to be the only study to examine individual differences in the study of 

CPF, Boggiano et al. (2009) reported that ‘binge-prone’ and ‘binge-resistant’ animals showed 

similar degrees of overeating in a palatable food-paired environment. This classification was 

based on animals’ consumption of Oreo cookies in the home-cage prior to training. The 

present experiments adopted a similar approach by measuring baseline palatable food 

consumption prior to context conditioning. To do this we exploited the fact that our current 

protocol already involved familiarising rats to the test food, FL. While in Chapter 2 this 

familiarisation was done only once in the home-cage, experiments in Chapter 3 added 

individual consumption tests to provide an index of baseline FL intake, which was then 

compared with the CPF effect.  

The intuitively most likely outcome was that rats with a high baseline intake of FL 

would exhibit a larger CPF effect. Alternatively, the propensity for these rats to eat more 

might work against a CPF effect if their consumption was higher in both Plus and Minus 

contexts at test. A second variable where a relationship with CPF was examined was the 

amount of food consumed in the Plus context during training. Some variability in this 

measure was observed in Chapter 2, and we reasoned that consuming larger amounts of food 

in the Plus context might encode a stronger association with eating, and elicit greater 

consumption at test. Alternatively, greater consumption might reduce attention toward 

elements of the context to weaken conditioning. 
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Therefore, experiments in Chapter 3 examined correlations between baseline FL 

intake, training consumption, and the CPF effect. Several features of the data analyses are 

important to note. First, in order to perform these correlations, CPF was expressed as the 

proportion of total intake at test eaten in the Plus context, i.e. Proportion = Plus / (Plus + 

Minus), such that values above 0.5 indicated greater consumption in the Plus context. 

Expressing CPF as a proportion rather than absolute intake in the Plus context ensured 

correlations would reflect the strength of CPF rather than the simple tendency for some rats 

to eat more than others. Second, nonparametric Spearman’s correlations were used for all 

analyses, since baseline FL consumption was often not normally distributed (as described 

below) and because we did not necessarily hypothesise linear correlations. Third, a 

correlational approach was chosen because it seemed to better reflect the spread of the data. 

For example, initial analyses explored categorical methods that identified sub-groups of rats 

based on baseline FL consumption; however, these appeared arbitrary when tertiles (or other 

equal-n divisions) were formed. When more rigorous methods of categorisation were used 

(e.g. k-means clustering), the resulting groups were often too unequal in terms of group size 

or variance to be compared statistically.  

 

3.1. Experiment 3.1: The variety effect does not transfer to chow  

The primary aim of this experiment was to test whether the effect of the variety 

manipulation described in Chapter 2 would transfer to a familiar but less palatable food, 

chow. Thus, after context conditioning for Chow, Single, and Variety groups, the first CPF 

test measured chow consumption in the Plus and Minus contexts. A second CPF test then 

measured consumption of a palatable alternative food, Froot Loops (FL). The second aim was 

to assess whether the CPF effect on this latter test could be predicted by baseline intake of 
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FL, measured prior to training. To this end, rats were familiarised to FL first in the home-

cage (like Chapter 2), and then in an individual 30-min consumption test.  

 

3.1.1. Method 

Subjects 

Twenty-four female adult Hooded Wistar rats were used. At the start of the 

experiment mean body weight was 262g (range 234 – 287g). As in Experiments 2.2 and 2.3, 

rats had previously been used in a Pavlovian conditioning experiment in which discrete cues 

predicted delivery of a food pellet to a magazine. Neither the pellets nor the cues were used in 

the present experiment. Rats were group-housed (n = 6/cage) in a temperature- and humidity-

controlled room with free access to chow and water throughout all procedures. The colony 

room was maintained on a standard 12:12 light:dark cycle (lights on at 0900h); training and 

testing occurred between 0900 and 1200 hrs each day. 

Apparatus 

 The preparation of the contexts was as described in Chapter 2. Baseline FL 

consumption was measured in the pre-feeding chambers described in Experiment 2.1, which 

were located in a separate room to where training took place. 

Procedure 

Baseline FL intake 

On Day 1 rats were familiarised to FL in home cages. FL (~32/cage) were scattered in 

the cage bedding and observation confirmed they were sampled by each rat within a 15-min 

period. On Day 2 a 30-min consumption test was held in individual feeding cages where 25 

FL were available in a Petri dish. Consumption in this session was taken as the measure of 
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baseline FL intake. Subsequently, rats were assigned to Chow, Single, or Variety groups 

(each n = 8) that were matched on this measure and on body weight. 

Training 

The 18-day training phase began 6 days later, and consisted of nine 30-min exposures 

each to the Plus and Minus contexts, intermixed such that rats were not in the same context 

on more than two consecutive days. All rats were trained with the same sequence of Plus and 

Minus sessions (order MPPMPMPMMPMPMMPPMP). Rats were trained in three 8-rat 

squads, each containing rats from the three groups. In the Plus context, the Chow group 

received standard chow and the Single group received either Oreos (n = 3), Banana Bread (n 

= 3), or Burger Rings (n = 2), as described in Experiment 2.2. The Variety group (n =8) was 

exposed to all three of these foods in a cycled, counterbalanced order.  

CPF Tests 

After the 18th training session rats remained in home cages for four days with free 

access to chow and water. Next, Test 1 measured chow consumption in the Plus and Minus 

contexts on consecutive days. The order in which the contexts were tested was 

counterbalanced within each group. In each 30-min test, 20g of chow was presented in a glass 

Petri dish. Two days after Test 1, rats received six re-training sessions (3 Plus and 3 Minus 

sessions; order: MMPPMP). After a day of rest in the home-cage, Test 2 assessed 

consumption of FL. Once again, test order was counterbalanced and tests were held on 

consecutive days. On these tests, 25 FL were available in a Petri dish.  
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3.1.2. Results 

 One rat in the Chow group developed abdominal cysts during training and was 

euthanised. Its data were excluded from analyses.  

Baseline FL intake  

 As shown in Figure 3.1.1, during the 30-min consumption test rats ate on average 2.20 

± .26g [SEM]; or 7 to 8 Froot Loops. There was no evidence that any one colour/flavour 

(Green, Yellow, Orange, Purple or Red) was systematically preferred or avoided. The 

Shapiro-Wilk test for normality was marginally significant (W = .92, p = .073).  

 

 

Figure 3.1.1. Baseline FL intake in Experiment 3.1. Consumption by individual animals in a 

30-min test.  
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Training  

 Food intake during training is shown in Figure 3.1.2. Since foods differed in energy 

density, consumption in grams was converted to kJ for presentation and analyses. A 3 x (9) 

(group x [session]) mixed-ANOVA showed a significant increase in consumption over 

sessions (linear trend: F(1, 20) = 48.30, p < .001) that differed significantly between groups 

(group x session linear interaction trend: F(2, 20) = 12.33, p < .001). This reflected the 

increase in palatable food consumption by Single and Variety groups and the consistently low 

chow intakes in the Chow group. On average, the Chow group ate significantly less than the 

Single and Variety groups (Tukey post-hoc, both p < .001), which did not differ from each 

other (p = .59). A separate analysis of the two latter groups indicated that the rate of increase 

over sessions did not differ (F < 1).  

Consumption during re-training was analysed in a 3 x (3) (group x [session]) mixed-

ANOVA. This analysis found no significant trend over sessions and no group x session 

interaction trends (all F < 1), but a significant main effect of group (F(2, 20) = 24.10, p < 

.001). As in initial training, the Chow group ate significantly less than both Single and Variety 

groups (both p < .001; Tukey post-hoc) with no significant difference between the latter 

groups (p = .99). 
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Figure 3.1.2. Training consumption in Experiment 3.1. In Plus sessions, Single and Variety 

groups steadily increased their intake of palatable foods at a comparable rate, while the Chow 

group ate minimal amounts of chow. T1 = Test 1 (chow); T2 = Test 2 (FL).  

 

Test 1: Chow 

 Compiled data from Test 1 are shown in Figure 3.1.3.A. Statistical analysis of these 

data was precluded by a floor effect: most rats (16/23) ate nothing in either context. The other 

seven rats (2 Chow, 2 Single, 3 Variety) ate an average of 0.45g in the Plus test and 0.61g in 

the Minus test.  
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Test 2: FL 

 Compiled data from the second CPF test, when FL were available, are displayed in 

Figure 3.1.3.B and were analysed in a 3 x 2 x (2) mixed-ANOVA (group x test order x 

[context]). This analysis found no significant main effect of context, no context x group 

interaction, and no main effect of group (all F < 1). However, there was a significant context 

x test order interaction (F(1, 17) = 33.66, p < .001). The main effect of test order and the 

group x test order interaction were marginally significant (F(1, 17) = 4.15, p = .057 and F(2, 

17) = 3.08, p = .072, respectively). The main effect of test order suggested that overall, rats 

tested Plus-> Minus ate more than rats tested Minus->Plus. Inspection of the data indicated 

that the interactions involving test order were driven by the tendency for rats to eat more on 

their second test, regardless of which context was tested. To confirm this, separate 3 x [2] 

ANOVAs were run for the two test order cohorts. These analyses found that while rats tested 

Minus->Plus ate significantly more in their second (Plus) test (context main effect: F(1, 9) = 

11.69, p = .008), rats tested Plus->Minus also ate significantly more on their second test in 

the Minus context (F(1, 8) = 56.47, p < .001). 

 



77 

 

 

Figure 3.1.3. Experiment 3.1 test results. Panel A: consumption in both contexts was minimal 

when chow was the test food. Panel B: no overall CPF effect and no group differences were 

found when a palatable alternative food, FL, was tested (see text for details). 

 

Correlations with CPF  

  As described above, Spearman’s nonparametric correlations assessed the 

relationships between baseline FL intake, training consumption, and the CPF proportion 

measure. The correlations of the former two variables with CPF are displayed in Figure 3.1.4. 

Overall, no correlations between either baseline FL intake and CPF (Panel A: rs = .17, n = 23, 

p = .44), between training intake and CPF (Panel B: rs = -0.02, n = 23, p = .94) or between 

baseline FL intake and training consumption (rs = -0.06, n = 23, p = .79) were detected. These 

relationships were then explored within each of the three groups. The only significant result 

from these analyses was a positive correlation between baseline FL and training intakes 
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within the Chow group (rs = 1, n = 7, p < .001), indicating that each rat’s rank for training 

intake corresponded perfectly to that for baseline FL intake. Otherwise, no significant 

correlations were found for the Single or Variety groups (largest rs = .52, n = 8, p = .18). 

 

 

Figure 3.1.4. Correlational analyses in Experiment 3.1. Panel A: baseline FL intake did not 

correlate significantly with CPF on Test 2 overall, nor for any group individually. Panel B: 

Training consumption did not correlate significantly with CPF in Test 2 (see text for details). 

 

3.1.3. Discussion 

 The first aim of this experiment was to test whether the variety effect observed in 

Chapter 2 would transfer to a familiar but less palatable alternative, chow. The all but 

complete absence of consumption in Test 1 indicated clearly that this was not the case. The 

few rats that ate any chow at all in this test came equally from the 3 groups, and their 

consumption was unaffected by context. That non-deprived rats did not eat chow in an 

environment previously containing far more palatable foods is perhaps unsurprising, but was 
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important to test given the effect of the variety manipulation in Chapter 2. It is also consistent 

with past CPF studies that have failed to show CPF when chow is the test food (Petrovich et 

al., 2007a, 2007b, 2012).  

 Subsequently, rats were re-trained and then CPF tests were repeated with Froot Loops 

as the now palatable alternative food. Surprisingly, no CPF effect in the Variety group was 

found, unlike in the experiments reported in Chapter 2. One possibility is degradation of the 

Plus context from Test 1, where the Plus context test (containing chow) was effectively an 

extinction session, since few rats ate. However, this should have been outweighed by the 

three subsequent Plus re-training sessions, in which rats continued to eat large amounts of 

palatable food. As in previous experiments, rats ate more FL on the second test than the first, 

yielding interaction and main effects involving test order. However, in the present experiment 

the increase from the first to the second test day cancelled out context effects, whereas in past 

experiments the effect of context prevailed in the Variety group. A speculative reason for 

why test order had stronger effects in the present experiment is that the two FL tests were 

held on consecutive days, not with a single day of rest as in Chapter 2.  

 The failure to observe CPF at the group level is likely to have undermined attempts to 

explore individual differences in the effect. CPF did not correlate with baseline FL intake or 

with average consumption during Plus context training sessions. Two limitations are worth 

noting, however. First, with only 23 animals, the present study was likely underpowered to 

detect significant correlations. Additionally, these associations were explored as a secondary 

aim, and were tested over and above between-group differences in terms of conditioning 

training (Chow/Single/Variety) and test order counterbalancing, which demonstrably affected 

test results.  

 



80 

 

3.2. Experiment 3.2. CPF after assessing preferences for the training foods  

  The first aim of Experiment 3.2 was to compare preferences for the three palatable 

foods used in training. Evaluating preferences for each animal ensured that rats in the Single 

group could be presented with a preferred food in Plus context training sessions that were 

held subsequently. This was unlike previous experiments, where foods were assigned 

arbitrarily. Although rats in the Single group ate substantial amounts during training, we 

reasoned that identifying preferences prior to conditioning might reduce variability in this 

group and, potentially, enhance the CPF effect. As in Experiment 3.1, measures of baseline 

FL intake were taken prior to training, in the form of three days of individual consumption 

tests. Three sessions (rather than one) were used to yield a more reliable estimate of 

individual variability, given that consumption in a single session might vary due to other 

factors, such as anxiety. As well as baseline FL intake, Experiment 3.2 tested rats’ preference 

for the training food versus the test food, FL. Correlations between this preference index and 

the CPF effect were also explored to assess whether contrast between the two foods would 

relate to the ability of the context to promote eating of the alternative food. For example, a 

food eaten in relatively small amounts during training might still be preferred to FL; 

conversely, a food less preferred than FL might still be eaten in large quantities. Correlations 

allowed for these possibilities to be evaluated. 

 

3.2.1. Method 

Subjects 

 Twenty-four adult female Sprague-Dawley rats were used. Their experimental history 

and housing conditions were as described in Experiment 3.1, except that rats were housed 4 

(rather than 6) per cage. Mean body weight was 277g (range 253 – 339g) at the beginning of 
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the experiment. Rats had ad-libitum access to chow and water throughout all experimental 

procedures.  

Apparatus 

 The preparation of the contexts was as described previously in Chapter 2. The pre-

feeding chambers were those described in Experiment 2.1. 

Procedure 

Baseline Froot Loop (FL) intake 

 Rats were familiarised to FL in three 30-min individual feeding tests held on 

consecutive days in the pre-feeding chambers. Twenty FL were provided in a glass Petri dish 

in each session. Consumption was summed over the 3 sessions to establish a measure of 

baseline FL intake. 

Training food preference tests 

 Two days after baseline FL testing, rats were familiarised with the foods used in 

training. Thus, 2 Oreos, 10 Burger Rings and 10g Banana Bread were distributed in each 

home cage. Rats ate these foods readily and no traces were left on the following morning. 

Over the next three days, rats’ relative preferences for these foods were measured in three 30-

min choice preference tests. On each test, rats were placed in the pre-feeding chambers with 

two of the foods presented in separate Petri dishes 10 cm apart. The order of these tests (i.e., 

Oreos vs. Rings; Oreos vs. Banana Bread; Banana Bread vs. Rings) was counterbalanced. As 

outlined below, these tests found that Rings were the least preferred food for most rats. 

Therefore, on the afternoon of the third preference test, rats were pre-exposed to another 

savoury palatable food, Sausage Roll (Coles®; 11.1 kJ/g, see Appendix A), followed by two 

additional preference tests comparing consumption of this food to Oreos and to Banana 
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Bread. The order of these two 30-min tests was counterbalanced. Rats were then allocated to 

Chow, Single, and Variety groups (each n = 8) that did not differ significantly in baseline FL 

intake or body weight (F < 1; one-way ANOVAs).  

Training 

Context conditioning consisted of nine exposures each to the Plus and Minus 

contexts. A massed training procedure was used in which rats were exposed to both Plus and 

Minus contexts each day in two separate sessions beginning at 1000 and 1300 hrs, 

respectively. For half the rats, the Plus context was always exposed in the morning and the 

Minus context in the afternoon; the other rats received the reverse configuration. Therefore, 

time of day served as an additional contextual cue, and training was shortened to 9 days. The 

Plus context contained chow for the Chow group, while the Single group received their 

second-preferred food as determined by the second set of preference tests (3 Sausage roll, 3 

Banana Bread, 2 Oreos). We opted not to provide the most-preferred food so that the Single 

and Variety group would be better matched. The Variety group received cycling access to 

Banana Bread, Oreos, and Sausage roll, with different orders used for subsets of rats.  

Tests 

 Rats were rested for one day after the completion of training. Tests 1 and 2 used a 

procedure in which rats were pre-fed FL for 10-min immediately prior to a 20-min test in the 

Plus or Minus context. For both Test 1 and Test 2, the first test session was held in the 

afternoon and, after a day of rest, the second test was held the following morning. This was in 

keeping with the timing of training sessions and ensured that test order was counterbalanced.  

Rats then received three days of re-training, consisting of three exposures each to Plus 

and Minus contexts. Since data from Tests 1 and 2 were highly variable, no pre-feeding was 

conducted in Tests 3 and 4, which compared consumption of FL (Test 3) and the training 
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foods (Test 4) in 20-min tests. The procedure was otherwise identical to Tests 1 and 2. For 

the training food test, the Chow and Variety group were presented with their second-preferred 

training food, based on preference test results. 

Preference test 

Finally, rats received a 30-min choice preference test in pre-feeding chambers 

between FL and one of the palatable foods presented in the Plus context during training. The 

purpose of this test was to assess whether variability in CPF for the Variety and Single groups 

might be explained by the relative palatability of FL to the food/s paired with the Plus 

context. Given the Variety group received three foods in the Plus context, this group received 

their second-preferred palatable food as identified prior to training, a food to which they had 

received seven-to-eight exposures at the time of test. The Single group had received fifteen 

exposures to their food, whereas all rats had received nine exposures to FL across three 

baseline tests and six CPF tests. Therefore, although exposure to the foods was not matched 

perfectly, both FL and the comparison palatable food were familiar at the time of the test. 

The Chow group was not of central interest for this analysis but was included and also 

received their second-preferred food (which had been exposed 2-4 times previously). In total, 

nine rats received Sausage Roll, seven received Banana Bread and eight received Oreos. A 

preference was calculated by expressing the percentage of total intake (in grams) consumed 

of palatable food; i.e. preference = [g palatable food]/[g palatable food + g Froot Loops]*100. 
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3.2.2. Results 

Baseline FL intake 

 The total consumption of FL in the three pre-exposure sessions was 5.09 ± .38g 

[SEM]; these data are shown in Figure 3.2.1. The Shapiro-Wilk test for normality was not 

significant (W = .96, p = .41).  

 

 

Figure 3.2.1. Baseline FL intake in Experiment 3.2. Total consumption in three 30-min 

sessions is shown. Bars denote consumption by individual rats. 

 

Palatable food preference tests 

 Preferences were evaluated in each choice test by comparing the weight of each food 

eaten. Although the foods differed in energy density, calculating preferences in grams and in 

kJ yielded the same result in 71 out of 72 tests (24 rats x 3 tests). The first set of tests 

comparing Banana Bread, Oreos and Rings found that the latter were clearly less preferred 
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than both Oreos (by 21/24 rats) and Banana Bread (by all 24 rats). Most rats preferred 

Banana Bread to Oreos (20/24 rats). When consumption across the three preference tests was 

summed, rats ate 49.3 ± 2.5% [SEM] of food as Banana Bread; 34.1 ± 2.8% as Oreos and 

16.6 ± 1.8% as Rings.  

The second set of preference tests compared consumption of Sausage roll to Banana 

Bread and Oreos in two separate tests, with order counterbalanced. Banana Bread was 

preferred to Sausage roll by a majority of rats (17/24) but 13/24 rats preferred Sausage roll to 

Oreos. By incorporating rats’ preference for Banana Bread vs. Oreos in the initial set of 

preference tests, it could be determined that Banana Bread was the most-preferred, middle-

preferred and least-preferred food for 15, 8, and 1 rat, respectively. Oreos were the most-

preferred food for 4 rats, the middle-preferred food for 7 rats, and the least-preferred for 13 

rats. Sausage roll was the most-preferred food for 5 rats, the middle-preferred food for 9 rats, 

and the least-preferred food for 10 rats. Because Sausage roll was clearly a more equivalent 

alternative, it was retained alongside Banana Bread and Oreos for context conditioning.  

Training 

 Training consumption in the Plus context is shown in Figure 3.2.2 and was analysed 

in a 3 x (9) (group x [session]) mixed-ANOVA. This analysis found no linear or quadratic 

changes in intake over sessions (both F < 1) and no group x session linear interaction trend (F 

< 1). However, the group main effect was significant (F(2, 21) = 42.87, p < .001). Pairwise 

comparisons using the Tukey HSD correction found that consumption was significantly 

higher in the Variety and Single groups than in the Chow group (both p < .001), and did not 

differ significantly from each other (p = .99). The most likely reason for the relatively flat 

gradient appears to be rats’ exposure to the palatable foods during pre-training preference 

tests. Therefore, foods were familiar and readily eaten from the first training day. 
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Figure 3.2.2. Training consumption in Experiment 3.2. Unlike previous experiments, 

consumption remained stable over sessions. 

 

Tests 

 Results of the four CPF tests are displayed in Figure 3.2.3. Consumption in the Plus 

and Minus contexts at each test was analysed in 3 x 2 x (2) mixed-ANOVAs (group x test 

order x [context]).  

Test 1: 10-min pre-feed (individual cages)  20-min context test (Figure 3.2.3.A) 

 Consumption of FL in pre-feeding did not differ according to group, test order, 

context, or any of their interactions (largest F(2, 18) = 1.68, p = .22). Analysis of 

consumption in the contexts found no main effect of context, no group x context interaction, 

and no other significant interaction effects (largest F(1, 18) = 1.90, p = .19). 
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Test 2: 10-min pre-feed (home cage)  20-min context test (Figure 3.2.3.B) 

 Since in Test 2 rats were pre-fed in the home cage, and rats were not housed in 

condition-matched cages, pre-feeding consumption of FL could not be compared between 

groups. However, rats ate considerably more in the 10-min pre-feeding period of Test 2 

compared to the Test 1 pre-feeding conducted in feeding cages (compare Panels A and B of 

Fig. 3.2.3.B). This appeared to excessively suppress consumption in the contexts. Analysis 

found no main effect of context and no interactions with group or test order (all F < 1). The 

main effect of group was marginally significant (F(2, 18) = 3.21, p = .064) and the main 

effect of test order was significant (F(1, 18) = 5.37, p = .033). This latter result reflected 

greater overall intake by rats tested in the Plus->Minus sequence than those tested Minus-

>Plus.  

Test 3: 20-min context test with FL (Figure 3.2.3.C) 

 Test 3 omitted pre-feeding, since this manipulation appeared to hamper rather than 

improve the sensitivity of the test. Consequently, consumption in the contexts increased 

substantially relative to Tests 1 and 2. However, analysis found no significant main or 

interaction effects (largest F(2, 18) = 2.03, p = .16). 

Test 4: 20-min context test with training food (Figure 3.2.3.D) 

 Analysis found no significant main of context (F < 1), no context x group interaction 

(F(2, 18) = 2.37, p = .12) but a significant context x test order interaction (F(2, 18) = 6.44, p 

= .021). No other main or interaction effects were significant (largest F(1, 18) = 2.07, p = 

.17). The context x test order interaction was driven by increasing consumption over tests, 

such that rats tested Minus->Plus tended to eat more in the Plus context while those tested 

Plus->Minus context did the reverse. 
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Figure 3.2.3. Experiment 3.2 test results. Pre-feeding did not yield a CPF effect in Test 1 (Panel A) or Test 2 

(Panel B), when animals were pre-fed in the home cage. CPF was not observed when pre-feeding was 

omitted in Test 3 (Panel C), or when the training foods were tested (Panel D). N.B. On Test 4 the Chow and 

Variety group were presented with their middle-preferred palatable food as determined by the pre-training 

preference tests. 
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Correlations with CPF  

 Correlational analyses used data from Test 3, since test conditions were most 

comparable to earlier experiments. Baseline FL intake and CPF, shown in Figure 3.2.4.A, did 

not correlate significantly overall (rs = .26, n = 24, p = .23), nor for any group individually 

(Chow: rs = -0.67, n = 8, p = .071; Single: rs = .31, n = 8, p = .46; Variety: rs = .24, n = 8, p = 

.57). Training consumption and CPF, shown in Figure 3.2.4.B, did not correlate significantly 

overall (rs = .31, n = 24, p = .15), nor for the Chow (rs = .14, n = 8, p = .74) or Single groups 

(rs = -0.29, n = 8, p = .49). However, for the Variety group, CPF was stronger in rats with 

higher training intakes (rs = .79, n = 8, p = .021). Baseline FL intake and training 

consumption did not correlate significantly overall nor for any group individually (largest rs = 

.64, n = 8, p = .09, for Single group). 

 

 

Figure 3.2.4. Correlational analyses in Experiment 3.2. Panel A: CPF did not correlate with 

baseline FL intake. Panel B: training intake and CPF correlated positively for the Variety 

group solid trendline) but not for other groups. 
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Preference for the training food versus FL 

 A surprising result was the failure to detect CPF across multiple tests. In addition, the 

correlational analyses described above found no evidence of a relationship between the two 

measures of eating behaviour that were hypothesised to account for some variability in the 

effect. Therefore, we next hypothesised that rather than evaluating measures of absolute 

consumption (baseline FL and training consumption), what might influence CPF is the extent 

to which rats preferred the alternative test food to the expected training food. This was the 

purpose of the preference test described earlier.  

Most rats in the Single (7/8) and Variety (6/8) groups ate more of their training food 

than FL in this test. These preferences (preference = [g training food] / [g training food + g 

FL] x 100) are displayed in Figure 3.2.5.A. One-sample t-tests confirmed that each group’s 

mean preference was significantly greater than 50% (Single: t(7) = 2.92, p = .022; Variety: 

t(7) = 3.54, p = .009) with no significant difference between groups (F < 1). In this test the 

Chow group were presented with their middle-preferred palatable food from preference tests. 

Although 6/8 rats in this group ate more of this food than of FL, mean preference did not 

differ significantly from 50% (t(7) = 1.87, p = .10). 

 As shown in Figure 3.2.5.B, we next assessed whether preference for the training food 

over FL was associated with CPF for Single and Variety groups, since these rats received 

palatable food in the Plus context. Higher preferences for the training food over FL were 

associated with a weaker CPF effect in Test 3 (rs = -0.64, n = 16, p = .007). This correlation 

was in the same direction for both Single and Variety groups, but was only statistically 

significant in the latter (Variety group: rs = -0.71, n = 8, p = .047; Single group: rs = -0.57, n = 

8, p = .14), a result that likely reflects low statistical power. 
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Figure 3.2.5. Preference test results in Experiment 3.2. Panel A: Both Single and Variety 

groups exhibited a significant preference for the training food. The Variety group received 

their middle-preferred food for this test. Panel B: Greater preference for the training food 

over FL was associated with a weaker CPF effect in Test 3. *p < .05; **p < .01, one-sample 

t-tests with 50% as the reference value. 

 

3.2.3. Discussion 

 Experiment 3.2 began with a series of tests assessing preferences for the palatable 

foods to be used in training. These preference tests had two effects. First, they identified that 

Rings were relatively less preferred to the other foods, leading to the substitution of a more 

equally preferred alternative. Importantly, this would not appear to undermine the results of 

prior experiments using Rings (Experiments 2.2 and 3.1), since inspection of those data 

indicated that subsets fed Rings still escalated intake over training and ate substantially more 

than rats fed chow (see Appendix B). The second consequence was that they allowed for 

individual preferences to be established. This was most relevant for the Single group, since it 

could now be ensured that this group did not received a less-preferred food during training, a 

possibility that was not controlled in previous experiments.  
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Although preference tests were informative for identifying differences in relative 

palatability and ensuring the Single group was trained with a relatively preferred food, they 

appeared to abolish the CPF effect. Thus, multiple exposures to the palatable foods in a 

distinct environment (the pre-feeding cages) may have undermined the salience of the 

intended discrimination between Plus and Minus contexts that was trained subsequently. 

Indeed, training data differed notably from past experiments in that consumption by Single 

and Variety groups did not increase over sessions, but instead remained stable at a level 

around half that seen in Experiment 3.1 (~50 vs. ~100 kJ/rat/day), which used rats of 

comparable size. The fact that consumption was high on the first training session is likely to 

reflect rats’ previous exposure to the foods. By contrast, the failure to further increase 

consumption over training might relate to the shift to twice-daily training, such that rats now 

received palatable food at a predictable time every 24-h and not in an unpredictable fashion 

every 24-72 hrs as in previous experiments. Some support for this idea comes from a study in 

which rats given access to sucrose solution every fourth day consumed significantly more per 

day than those given unrestricted access (Eikelboom & Hewitt, 2016).  

Although there was again little evidence to suggest that CPF was predicted by 

baseline FL consumption or training intake, a preference test between the training food and 

FL yielded two notable results. The first was that Single and Variety groups exhibited a clear 

preference for the training food over FL. This test occurred in an environment where both 

foods had previously been eaten multiple times, suggesting that consumption was unlikely to 

have been affected by contextual influences. In addition, the number of prior exposures to the 

training food and FL was approximately equal – if not matched perfectly. Therefore, these 

data indicate that the presentation of FL at test marked a shift to a less preferred alternative, 

albeit one that was still eaten readily. The second key result was that the extent of this 

preference meaningfully related to CPF for groups (Single and Variety) trained with palatable 
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food. Thus, preference for the training food correlated negatively with CPF on Test 3 for 

these groups, such that rats that more strongly preferred their training food to FL tended to 

consume a lower proportion of FL in the Plus context. Put differently, rats that exhibited a 

stronger CPF effect on FL tended to more equally prefer FL to their training food. Together, 

these results indicate that the relative palatability of the training and test foods is an important 

determinant of CPF.  

 

3.3. Experiment 3.3: Compensation during training   

Given that the procedural changes implemented in Experiments 3.1 and 3.2 appeared 

to undermine the CPF effect, Experiment 3.3 reverted to a simpler design. The main change 

was that the Chow group was omitted, given data from this group had proven relatively 

uninformative, thus providing a more focused comparison between the Single and Variety 

groups. In addition, a larger sample was used to increase statistical power for correlational 

analyses. Another question addressed was the extent to which rats compensated for the 

palatable foods eaten in the Plus context training sessions by reducing their intake of chow in 

the home-cage. An inability to proportionately reduce chow consumption – i.e. inadequate 

compensation – would suggest that chronic exposure to food cues increases longer-term 

energy intake. Analysis of this was precluded in prior experiments because rats given 

palatable food (Single and Variety groups) were mixed in home cages also containing Chow 

animals that never received palatable food. In addition, the number of cages per experiment 

(4-6) was insufficient for statistical analysis. By focusing on Single and Variety groups within 

a larger experiment, each of these limitations were overcome. Thus, we measured chow 

intake on each day of training, as described further below, and compared total energy intake 

on days that began with Plus and Minus sessions.  
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3.3.1. Method 

Subjects 

 Forty-eight female adult Sprague-Dawley rats were sourced from Animal Resource 

Centre (Perth, Australia). At the beginning of the experiment mean body weight was 226g 

(range: 210-240g). Rats were group-housed (n = 4/cage) in temperature- and humidity-

regulated ventilated cages within a colony room maintained on a 12:12 dark:light reverse 

light cycle (lights off at 0900h). Thus, these rats differed from those in Experiments 3.1 and 

3.2 in that, first, they were experimentally naïve and, second, they were maintained on a 

reverse light cycle. The latter was to encourage greater consumption during Plus sessions, 

since training sessions were now held soon after the onset of the dark cycle when rats 

consume a majority of daily food intake (Spiteri, 1982). Chow and water were freely 

available in the home cage across the experiment. During a one-week acclimation phase body 

weight and per-cage chow intake were recorded daily. The experiment was run in two cohorts 

that received identical treatment until the time of the first test, as described below. This factor 

of ‘cohort’ was included in initial statistical analyses but did not interact with context or 

group (both F < 1); therefore, it was removed for final analyses.  

Apparatus 

 The preparation of the contexts and pre-feeding cages were as described in preceding 

experiments. Based on the results of Experiment 3.2, the training foods were Oreos, Banana 

Bread, and Sausage roll. The alternative test food was FL. 
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Procedure 

Baseline FL intake 

 Rats were first familiarised with FL in the home-cage by scattering 30 FL in the 

bedding of each cage. All rats were observed to sample FL and inspection of the bedding the 

following day confirmed all were eaten. Beginning two days later, two 30-min FL 

consumption tests were held in individual feeding chambers. These tests were held on 

consecutive days between 1000 and 1200 hrs, i.e. during the early portion of the dark phase. 

The measure of baseline intake was the sum of consumption in these two sessions. Rats were 

then allocated to Single or Variety groups (each n = 24) that were matched on body weight 

and baseline FL intake. 

Training 

 Training began six days after baseline FL tests. Over twelve days rats received 

intermixed 30-min exposures to a Plus and Minus context (one per day, six to each in total). 

Rats were trained in two 12-rat squads run in the same order each day between 0930 – 1230h. 

The order of Plus and Minus sessions was such that there were no more than two consecutive 

days in the same context (order: MPPMMPMMPPMP). The Minus context contained no 

food. In Plus sessions rats in the Single group received one of the three palatable foods (n = 8 

per food), whereas the Variety group was exposed to each food in a cycling, counterbalanced 

order. Each day, the contents of the chow hopper in each cage were measured while rats were 

undergoing context conditioning. This provided an index of home-cage chow consumption, 

which was combined with intake of palatable foods in the previous day’s Plus session (or 

nothing on Minus sessions) to provide total energy intake for each of the twelve cages.  
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Tests 

The primary data of interest were from 30-min CPF tests of FL consumption in the 

Plus and Minus contexts. For Cohort 1 this was preceded by a test of the training foods; these 

data were uninformative and are discussed only briefly. Next, these rats were re-trained for 

six days, with three Plus and three Minus sessions in the order MPPMMP, prior to the CPF 

Test of FL. For Cohort 2 the first CPF test used FL and explored the time-course of the effect 

by measuring intake after 10, 20, and 30 min, as described in Experiment 2.1. The Petri dish 

and any FL scattered on the floor were quickly removed, weighed, and returned to the cage, 

usually taking 15 s per box. Rats remained in the context throughout the test. CPF tests began 

2 days after the end of training and the order in which contexts were tested was 

counterbalanced. Preliminary examination of test data confirmed that the between-subjects 

factor of ‘Cohort’ (1 vs. 2) did not interact with the main effect of context or group, or their 

interaction (all F <1); it was therefore removed from final analyses. 

 

3.3.2. Results 

Baseline FL intake 

Rats ate an average of 2.38 ± .15g [SEM] of FL in the two baseline FL sessions, as 

shown in Figure 3.3.1. The Shapiro-Wilk test for these data was significant (W = .945, p = 

.024), indicating that the distribution did not fit a normal distribution. 
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Figure 3.3.1. Baseline FL intake in Experiment 3.3. Data are total consumption by individual 

rats in two 30-min tests held on consecutive days. 

 

Training 

 Consumption during training is shown in Figure 3.3.2 and was analysed in a 2 x (6) 

mixed-ANOVA (group x [session]). This analysis found significant linear (F(1, 46) = 219.81, 

p < .001) and quadratic trends (F(1, 46) = 12.34, p = .001) that each interacted with group 

(linear interaction trend: F(1, 46) = 8.79, p = .005; quadratic interaction trend: F(1, 46) = 

12.64, p = .001). These interactions appeared to reflect the continued linear increase by the 

Variety group and an inverted-U pattern by the Single group, which increased consumption 

more rapidly early in training before levelling off on day 12. Indeed, analysis of consumption 

on day 12 found that groups differed significantly (F(1, 46) = 5.69, p = .021). Since rats were 

tested in cohorts that included both groups, and all other factors were counterbalanced, this 

might reflect habituation to the palatable food in this group. Analysis of consumption during 

the three re-training sessions given to Cohort 1 found no significant change over sessions 
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(linear trend: F < 1), no group x time interaction (F < 1) and no main effect of group (F(1, 

22) = 2.32, p = .14) (data not shown).  

 

 

Figure 3.3.2. Training consumption in Experiment 3.3. Consumption increased at a similar 

rate between groups, save for a modest decline in consumption by the Single group on day 

12.  

 

Energy intake during training 

 Energy intake derived from home-cage chow and palatable food in the Plus context 

across the 12 days of training is shown in Figure 3.3.3. The first analysis compared total 

energy intake on Plus and Minus days in a (2) x (6) ([day type: Plus or Minus] x [session: 1-

6]) repeated-measures ANOVA. This analysis showed a significant linear trend for session 

(F(1, 11) = 40.61, p < .001) and a significant linear interaction trend between session and day 
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type (F(1, 11) = 11.66, p = .006). The main effect of day type, however, was not significant 

(F(1, 11) = 3.18, p = .10). The trend effects suggested that energy intake significantly 

increased over the course of training, but that the increment of change differed over 

successive Minus and Plus days. When Minus and Plus days were considered separately, 

analyses showed that energy intake increased significantly over the 6 Plus days (linear trend: 

F(1, 11) = 47.70, p < .001), but decreased significantly over the 6 Minus days (linear trend: 

F(1, 11) = 5.63, p = .037).  

 Next, in order to assess the extent to which rats compensated for palatable food intake 

on Plus sessions, the same (2) x (6) repeated-measures ANOVA was applied to home-cage 

chow consumption. This analysis found a trend toward a main effect of day type (F(1, 11) = 

4.07, p = .069), suggesting a tendency toward lower chow intake on days beginning with a 

Plus session. The linear trend for session was not significant (F(1, 11) = 2.27, p = .16) but 

there was a significant day type x session linear interaction trend (F(1, 11) = 6.30, p = .029). 

This indicated that while chow intake decreased over the 6 Minus days (already analysed 

above) it did not change significantly over the 6 Plus days (F < 1). Consequently, the 

proportion of total energy intake derived from palatable food intake increased consistently 

from the first to the sixth Plus session (mean ± SEM: 7.0 ± .8%; 13.2 ± 1.2%; 14.9 ± .8%; 

17.9 ± 1.7%; 20.8 ± 1.4%; 22.7 ± 1.1%). 

 A final point of interest was that chow intake on Minus days appeared to vary 

according to whether a Plus or Minus day preceded it. For example, in Figure 3.3.3, home-

cage chow intake appeared lower on days 4, 7, and 11, which were preceded by 1 or 2 Plus 

days, whereas rats ate more chow on days 1, 5, and 8 – days preceded by periods where only 

chow was available. To test this, chow consumption was compared between Minus days 

preceded by a Plus session (days 4, 7, 11) and those preceded by a Minus session (days 1, 5, 

8) in a (2) x (3) repeated-measures ANOVA. Confirming our observations, the main effect of 
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‘preceding day’ was significant (F(1, 11) = 27.53, p < .001): chow intake was significantly 

lower on Minus days preceded by one or more Plus sessions. There were no other significant 

main or interaction effects (largest F(2, 22) = 2.38, p = .12).  

 

 

Figure 3.3.3. Total energy intake during training in Experiment 3.3. Energy intake increased 

over the 6 Plus days and decreased over the 6 Minus days. NB. PF = Palatable foods in Plus 

training sessions. 

  

Test  

 Test results are shown in Figure 3.3.4. Data are presented collapsed for each group 

alongside the subsets of each group that were tested Minus->Plus and Plus->Minus. 

Consumption was analysed in a 2 x 2 x (2) mixed-ANOVA (group x test order x [context]). 
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The context main effect was significant (F(1, 44) = 8.58, p = .005) indicating greater 

consumption in the Plus than in the Minus context. The context x test order interaction and 

test order main effects were significant (F(1, 44) = 15.38, p < .001 and F(1, 44) = 7.39, p = 

.009, respectively), with the latter result reflecting higher intake by rats tested Minus->Plus 

than Plus->Minus. There was a trend toward a group x test order interaction (F(1, 44) = 3.62, 

p = .064) with no other significant effects (all F < 1). 

The absence of a group x context interaction was unexpected, given this was a reliable 

result in Chapter 2 To explore this and clarify the nature of the test order interaction effect, 

we applied separate 2 x (2) (test order x [context]) mixed-ANOVAs to each group. For the 

Single group, the main effect of context was not significant (F(1, 22) = 2.66, p = .12) but 

there was a significant test order x context interaction (F(1, 22) = 5.79, p = .025). For the 

Variety group, the context main effect was significant (F(1, 22) = 6.31, p = .020) as well as 

the context x test order interaction (F(1, 22) = 9.86, p = .005). As shown in Figure 3.3.4, rats 

tested M->P ate significantly more in the Plus context (Single group: F(1, 11) = 8.09, p = 

.016; Variety group: F(1, 11) = 14.76, p = .003), whereas rats in both groups tested P->M 

showed no difference in consumption between the contexts (both F < 1). In summary, 

although the context main effect was significant in the Variety but not the Single group, the 

difference between these effects (i.e., the interaction) was not statistically significant. 
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Figure 3.3.4. Experiment 3.3 test results. An overall CPF effect indicated greater 

consumption in the Plus context; however, these results were moderated by test order (see 

text for details). *p < .05; **p < .01 for context effects within cohorts.  

 

Supplementary tests  

Cohort 1: Training food test 

 As described, Cohort 1 received a preliminary test of the training foods, in which the 

Single group received 15g of their training food and the Variety group received 5g of each of 

the three training foods. This latter decision appeared to undermine analysis of context 

effects, however, by fostering far greater intake in the Variety group relative to the Single 

group (overall group means = 91.00 ± 7.2 kJ and 58.12 ± 5.1 kJ, respectively). Thus, when 

consumption in the contexts was analysed in a 2 x 2 x (2) mixed-ANOVA (group x test order 
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x [context]), only the group main effect was significant (F(1, 20) = 12.86, p = .002), but no 

other main or interaction effects were significant (largest F(1, 20) = 1.32, p = .27).  

Cohort 2: Time-course of CPF 

 Intake in 10-min bins is shown in Figure 3.3.5 and was analysed in a 2 x 2 x (2) x (3) 

mixed-ANOVA (group x test order x [context] x [bin]). This analysis found that consumption 

differed significantly between bins (F(2, 40) = 26.08, p < .001) and that this effect interacted 

with context and test order (3-way interaction: F(2, 40) = 4.04, p = .025) with no other 

significant interaction effects (largest F(2, 40) = 2.48, p = .096). To explore these effects, 

separate analyses examined consumption in each 10-min bin. Considering Figure 3.3.5 

suggests that the second 10-min bin was where context effects were most pronounced. The 

main effect of context was not significant in the first or third 10-min bin (F < 1 and F(1, 20) 

= 1.77, p = .20, respectively) but was significant in the second 10-min bin (F(1, 20) = 5.19, p 

= .034). In this bin there was also a significant group main effect (F(1, 20) = 9.54, p = .006) 

indicating greater overall consumption in the Variety group. The main effect of test order was 

significant in each bin (F(1, 20) = 4.99, p = .037; F(1, 20) = 5.78, p = .026) and F(1, 20) = 

7.72, p = .012), indicating higher consumption in rats tested Minus->Plus than Plus->Minus. 

No other main or interaction effects were significant (largest F(1, 20) = 3.76, p = .067).  
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Figure 3.3.5. Time-course analysis of Cohort 2 in Experiment 3.3. The CPF effect was 

significant only in the second 10-min bin, with consumption beginning high and ending low 

in both groups and contexts. *p < .05 for main effect of context. 

 

Correlations with CPF 

 No significant correlations were found between baseline FL intake, average training 

intake, and CPF expressed as a proportion (largest rs = .24, n = 48, p = .098, for baseline FL 

vs. training intake). When Single and Variety groups were analysed separately, training intake 

and baseline FL intake correlated positively for the Variety group (rs = .657, n = 24, p < .001) 

but no other correlations were statistically significant (largest rs  = .324, n = 24, p = .13).  
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3.3.3. Discussion 

The first key result from Experiment 3.3 was that rats showed incomplete 

compensation for the palatable foods eaten during training, leading to an increase in energy 

intake on these days. Studying total energy intake in CPF experiments is often precluded by 

the restriction both of home-cage chow and of the food paired with food cues or contexts. 

Each were free to vary in the present experiment, allowing comparison of chow intake on 

Plus versus Minus days. Increased total energy intake was suggested by the fact that although 

rats tended to eat slightly less chow on days beginning with a Plus session, this suppression 

did not account for the amount of food eaten in the Plus context. However, there was also 

evidence that chow consumption on Minus days was lower when a Plus session had been 

held the previous day. This may reflect a longer term compensatory mechanism for the 

substantial amounts of palatable food eaten in the Plus context.  

Although the observation that palatable foods enhance energy intake in rats is by no 

means novel, few studies have shown this when there is only very limited access, as in the 

present experiment (i.e. 30-min on alternate days, on average). Given that this experiment 

calculated energy intake on a per-cage basis, richer data could be obtained from individually 

housed animals given similar training in future experiments. An interesting question is 

whether compensation would be poorer in the Variety group due to their exposure to multiple 

foods of varying energy densities, as predicted by some theories of variety (Martin, 2016). 

Whereas this experiment considered the effects of palatable food exposure within-subjects 

(i.e. Plus vs. Minus days), comparisons with groups fed only chow or fed palatable food only 

in the home-cage would determine whether context conditioning of this type contributes 

meaningfully to long-term energy intake.  
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 Test results found that consumption of FL, a food never exposed in the contexts 

during training, was significantly greater in the Plus context. Unlike experiments in Chapter 

2, however, the CPF effect did not interact with group. Additionally, consumption in the 

contexts was significantly moderated by the order in which they were tested: if tested first in 

the Minus context, rats in both groups displayed a robust CPF effect and ate more on their 

second test (in the Plus context). By contrast, rats tested first in the Plus context ate 

comparable amounts of FL in both tests. It may be noted that for these rats, a CPF effect 

required inhibiting consumption of the now-recently-exposed food on the second (Minus) 

test. An important note is that context was a significant determinant of consumption despite 

test order effects. Thus, the main effect of context was significant for the Variety but not for 

the Single group. Nonetheless, in the absence of a significant interaction between context and 

group, this result cannot be concluded to indicate a stronger effect in the Variety group. 

The time-course analysis in Cohort 2 suggested that the overall CPF effect was driven 

by greater consumption in the Plus context in the middle portion of the test. Thus, 

consumption was high in all conditions in the first 10-min, and low in all conditions in the 

final 10-min. This bears some resemblance to a past study in which a CPF effect across a 20-

min test was driven by greater consumption during the 11-20 min period (Petrovich et al., 

2007b). Finally, the training food test administered to Cohort 1 found no CPF effect in either 

group. For the Variety group this was almost certainly explained by the simultaneous 

provision of all 3 foods, which dramatically enhanced consumption and appeared to obscure 

any influence of context. However, the lack of a CPF effect in the Single group in Cohort 1 is 

more difficult to explain, since Experiment 2.1 found an effect on the training food after an 

equivalent period of training (12 sessions). Finally, no significant associations were found 

between baseline FL intake, training consumption, and the extent of CPF, despite a 

substantially larger sample.  
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3.4. General discussion 

 The general aim of the experiments presented in Chapter 3 was to further explore 

characteristics of CPF as observed in Chapter 2. Three results from these experiments 

suggested that the relative palatability of the training versus test food is an important 

determinant of whether CPF can transfer to alternative foods. First, the ‘variety’ effect 

reported in Chapter 2 was not evident when a familiar but less palatable alternative food – 

chow – was tested in Experiment 3.1. This finding is consistent with most previous CPF 

experiments to test chow, in which floor effects have been observed (Petrovich et al., 2007a, 

2007b, 2012; Reppucci & Petrovich, 2012), except when very long (4-24h) tests are used 

(Boggiano et al., 2009). Second, Experiment 3.2 found that most rats preferred their training 

food to FL. Third, this experiment found that variability in this preference correlated 

negatively with CPF on the alternative test food, FL. Thus, CPF when testing FL tended to be 

weaker in rats that more strongly preferred their training food, and stronger in rats for which 

the foods were more equally preferred. These results each implicate contrast processes in the 

specificity of CPF.  

 The second aim of these experiments was to test whether there would be meaningful 

individual differences in various aspects of rats’ eating behaviour that would correlate with 

CPF. Our two variables – baseline FL and average training consumption – were effectively 

measures of short-term food intake: how much palatable food would rats eat in a limited 

amount of time? Notably, these variables rarely correlated, suggesting that the propensity to 

overeat FL at baseline did not necessarily continue in training with other palatable foods. In 

any event, the clear result was that neither variable correlated with the CPF effect in any 

group. The large sample used in Experiment 3.3 appears to rule out the possibility that the 

failure to detect significant correlations was because of inadequate statistical power. Thus, 

overeating in the Plus context was not related to variability in initial consumption of FL, nor 
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how much food was previously eaten in that environment. One way in which this could be 

explored further in future work would be to administer more baseline tests to allow for more 

stable ‘binge-like’ patterns of consumption to emerge, since the experiments here used only 

1-3 sessions. However, the results of Experiment 3.2 indicate this approach might interfere 

with subsequent context conditioning. In contrast to measures of absolute consumption, 

measuring animals’ hedonic responses to foods would seem an interesting measure to 

compare with the strength of CPF effects. 

A caveat for the null results observed for the correlational analyses is that the overall 

CPF effects were generally weaker than in Chapter 2. For Experiments 3.1 and 3.2 these 

appeared due to the addition of the chow test (3.1) and due to the extensive pre-exposure to 

the training foods (3.2). By contrast, Experiment 3.3 found an overall effect of context that 

did not interact with group. The only evidence for an effect of variety was in tests of simple 

effects that suggested a CPF effect only in the Variety group. However, as discussed, the 

effect of context was not significantly greater in this group relative to the Single group. In any 

case, the variability in CPF effects was what originally prompted us to investigate individual 

differences.  
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Chapter 4: Unexpected failures to detect CPF 

4.0. Introduction 

 The experiments reported in this chapter were undertaken to examine how 

motivational processes and procedural variables might contribute to CPF. The primary aim 

was to test experimental manipulations that might yield clearer CPF effects. Our first 

hypothesis was that this might be achieved by a simple motivational change: increasing 

hunger during training. Thus, Experiment 4.1 trained rats under food-restriction, following 

many reported CPF studies (Petrovich, 2013), but unlike experiments in Chapters 2 and 3 

where rats were non-deprived, and compared CPF in different deprivation states during 

testing. Experiment 4.2 tested CPF following a longer delay between training and test, while 

also assessing the effects of extinction of the Plus context. These manipulations were 

intended to remove or reduce test order effects, an added source of variability in past 

experiments, by increasing consumption of the alternative food, FL, at test. In contrast to the 

motivational and incentive influences tested in Experiments 4.1 and 4.2, Experiment 4.3 

precluded test order effects by testing CPF in a between-subjects design that removed the 

need for multiple tests. However, none of these experiments produced a CPF effect. The 

possible reasons for this are discussed with reference to incentive contrast. 

 

4.1. Experiment 4.1: CPF following food restriction during training  

So far all of the experiments reported here, save for Experiment 2.1, have studied CPF 

without the use of food restriction. The provision of unrestricted access to chow throughout 

all procedures contrasts with the approach commonly adopted in previous CPF experiments; 

in these studies rats are usually food-restricted during training and tested only after a period 

of re-feeding in the home-cage when body weight returns to free-feeding levels (Petrovich, 
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2013). Food restriction is, of course, standard practice in animal models of appetitive 

conditioning, and encourages initial learning and sustained responding in Pavlovian and 

instrumental tasks involving food reward. However, it is by no means necessary for learning 

to occur. The results reported in Chapters 2 and 3 and those from another study (Boggiano et 

al., 2009) show that food cues exposed to non-deprived animals can still exert some influence 

over feeding behaviour. Additionally, eating in the absence of hunger may provide a more 

valid model of overeating. Nevertheless, the effects reported in previous chapters were 

modest in size, despite their statistical significance. We reasoned that increasing the strength 

of conditioning during training should yield stronger effects in CPF tests. The most obvious 

means to achieve this was to implement food-restriction during training.  

The resulting within-subject design of Experiment 4.1 was one in which animals were 

trained deprived and initially tested satiated. The three primary groups were those included in 

Chapters 2 and 3: Chow, Single, and Variety rats. A fourth group received exposure to the 

three palatable training foods and to the contexts in an unpaired fashion. This Unpaired group 

controlled for non-associative factors that could feasibly affect food intake during tests, such 

as experience with eating large amounts of palatable food within limited periods of time; or 

mere exposure to multiple foods. Given that the Chow groups included in Chapters 2 and 3 

controlled for neither of these factors, the Unpaired group appeared to better match Single 

and Variety groups. 

The question of primary interest was how training under food restriction, and the 

consequent increase in consumption in the Plus context, would affect the transfer of CPF to 

an alternative food. We hypothesised that greater consumption in training might produce 

stronger associations between the Plus context with both the act of eating and the relief of 

hunger, increasing consumption of alternative foods at test. The first test in Experiment 4.1 

assessed FL consumption in satiated rats so that, aside from training deprivation state, 
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conditions were comparable to experiments in Chapters 2 and 3. In two subsequent tests, 

however, rats were acutely food-deprived in order to assess the effects of deprivation state at 

test. Thus, Test 2 measured intake of FL, whereas Test 3 examined consumption of the 

training foods, with deprivation state now consistent with training conditions. 

 

4.1.1. Method 

Subjects 

 Forty adult, experimentally naïve, female Sprague-Dawley rats were used. Rats were 

bred in-house at the School of Psychology, University of Sydney. The early life history was 

identical for all rats until the beginning of the present experiment, at which point they were 

10 weeks old and weighed an average of 251g (range: 190 – 316g). Rats were group-housed 

(n = 2 (two cages) or n = 4 (nine cages)) in temperature- and humidity-controlled ventilated 

cages within a colony room maintained on a reverse light cycle (lights off 0845-2045h).  

Apparatus 

 The preparation of the contexts and foods were as described in Chapter 3.  

Procedure 

Adaptation to food restriction 

Over a 1-week acclimation phase rats were weighed daily. Next, rats were 

familiarised with the test food, Froot Loops (FL), in individual feeding cages in two 30-min 

sessions held on consecutive days. A day later home-cage chow was removed at 1700 hrs and 

thereafter chow was provided only between 1500 and 1700 hrs each day. Daily consumption 

per cage was measured and rats were given five days to adjust to this schedule prior to 

training.  
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Design 

 Rats were allocated to Unpaired, Chow, Single, or Variety groups (each n = 10) that 

did not differ in terms of body weight and consumption of FL in familiarisation sessions. 

Since the Unpaired group were to receive palatable food in the home cage in training, these 

rats were housed in condition-matched cages (two cages of 4 and one cage of 2 rats). The 

other three groups were distributed among the remaining cages. 

Training 

Training lasted 12 days and consisted of six 30-min intermixed exposures to Plus and 

Minus contexts, as in previous chapters (order: MPPMMPPMPMMP). Table 4.1 shows the 

training procedure on Plus and Minus days. Rats were run in four 10-rat squads; the Unpaired 

rats were one squad and the other three contained a mix of Chow, Single, and Variety rats. 

The order in which these squads were trained was varied over days (days 1-4: order ABCD; 

days 5-8: DCAB; days 9-12: BDAC). In the Plus context the Single group received either 

Oreos (n = 3), Sausage roll (n = 3) or Banana Bread (n = 4); the Variety group received 

cycling access to all three of these foods in varying orders; while the Chow group received 

chow. The Minus context contained no food for any group.  

The Unpaired group received equivalent exposures to the two contexts, except that 

neither contained food. Instead, on Plus days the Unpaired group was given access to one of 

the three palatable foods for 30-min in the home-cage. The specific food provided each day 

was varied, as for the Variety group, such that all Unpaired rats were exposed to the three 

palatable foods. The total amount of food provided to each home cage was equivalent, per rat, 

to that provided to rats in Single and Variety groups. After 30 min, fragments of food were 

located and weighed to estimate intake. The bedding was then changed to ensure no traces of 

food or odours remained beyond this period. On these Plus days home-cage palatable food 
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access occurred at least 1 h before or 1 h after exposure to one of the two (empty) contexts, 

and the two contexts were exposed equally on Plus and Minus days. Therefore, this group 

was matched in terms of exposure to the palatable foods, exposure to the contexts, and 

handling, but consumption was not paired with either environment. 

 

Table 4.1. Daily training procedures for Experiment 4.1. 

PLUS: 8:30 9am – 12pm ~3-5pm 

Variety 

BW 

taken 

Contexts (3 runs of 10 rats; 30-min each) 
Home-

cage 

chow  

Single 

Chow 

Unpaired 
Home-cage PF 

(or contexts) 
at least 60-min 

Contexts 

(or home-

cage PF) 

MINUS: 8:30 9am – 12pm ~3-5pm 

Variety 

BW 

taken 

Contexts (4 runs of 10 rats; 30-min) 

 

Home-

cage 

chow  

Single 

Chow 

Unpaired 

 

Tests 

After training rats were given unrestricted access to chow in the home cage for five 

days. All tests lasted 30 min and the order in which contexts were tested was 

counterbalanced. The two halves of each test were separated by a single day of rest in the 

home cage. Tests 1 and 2 measured FL consumption under sated and deprived conditions, 

respectively. Test 2 (deprived) began two days after the end of Test 1 and involved removing 

home-cage chow at 1700 hrs on the evening prior to tests, as had previously occurred during 

training. After Test 2 rats received two re-training sessions over three days (Minus – rest – 

Plus), during which time the 2-h restricted feeding schedule was returned for the remainder of 

the experiment. Finally, Test 3 measured consumption of the training foods in the contexts. 
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For this test the Variety and Unpaired rats were tested with the food they received on the last 

Plus re-training day.  

 

4.1.2. Results 

FL familiarisation 

 On average, rats ate a total of 3.98 ± .29g [SEM] of FL in the two familiarisation 

sessions. This corresponded to approximately 13 FL pieces. 

Body weight 

 On average, food restriction reduced rats to 95.8 ± .5% [SEM] of their free-feeding 

weight during training, with no differences between groups (one-way ANOVA: F < 1). 

Returning rats to unrestricted chow after training increased body weight to 107.0 ± .8% of 

weights prior to food restriction, on average. Again, groups did not differ on this measure (F 

< 1).  

Training  

 Consumption during Plus sessions is shown in Figure 4.1.1 and was analysed in a 3 x 

(6) ANOVA (group x [session]) comparing Chow, Single, and Variety groups. The Unpaired 

group was not included in this analysis since consumption for individual rats could not be 

determined. However, average consumption is presented in Figure 4.1.1 for comparison. 

Analysis found significant linear (F(1, 27) = 110.22, p < .001) and quadratic trends (F(1, 27) 

= 21.38 p < .001) which each interacted with group (F(2, 27) = 20.55, p < .001 and F(2, 27) = 

10.53, p < .001, respectively). There was also a group main effect (F(2, 27) = 28.79, p < 

.001). Follow-up contrasts using the Tukey HSD correction found that the Single and Variety 

groups each ate significantly more than the Chow group (both p < .001). Of interest, average 
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consumption over training was significantly greater in the Single group than in the Variety 

group (p = .016). However, additional analysis found groups did not differ on the last Plus 

session (F < 1). Notably, consumption by the Unpaired group in the home cage appeared at 

least as high as Single and Variety groups.  

 

Figure 4.1.1. Training consumption in Experiment 4.1. Single and Variety groups increased 

their consumption of palatable food/s, while the Chow group’s chow intake was consistent 

across training. Unpaired rats received home-cage access to palatable food. 

 

Tests 

 Results from the three CPF tests are shown in Figure 4.1.2. The primary analysis 

compared CPF between the Chow, Single and Variety groups in 3 x 2 x (2) mixed-ANOVAs 

(group x test order x [context]) at each test. To facilitate comparison across the three tests, 

compiled data are presented together in Panels A, B, and C of Figure 4.1.2. Figures splitting 
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these compiled data between test order cohorts are shown in Appendix D. Consumption by 

the Unpaired group was compared to the Variety group in additional analyses described 

below.  

Test 1 (FL, sated) 

Consumption in Test 1 is shown in Figure 4.1.2.A. Analysis found no main effect of 

context (F(1, 24) = 1.45, p = .24) and no context x group interaction (F(2, 24) = 1.27, p = 

.30). However, there was a significant context x test order interaction (F(1, 24) = 21.20, p < 

.001). To explore this result further, Minus-Plus and Plus-Minus cohorts were analysed in 

separate 3 x (2) (group x [context]) ANOVAs. These analyses showed that rats tested Minus-

>Plus ate significantly more in the Plus context (F(1, 12) = 104.66, p < .001) while rats tested 

Plus->Minus ate significantly more in the Minus context (F(1, 12) = 107.91, p < .001). 

Therefore, consumption increased from the first to the second test day, irrespective of which 

context was tested. No other main or interaction effects were significant (largest F(2, 24) = 

2.01, p = .157). 

Test 2 (FL, deprived) 

Consumption of FL in the contexts under food deprivation is shown in Figure 4.1.2.B. 

Analysis found a significant main effect of context (F(1, 24) = 7.59, p  = .011) indicating 

higher consumption in the Minus context, on average. The context x test order interaction was 

significant (F(1, 24) = 23.08, p < .001), but the context x group interaction was not (F < 1). 

No other main or interaction effects were significant (largest F(1, 24) = 3.14, p = .09). 

Separating the data according to test order confirmed that, as in Test 1, increasing 

consumption over tests drove the context x test order interaction. However, this effect was 

statistically significant for the Plus-Minus cohort (F(1, 12) = 22.84, p < .001) but not 

statistically significant for the Minus-Plus cohort (F(1, 12) = 2.80, p = .12).  
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Test 3 (Training food, deprived) 

 Consumption of the training food under food deprivation is shown in Figure 4.1.2.C. 

Consumption in grams was converted to kJ to account for differing energy densities. The 

main effect of context was not significant (F(1, 24) = 2.37, p = .14) and did not interact with 

group (F < 1). There were significant interactions between context and test order (F(1, 24) = 

16.44, p < .001) and context, group, and test order (F(2, 24) = 5.50, p = .011). The main 

effect of group was significant (F(2, 24) = 28.89, p < .001) but not the main effect of test 

order or the group x test order interaction (largest F(2, 24) = 2.40, p = .11). The group main 

effect reflected significantly greater intake in Single and Variety groups relative to the Chow 

group (Tukey HSD correction: both p < .001), with no difference between the former two 

groups (p = .99). Split-file analyses showed that unlike Tests 1 and 2, decreasing 

consumption over tests drove test order interactions. Thus, the cohort tested Plus->Minus ate 

significantly more in the Plus context (context main effect: F(1, 12) = 12.42, p = .004) with 

no context x group interaction (F(2, 12) = 2.92, p = .092), whereas the cohort tested Minus-

>Plus tended to eat more in the Minus context (F(1, 12) = 4.28, p = .061) with no group x 

context interaction (F(2, 12) = 3.09, p = .083). 
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Figure 4.1.2. Experiment 4.1 test results. In Test 2 (B: FL, deprived), a significant main 

effect of context indicated rats ate less in the Plus context. No effect of context was found in 

Test 1 (A: FL, sated) or Test 3 (C: training food, deprived). *UP = Unpaired rats. The 

‘Minus’ and ‘Plus’ tests denote this group’s first and second test, respectively.  

 

Correlational analyses  

 The above results were contrary to hypotheses and, in general, indicated high 

variability. Whereas Test 1 found no evidence that the Plus context modulated consumption 

of FL when rats were sated, more interesting data were obtained from the two food-deprived 

tests: The Plus context suppressed FL intake in Test 2, yet appeared to weakly enhance 

consumption of the training foods in Test 3, at least for Single and Variety groups. To explore 

the relationship between these two tests, we calculated the proportion measure used in 

Chapter 3 (CPF proportion = Plus / (Minus + Plus)) and correlated this measure between the 

two tests, as shown in Figure 4.1.3. Analyses indicated a significant negative correlation 

between CPF on Tests 2 and 3 (rs = -0.48, n = 30, p = .007), such that rats that ate a lower 

proportion of FL in the Plus context in Test 2 tended to exhibit a stronger CPF effect on the 
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training food. This correlation was significant in the Single and Variety groups (rs = -0.87, n = 

10, p = .001; rs = -0.64, n = 10, p = .048, respectively), but not the Chow group (rs = .03, n = 

10, p = .93). These results indicated that for groups trained with palatable food/s, a stronger 

CPF effect with the training food was associated with a weaker CPF effect on FL. This was 

not an artefact of test order, which was preserved (but counterbalanced) across the two tests. 

Further analyses found that CPF on Test 1 also correlated negatively with Test 3 (rs = -0.544, 

n = 30, p = .002) while CPF on the two FL tests – Tests 1 and 2 – correlated positively (rs = 

0.548, n = 30, p = .002).  

 

Figure 4.1.3. Correlational analyses in Experiment 4.1. For Single and Variety groups 

(solid/dashed lines for trends, respectively) but not the Chow group (no trendline), a stronger 

CPF effect on FL in Test 2 associated with a weaker CPF effect on the training food in Test 

3. 

 

Comparison with the Unpaired group 

 The Unpaired group were matched to the Variety group in terms of their exposure to 

multiple palatable foods and to the contexts, except that exposure was explicitly unpaired. To 
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compare these groups, the Variety group’s consumption in the Plus context was assessed 

against the Unpaired group’s average consumption in the two context tests using independent 

samples t-tests. No differences were found on Tests 1 or 2 when FL were the test food (both t 

< 1). On Test 3, the Variety group ate significantly more in the Plus context than the 

Unpaired group (t(18) = 3.15, p = .006). Although this suggested a between-group CPF 

effect, consumption was also significantly higher in the Variety group’s Minus test than in the 

Unpaired group (t(18) = 3.17, p = .005) (see Figure 4.1.2.C). Further analyses that considered 

the Unpaired group’s data in terms of test order effects are described in Appendix D.  

 

4.1.3. Discussion 

  Experiment 4.1 tested whether training rats under mild food restriction would 

enhance the transfer of CPF to an alternative food. Unsurprisingly, food restriction 

substantially increased consumption of palatable foods for Single and Variety groups, relative 

to previous experiments. While the general pattern over training was comparable to past 

experiments, one notable aspect of the data was that food deprivation appeared to foster 

greater learning about the contexts in the Chow group, given their consumption of ~3g chow 

per Plus session. Consequently, it is likely that unlike previous experiments, in which satiated 

Chow rats often ate no chow at all, the Plus and Minus contexts carried distinct associations 

with food and no food, respectively.  

Increasing consumption during training was hypothesised to produce a stronger 

association of the Plus context with the act of eating and the rewarding post-ingestive 

consequences of consuming palatable foods. In turn, the question of interest was whether this 

would facilitate the consumption of an alternative food in CPF tests. Contrary to predictions, 

the Plus context was without effect on FL intake in Test 1, when rats were tested in a state of 
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relative satiety. This was most surprising in the Variety group, given the CPF effects 

previously described. Tests 2 and 3 explored whether CPF would manifest when deprivation 

state was similar to training conditions by testing after overnight food deprivation. Test 2 

found that FL consumption was suppressed in the Plus relative to the Minus context, and that 

this effect did not differ significantly between groups. Consumption of the training food 

under deprived conditions did not vary between contexts in Test 3.  

 One interpretation of the context effect in Test 2 is that training under food 

deprivation modulated the content of learning and produced stronger associations between 

the Plus context and the specific sensory qualities of the training foods, irrespective of 

whether these were palatable (Single/Variety) or bland (Chow). At test, then, placement in the 

Plus context generated a stronger specific expectation of the training food, suppressing 

consumption and preventing generalisation to the alternative, FL. By contrast, the Minus 

context, free of associations with food, allowed greater consumption. Although contrary to 

our hypotheses, the failure to observe CPF on an alternative food is consistent with Reppucci 

and Petrovich (2012), who found that a cue paired with pellets did not modulate consumption 

of chow that was available simultaneously, regardless of whether rats were satiated or 

deprived at test. Reppucci and Petrovich (2012) also found no effect on the training food 

when animals were deprived at test, consistent with the present Test 3.  

A procedural decision that might explain the present results is that the training foods 

and test food (FL) were initially exposed in different motivational states. Past work shows 

that the incentive value of food, as evaluated by instrumental responding, is moderated 

critically by the motivational state in which it is experienced (Balleine & Dickinson, 1998b). 

Here, rats were non-deprived for FL familiarisation sessions and ate ~2g in 30-min. By 

contrast, when subsequently food-deprived, they ate over 3g of the training foods in the first 

Plus session – and far more thereafter. Consequently, food restriction afforded greater 
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opportunity for learning about the satiating properties of the training foods in addition to their 

palatability, unlike FL, for which learning was likely constrained to palatability. Therefore, it 

seems likely that the incentive value of FL was lower than the training foods, on account of 

their being pre-exposed prior to food restriction, blocking the ability of the Plus context to 

increase consumption in Test 1. This effect was stronger in Test 2, perhaps because food 

restriction enhanced attention to the satiating properties of the available food (and, possibly, 

generating a stronger expectation of the training food). Without prior experience of eating FL 

while food-deprived, consumption of FL was suppressed further.  

Despite the absence of significant CPF effects, there were significant correlations 

between the three tests. While CPF correlated positively between the two FL tests, each of 

these tests correlated negatively with CPF on the training food test. This was clearest when 

comparing the two tests held under food-restriction (Tests 2 and 3). In Single and Variety 

groups trained with palatable food, rats that exhibited stronger CPF for FL on Test 2 tended 

to display weaker CPF for the training food in Test 3. Put differently, the degree to which FL 

were avoided in the Plus context in Test 2 associated with a stronger CPF effect on the 

training food in Test 3. This might suggest that the ability of CPF to transfer to alternative 

foods is influenced by how strongly the Plus context was associated with the training food. 

This adds to the result in Experiment 3.2 that animals with stronger preferences for their 

training food over FL tended to exhibit a weaker CPF effect on FL. Together, these results 

indicate that the contrast between the training and alternative test food is an important 

determinant of CPF. 

In summary, results suggest that the ability of CPF to transfer to alternative foods is 

modulated by deprivation state at test. Another variable that will be important to explore 

more systematically in future work is animals’ deprivation state when they are initially 

exposed to the foods that are to be tested. In the present experiment, our decision to match 
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procedures closely with previous chapters – i.e., to pre-expose FL to satiated rats – may have 

prevented CPF effects by reducing the incentive value of the test food.  

 

4.2. Experiment 4.2: CPF after a longer training-test delay, with or without extinction of 

the Plus context  

Experiment 4.2 began with the hypothesis that presenting FL in CPF tests could be 

considered an example of the kind of procedure that can produce incentive contrast: 

alterations in behaviour observed when a reward is replaced with a more or less desirable 

alternative (positive and negative contrast; Flaherty, 1996). Specifically, the presentation of 

FL in CPF tests appeared analogous to successive contrast procedures in which animals are 

repeatedly exposed to one reward before a sudden shift to a more- or less-preferred 

alternative. Thus, the substantially increased consumption FL by Chow rats, relative to their 

minimal intake of chow during training, would appear to reflect positive contrast. 

Conversely, negative contrast appeared to accurately describe the tendency for Single and 

Variety groups to eat less FL in CPF tests than palatable food in training (irrespective of CPF 

effects in the latter group). Support for this notion comes from Experiment 3.2: Rats clearly 

preferred their training foods to FL, and stronger preferences for the training food were 

associated with a smaller CPF effect on FL.  

We reasoned that negative contrast might contribute to the test order effects reported 

in previous experiments, which have reflected initially low consumption that increases over 

successive tests. Therefore, manipulations that attenuate negative contrast should reduce test 

order effects and enhance CPF. Importantly, evidence indicates that negative contrast is 

attenuated as the delay between experiencing the two contrasting rewards increases. For 

example, the suppression in consumption – i.e. negative contrast – produced by a shift from 
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32% to 4% sucrose solution is reduced, and eventually abolished, as the delay between 

exposure to the two is increased (Flaherty, 1996). In addition, flavour conditioning studies 

have shown that after pairing neutral flavours with saccharin, responding for the flavour 

presented in water alone is suppressed when tested the day after conditioning (i.e. negative 

contrast) but is substantially greater when tested after a delay of 7 or 14 days (Holmes, 

Hutton-Bedbrook, Fam, & Westbrook, 2016). Most experiments in this thesis so far have 

tested CPF 1-2 days after the end of training, with slightly longer delays (5-6 days) in the two 

experiments using mild food deprivation (Experiments 2.1 and 4.1). Each of these delays are 

shorter than most previous studies of CPF, in which more stringent food deprivation typically 

requires 1-2 weeks of re-feeding in the home cage to allow rats to regain body weight.  

Therefore, Experiment 4.2 tested CPF after a longer delay between training and test to 

examine whether this would reduce negative contrast at test. This could occur via several 

mechanisms. First, a delay involving extended access only to chow in the home cage might 

increase the incentive value of FL when presented at test. Second, the memory of the specific 

food/s paired with the Plus context might decay over a longer delay (Holmes et al., 2016), 

leaving a more general association with food that would more easily generalise to an 

alternative food at test. Thus, the first hypothesis in Experiment 4.2 was that both Single and 

Variety groups would show CPF on an alternative food after a longer delay. 

Experiment 4.2 also tested CPF when the association of the Plus context with food 

was extinguished in some groups by now placing the rats in the Plus context when it no 

longer contained food. Our rationale for testing the effects of extinction was because there 

would appear to be many instances where individuals deliberately choose not to buy or 

consume food in environments where ‘bad’ food choices were once made, or when 

confronted with cues signalling food. Given that extinction comprises the learning of new 

inhibitory associations and not the erasure of original learning (Bouton, 2011), the key 
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question was how consumption would be affected when an alternative food was presented in 

the Plus context after extinction. The effects of extinction training on CPF do not appear to 

have been studied previously. However, research on Pavlovian-to-Instrumental transfer (PIT) 

indicates that although extinction suppresses specific PIT under some circumstances 

(Delamater, Schneider, & Derman, 2017; see also Delamater, 1996), the effects of extinction 

are sensitive to context shifts and rarely produce a complete suppression in responding to 

cues (Laurent, Chieng, & Balleine, 2016; Bezzina, Lee, Lovibond, & Colagiuri, 2016). 

Of particular interest was whether the effects of extinction would differ for Single and 

Variety groups. Thrailkill et al. (2014) reported that the rate of extinction of an instrumental 

response did not differ significantly between a ‘Variety’ group for which responding had 

previously earned multiple food rewards and a group for which responding always earned the 

same reward. Our focus here was not on behaviour during extinction of the Plus context 

(indeed, there was relatively little that could be measured), but rather how this treatment 

would affect consumption when an alternative food was subsequently made available.  

Our interpretation of the ‘variety effect’ reported in Chapters 2 and 3 was that 

exposure to multiple foods during training encoded a broader representation of food reward 

that encompassed the alternative food, FL. Therefore, extinction of the Plus context should 

suppress intake of FL at test for the Variety group. On the other hand, extinction for the 

Single group should target the specific characteristics of the training food and not FL, 

allowing the context to promote consumption of this food. We therefore hypothesised that 

extinction would abolish the CPF effect in the Variety group and yield a CPF effect in the 

Single group. As described earlier, CPF effects were also predicted in both groups tested after 

a delay with no extinction. Table 4.2 shows the 2 x 2 factorial design used to assess these 

questions. 
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Table 4.2. Experimental design in Experiment 4.2. P = Plus context paired with food; M = 

Minus context paired with no food. 

Group Phase 1 (12 days) Phase 2 (12 days) Phase 3: Test  

Single-Delay 6 x P1 food, 6 x Mno food  - FL (in P + M) 

Single-Ext 6 x P1 food, 6 x Mno food 6 x Pno food FL (in P + M) 

Var-Delay 6 x P3 foods, 6 x Mno food - FL (in P + M) 

Var-Ext 6 x P3 foods, 6 x Mno food 6 x Pno food FL (in P + M) 

 

4.2.1. Method 

Subjects 

Twenty-four adult female Sprague-Dawley rats (Animal Resource Centre, Perth) were 

used. Rats had previously completed a Pavlovian conditioning study in which discrete stimuli 

were paired with reward pellets. Neither the pellets nor stimuli were used in the present 

experiment. At the beginning of this experiment rats weighed an average of 316g (range 262 

– 378g). Rats had free access to chow and water throughout all experimental procedures.  

Apparatus 

 The contexts, pre-feeding chambers, training foods and test food (FL) were as 

described in Chapter 3.  

Procedure 

FL familiarisation 

Rats were familiarised to FL in two 30-min consumption tests held on consecutive 

days. Rats were placed into individual feeding cages during these tests with 20-25 FL 

available in a glass Petri dish.  
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Phase 1: Training 

 Phase 1 of training began five days after FL familiarisation. During this period rats 

underwent a preliminary test of anxiety in the Elevated Plus Maze (EPM); these data were 

uninformative and are presented in Appendix E. After EPM testing rats were allocated to 

Single or Variety groups that were matched on body weight, FL consumption, and EPM 

anxiety (percent open arm time). Over the subsequent 12 days of training rats received 

intermixed 30-min exposures to Plus and Minus contexts once per day (order: 

MPPMMPPMPMMP). As previously described, the same palatable food was available in the 

Plus context for the Single group, while the Variety group received each of the three foods in 

a cycling, counterbalanced fashion. Subsets of the Single group received each of the three 

training foods (Oreos, Banana Bread, Sausage Roll; n = 4/food).  

Phase 2: Delay or Extinction 

 After the twelfth training session rats remained in home cages for a single day. At this 

point the Single and Variety groups were divided into two sub-groups that would either 

receive the delay or extinction manipulations in Phase 2 of training. This manipulation 

yielded 4 groups (each n = 6) within a 2 x 2 factorial design (i.e., Single vs. Variety and 

Delay vs. Extinction), as shown in Table 4.2 above. The four groups are herein called Single-

Delay, Single-Ext, Var-Delay, and Var-Ext, and did not differ on EPM anxiety or average 

consumption during training, as confirmed in 2 x 2 ANOVAs (all F < 1). 

 Phase 2 lasted twelve days. The two extinction groups (Single-Ext and Var-Ext) were 

given six 30-min exposures to the Plus context with no food available. These extinction 

sessions were held on alternate days. During extinction sessions, rats in the Delay groups 

(Single-Delay and Var-Delay) were brought into the test room but remained in home cages. 
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Phase 3: Test 

 CPF tests began two days after the sixth extinction session (for the extinction groups), 

and 14 days after the end of Phase 1 context conditioning. Consumption of FL was compared 

in two 30-min tests in the Plus and Minus contexts. The order of these two tests was 

counterbalanced and they were separated by a day of rest in the home-cage.  

 

4.2.2. Results 

FL familiarisation  

 During the two FL familiarisation sessions rats ate an average of 3.77 ± .33g [SEM].  

Phase 1: Training 

 Consumption in grams was converted to kJ to account for differences in energy 

density between the foods and is displayed in Figure 4.2.1. A 2 x (6) (group x [session]) 

mixed-ANOVA found that consumption rose significantly over Plus sessions (linear trend: 

F(1, 22) = 40.50, p < .001) at a decreasing rate (quadratic trend: F(1, 22) = 12.63, p = .002). 

These trends did not interact with group (both F < 1) and the main effect of group was not 

significant (F < 1).  
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Figure 4.2.1. Training consumption in Experiment 4.2. Consumption of palatable foods rose 

over Plus sessions (P) and did not differ between Variety and Single groups. No food was 

available in the Minus (M) context.  

 

Phase 3: Test   

Test data are shown in Figure 4.2.2. They were initially analysed in a 4-way mixed-

ANOVA, with group (2 levels), extinction (2 levels), and test order (2 levels) as between-

subjects factors, and context (2 levels) as within-subjects factor. This preliminary analysis 

found no significant main or interaction effects of test order (largest F(1, 16) = 3.01, p = .10), 

confirming our initial hypothesis with respect to testing after a delay. To facilitate 

interpretation of the data, test order was removed and the analysis repeated as a 2 x 2 x (2) 

mixed-ANOVA (group x extinction x [context]). This found a significant main effect of 

group (F(1, 20) = 5.32, p = .032) indicating greater consumption by Variety than Single 

groups, and marginally significant interactions between group and context (F(1, 20) = 4.25, p 
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= .052) and group, context and extinction (F(1, 20) = 3.86, p = .064). These interactions 

suggested that the difference between contexts varied according to Phase 1 training (Single or 

Variety), and extinction of the Plus context in Phase 2. No other main or interaction effects 

were significant (largest F(1, 20) = 2.49, p = .13).  

To explore these interaction effects, data were split by the group factor and separate 2 

x (2) ANOVAs (extinction x [context]) were applied to Variety and Single groups. In the two 

Single groups, there was no main effect of context and no interaction with extinction (both F 

< 1). Within the Variety groups the main effect of context was significant (F(1, 10) = 7.73, p 

= .019) as well as the context x extinction interaction (F(1, 10) = 6.54, p = .028), indicating 

that the context effect differed for Var-Delay and Var-Ext groups. Thus, a final analysis 

tested the effect of context within these two groups in separate within-subjects ANOVAs. 

The Var-Delay group showed no difference in consumption between contexts (F < 1), 

whereas the Var-Ext group ate significantly more in the Minus than in the Plus context (F(1, 

5) = 15.10, p = .012).  
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Figure 4.2.2. Experiment 4.2 test results. After regular training, tests occurred after a 2-week 

delay which for two groups included extinction of the Plus context. The Var-Ext group ate 

significantly more in the Minus context (**p = .012 for Plus vs. Minus); see text for details. 

 

Contrast effects 

The longer delay introduced between training and test was hypothesised to reduce 

negative contrast and increase consumption of FL at test. To visualise the difference between 

training and test intake, a difference score was calculated by subtracting test consumption in 

each context (in kJ) from rats’ average training consumption in the last three Plus training 

sessions. It is important to note that because this transformation involved subtracting a 

constant (training intake) for each rat, it had no effect on the relative difference between Plus 

and Minus contexts within each group. Nor did it alter between-group differences, because 

training consumption did not differ significantly between the four groups. Therefore, the 

purpose of presenting these ‘contrast scores’ in Figure 4.2.3 is simply to view test intake as 
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the relative change from training consumption. What this figure shows clearly is that 

consumption in both contexts was suppressed for all groups, except for the Var-Ext group’s 

Minus test, in which rats ate similar amounts as in training. 

 

 

Figure 4.2.3. Contrast scores in Experiment 4.2. Bars express test consumption relative to 

training. This figure is for illustrative purposes only, and shows that relative to training, 

consumption of FL at test was suppressed in every case except for the Var-Ext group’s Minus 

test. 

 

4.2.3. Discussion 

Experiment 4.2 interspersed a longer delay between training and test to explore 

whether this would reduce the negative contrast at test produced by the presentation of an 

alternative food. The rationale for these predictions was that a delay would (1) enhance the 

incentive value of the test food, FL, and (2) decay the memory of the specific sensory 

-40

-35

-30

-25

-20

-15

-10

-5

0

5

10

Single-Ext Single-Delay Var-Ext Var-Delay

T
es

t 
-

T
ra

in
in

g
 (

k
J)

Contrast scores



134 

 

characteristics of the training food paired with the Plus context, leaving a more general 

association with food that would facilitate consumption of FL. Consequently, we 

hypothesised that by fostering larger intake of FL at test, a delay might prevent test order 

effects driven by initially low consumption. Despite the absence of significant test order 

interactions, consumption in tests was still suppressed relative to training, suggesting that 

negative contrast did not account for test order effects.  

We hypothesised that a delay would produce a stronger CPF effect for rats given 

Variety training and, of particular interest, yield a CPF effect for those given Single training. 

These predictions were not supported, with similar consumption across contexts in both 

groups. The most likely reason for the null effects in these groups is that the delay weakened 

the ability to discriminate between Plus and Minus contexts. More interesting data were 

obtained in the two Extinction groups, for which tests compared intake in a context paired 

with no food six times and another paired with food and then extinguished over six sessions. 

For the Single-Ext group, we reasoned that extinction of the specific associations with the 

training food might allow consumption of FL at test; this hypothesis was not supported, with 

no effect of context within this group. 

For the Var-Ext group we hypothesised that extinction should abolish CPF if the test 

food, FL, is contained within the association of food reward encoded to the Plus context 

during training (as suggested by CPF effects in previous chapters). Rather than abolishing the 

effect, however, the Var-Ext group ate significantly more in the Minus context. All six rats in 

this group exhibited this pattern, leading to a robust effect despite the small sample. Although 

extinction targeted the Plus context, it is interesting that consumption in this environment by 

Var-Ext animals was comparable to both the Var-Delay and Single-Ext groups (see Fig. 

4.2.2). Instead, what drove the significant difference was enhanced consumption in the Minus 



135 

 

context, where Var-Ext rats ate an amount comparable to their training intake (see Fig. 4.2.3) 

and more than other groups. 

One possibility is that during extinction, the Plus context’s associations with food 

generalised to the Minus context, which was exposed in initial training (Phase 1) but not 

during extinction training (Phase 2). Future work could test whether continued exposures to 

the Minus context during extinction of the Plus context would abolish the effect reported 

here. This would also address whether the delay worsened the discriminability of the 

contexts, an important possibility given that Single-Delay and Var-Delay groups did not 

exhibit CPF. However, if such a retrospective association between the Minus context and 

food drove consumption at test, additional explanation is required for why this was specific to 

rats exposed to variety, given that Var-Ext and Single-Ext groups ate comparable amounts of 

palatable food during Stage 1 training and received an equivalent amount of extinction. One 

possibility is that despite no differences in total intake, the provision of multiple foods was 

more arousing and/or conditioned a stronger hedonic association for the Var-Ext group. In 

Phase 2, then, experiencing no food in the Plus context was more surprising for the Var-Ext 

group, leading to deeper extinction. Yet this account should predict a suppression in 

consumption in the Plus context at test – not enhanced consumption in the Minus context. 

The interaction between extinction and variety prompts further questions. While the 

present study involved training followed by extinction, it would be interesting to test for 

similar effects after swapping these stages, in which case the design would resemble a latent 

inhibition procedure (i.e. pre-expose the Plus context multiple times with no food). A related 

manipulation would be to intersperse reinforced and nonreinforced Plus sessions in training; 

that is, to test whether partial reinforcement produces a stronger effect on consumption. 

These would inform whether any manipulation of the association of the Plus context with 

food disrupts its ability to potentiate feeding. This would constitute variety in terms of the 
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availability of food, rather than in types of food. Finally, a limitation of the present design is 

that CPF was not tested prior to extinction to confirm that initial training produced similar 

effects to previous experiments. Although training consumption was comparable to 

Experiment 3.3, which found CPF effects when testing after an identical training procedure, 

this was not verified and may have differed in this experiment. 

 

4.3. Experiment 4.3: CPF in a between-subjects design  

 A recurring finding in Experiment 4.1 and earlier chapters has been main and 

interaction effects involving test order. Driving these effects is the reliable tendency for rats 

to eat more on consecutive tests. Although order effects are accounted for in all analyses, and 

main effects of context often outweigh the influence of this factor, a simpler method would 

involve only a single test. As discussed in Chapter 1, the Holland-Petrovich method often 

uses between-subject designs wherein rats receive Paired or Unpaired presentations of a cue 

and pellets, in which the former group show greater consumption of pellets in a single test. 

Data from Experiment 4.1 suggested that consumption in the Plus context was greater for the 

Variety group than for Unpaired rats given home-cage exposure to the foods. Experiment 4.3 

extended this observation using a between-subjects design in which four groups were trained 

to associate a single context with multiple palatable foods (Variety), one palatable food 

(Single), one bland food (Chow) or no food (Nothing). As in past experiments, the CPF test 

measured consumption of a familiar and alternative food never previously exposed in the 

context. We predicted higher consumption in rats given Variety training than in the other 

three groups. To the extent that consumption by Chow and Single groups is driven by positive 

and negative contrast effects, respectively, intake by the former group should exceed the 
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latter, as suggested by earlier experiments (e.g. Experiments 2.2 and 2.3). The Nothing group 

was expected to consume an amount intermediate to these two groups.  

 

4.3.1. Method 

Subjects 

 Thirty-two adult, female, experimentally naïve Sprague-Dawley rats were sourced 

from Animal Resource Centre (Perth, Australia). Housing conditions were as described in 

Experiments 4.1 and 4.2. Rats acclimated to the colony room and were weighed and handled 

regularly for one week prior to experimental procedures. Mean body weight at the beginning 

of the experiment was 236g (range: 187 – 280g). Rats were maintained on unrestricted access 

to chow and water throughout all experimental procedures. 

Apparatus 

 The individual feeding cages and preparation of the training context was as described 

previously. While previous experiments trained two contexts, here rats were assigned one of 

the contexts (rough/smooth floor with rosewater/vanilla odour with striped/smooth walls) as 

their training context. The training foods and test food (FL) were as described for 

Experiments 4.1 and 4.2. 

Procedure 

FL familiarisation 

 Rats were familiarised to the test food, FL, in two 30-min sessions in individual 

feeding cages on consecutive days. Subsequently rats were allocated to four 8-rat groups that 

did not differ significantly in body weight or in baseline FL intake (one-way ANOVA; both F 

< 1). Rats remained in home cages for two days prior to training. 
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Training 

 Training lasted 9 days and involved a 30-min exposure to the context once per day. 

Rats were trained in three squads of 12, 12, and 8 rats in the same order each day, and with 

all groups represented in each squad. The four experimental groups differed in terms of what 

type of food was available in the context. The Chow group were presented with chow, which 

was also available ad-libitum in the home-cage. The Single group received Oreos (n = 3), 

Banana Bread (n = 3) or Sausage Roll (n = 2), while the Variety group were exposed to each 

of these foods, one per session, in a cycling and counterbalanced order. For the Nothing 

group the context contained an empty dish, ensuring that the context was associated with no 

food. This group was included because in past experiments it was unclear to what extent rats 

in Chow groups associated the Plus context with food (as eating occurred sporadically and 

not in every session).   

Test 

 The total length of the feeding test was 2 h and measured consumption of FL in the 

training context. Consumption was measured every 30-min using the method described in 

previous experiments (Experiments 2.1 and 3.3). The data of main interest were consumption 

after 30-min, since this was comparable to the duration of training sessions and to tests in 

earlier experiments. In addition, we were interested in whether group differences would 

emerge over a longer test that allowed rats to overcome any initial avoidance of the surprising 

alternative food. The longer duration of the test required it to be split over 2 days to keep the 

timing similar to training. Therefore, the first training squad were tested two days after the 

last training session, and the second and third squads tested on the following day. Preliminary 

analyses of test data included ‘test day’ and found no significant main or interaction effects 
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involving this factor (largest F(1, 24) = 2.4, p = .13). It was therefore excluded from final 

analyses.  

  

4.3.2. Results 

FL familiarisation 

 On average, rats ate a total of 2.84 ± .2g [SEM] of FL in the two familiarisation 

sessions.  

Training 

 Consumption during the 9 days of training is shown in Figure 4.3.1 and was analysed 

in a 3 x (9) (group x [session]) mixed-ANOVA. The data suggested a comparable increase in 

Single and Variety groups that levelled off by day 9. The only difference between the two 

appeared within the first 3 sessions, when the Variety group was exposed to a new palatable 

food each day. Consumption of Chow was lower but consistent over the nine sessions. These 

observations were supported by significant linear (F(1, 21) = 57.30, p < .001) and quadratic 

trends for session (F(1, 21) = 17.63, p < .001) and a significant group x session linear 

interaction trend (F(2, 21) = 10.66, p = .001). Post-hoc contrasts (Tukey correction) indicated 

that consumption by the Variety and Single groups did not differ from each other (p = .99) 

but each consumed more than the Chow group (both p = .004).  
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Figure 4.3.1. Training consumption in Experiment 4.3. Single and Variety groups increased 

their consumption of palatable food at a comparable level, whereas the Chow group 

consumed a steady but low amount of chow. Consumption in the first 30-min of the test is 

shown on the right-hand side of the plot for comparison. 

 

Test  

 Consumption across the 2-h test is shown in Figure 4.3.2, with 30-min intakes also 

displayed in Figure 4.3.1 for comparison with training data. The main analysis was a 4 x (4) 

mixed-ANOVA (group x [bin]) including consumption from each 30-min period. Results 

found significant linear (F(1, 28 = 97.51, p < .001) and quadratic trends for bin (F(1, 28) = 

12.31, p = .002), indicating that consumption declined over the four 30-min periods, but at a 

decreasing rate. Neither of these trends interacted with group (linear interaction trend: F(3, 

28) = 1.58, p = .22; quadratic trend F < 1) and the main effect of group was not significant 

(F(3, 28) = 1.05, p = .39). Nor was the main effect of group significant for any individual 30-

min period (largest F(3, 28) = 1.22, p = .32). 
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Figure 4.3.2. Experiment 4.3 test results. No significant group differences were found at any 

time point during the 2-h CPF test.  

 

Contrast effects 

 The pattern of differences between the group means was in the opposite direction to 

that predicted. In addition, it appeared that at the group level, test and training consumption 

were inversely related. As shown in Figure 4.3.1, the order of consumption at the end of 

training (Variety > Single > Chow > Nothing) was reversed for the first 30-min period of the 

CPF. We sought to quantify this change from training to test as a measure of contrast. To 

provide a stable estimate of training consumption, and because the Variety group received a 

different food on each Plus session, consumption (in kJ) in the last 3 training sessions was 

averaged. This average was subtracted from FL intake (in kJ) in the first 30-min of the test, 

such that a positive difference score reflected greater consumption at test than in training. 
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These scores are shown in Figure 4.3.3. (Note that there was no training consumption to 

subtract for the Nothing group, and their data are simply FL intake after 30-min.) 

 A one-way ANOVA comparing the difference scores for Chow, Single, and Variety 

groups found a significant main effect of group (F(2, 21) = 10.52, p = .001). Post-hoc 

contrasts using the Tukey HSD correction found that the difference score for the Chow group 

significantly exceeded that for the Single (p = .011) and Variety (p = .001) groups, with no 

difference between the latter two groups (p = .45). To assess whether the change from 

training to test was significant for each group, one-sample t-tests compared the contrast 

scores to 0 (i.e. indicating equal consumption in training and test). The Chow group’s contrast 

score was significantly greater than 0 (t(7) = 3.59, p = .009), whereas for the Variety group 

there was a non-significant trend toward a negative score (t(7) = 2.16, p = .068). The Single 

group’s contrast score was also negative but not statistically significant (t(7) = 1.51, p = .17).  
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Figure 4.3.3. Contrast scores in Experiment 4.3. FL consumption at test (at 30-min) is 

expressed relative to training consumption (average of the last 3 training sessions). **p < .01; 

#p = .07 for one-sample t-tests comparing group mean to 0. 

 

4.3.3. Discussion 

 Experiment 4.3 adopted a between-subjects design to test CPF on an alternative food. 

The single context to which rats were exposed in training contained one or three palatable 

foods; chow; or nothing. The pattern of consumption between Chow, Single, and Variety 

groups over 9 consecutive days was comparable to previous experiments in which exposures 

to the Plus context occurred every 24-72 hours and were intermixed with Minus sessions. 

Once again, the CPF test assessed the effects of this environment on consumption of another 

palatable food, FL. Contrary to predictions, no group differences were found, and 

consumption by the Variety group relative to other groups was in the opposite direction to 

that hypothesised on the basis of past experiments. In fact, the two groups for which the 

context was paired with palatable food appeared to consume less than the other groups. 
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Intake increased relatively steadily over the 2-h test and there was no evidence that after an 

initial period of high consumption, the context promoted further eating only in some groups.  

Calculation of contrast scores was prompted by the observation that the pattern of 

mean differences at test was opposite to that observed in training. Analysis of these scores 

highlighted the differing effects of presenting FL at test. The Chow group significantly 

increased their intake of FL at test relative to their training chow consumption, a difference 

that was significantly larger than for the Single and Variety groups, which tended to consume 

less in test than of their palatable food/s in training. This pattern is suggestive of positive 

contrast for the Chow group, and negative contrast for the Variety and Single groups. 

Consumption was highest of all in rats for which the context had always been empty and for 

which the CPF test marked the first opportunity to eat in this environment (Nothing group). 

This result was surprising since this constituted the sort of ‘Minus’ context exposure present 

in all previous experiments. However, past studies have demonstrated that contexts 

associated with the absence of food (Roitman et al., 2001) or cues signalling the imminent 

termination of food availability (Galarce & Holland, 2009; Holland & Hsu, 2014) can 

stimulate food intake to at least as great an extent to food-paired cues. 

The result most at odds with our hypotheses was the low consumption by the Variety 

group. Why might contexts paired with multiple palatable foods enhance consumption of 

other foods in within-subjects designs (as in previous chapters), but not in the present 

between-group design? In addition, why was the decline in consumption from training to test 

most evident in this group? The answer to the former question might relate to the absence of 

a Minus context as a comparison environment. Generally, the CPF effects previously reported 

for the Variety group were not driven by dramatically enhanced intake in the Plus context 

relative to other groups, but by a larger difference between the Plus and Minus contexts. 

Another procedural difference was the present experiment administered nine consecutive 
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‘Plus’ sessions, unlike previous experiments in which Plus sessions occurred every 24-72 

hours in an unpredictable sequence intermixed with Minus sessions. Therefore, the apparent 

negative contrast effect in these groups might suggest that the regularity of exposure to 

palatable food made the presentation of an alternative food more surprising at test. It would 

be interesting to compare the effects of our standard training involving intermixed 

Plus/Minus sessions with a separate group exposed only to the Plus context on the same days.  

 

4.4. General discussion 

The experiments in Chapter 4 tested whether manipulating motivational and 

procedural factors would enhance CPF effects by reducing the contribution of test order 

effects and negative contrast. The procedural changes introduced were unsuccessful in 

achieving these aims. Experiment 4.1 found that the transfer of CPF to an alternative food 

was not enhanced after training with mild food restriction. Whereas Experiment 4.2 found no 

test order effects after a 2-week delay, a clear negative contrast effect persisted in the form of 

suppressed test intake relative to training. This result suggested that contrast effects are not 

uniquely responsible for test order effects in our preparation. In Experiment 4.3 Single and 

Variety groups suppressed consumption at test relative to training in a single test designed to 

preclude test order effects. All of these manipulations abolished the CPF effect in the Variety 

group that was found reliably in previous chapters. Instead, results were often in the reverse 

direction to those hypothesised.  

 Experiment 4.1 implemented mild food deprivation during training in order to 

enhance intake in the Plus context and, consequently, the salience of conditioning. The key 

result from this experiment was that when rats were tested mildly hungry, as in training, the 

Plus context suppressed consumption of an alternative food, FL, relative to the Minus 
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context. The propensity to avoid FL in the Plus context on this test was associated with the 

extent to which the Plus context promoted consumption of the training foods in a subsequent 

test. The suppression in FL intake in Test 2 of this experiment may relate to the fact that 

animals had never previously eaten FL while food-deprived. Therefore, a key future direction 

is to assess the effects of animals’ motivational state when first exposed to the test food. 

 Whereas Experiment 4.1 tested the effects of a general shift in motivational state, 

Experiment 4.2 extended the delay between training and test to target the nature of the 

association of the Plus context with food and the incentive value of the test food. The 

predicted larger CPF effects were not found in either Variety or Single groups tested after a 2-

week delay, nor in Single rats for which the Plus context was extinguished. However, 

extinction of the Plus-food association enhanced consumption in the Minus context for rats 

given Variety training. This result indicates that the effects of extinction differed for animals 

exposed to variety, unlike previous studies using instrumental tasks (Thrailkill et al., 2014). 

However, additional work is required to determine whether this effect is sensitive to 

additional exposures to the Minus context during extinction.  

 To explore CPF between-groups, Experiment 4.3 exposed rats to a single context that 

differed in terms of the presence or absence and type of food it contained. The predicted 

difference between Variety group relative to the Single, Chow and Nothing groups was not 

observed; if anything, intake appeared higher in the latter two groups, though this difference 

was not statistically reliable. The general pattern, however, indicated that training and test 

consumption were inversely related; that is, rats that ate more in training (Single and Variety 

groups) ate less FL at test. This appeared another example of negative contrast, consistent 

with preference tests from Experiment 3.2 (where rats preferred the training food to FL) and 

test results from Experiment 4.1 (where rats CPF for the training food vs. FL tests correlated 

negatively). This possibility could be examined in future experiments in which the training 
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and test foods are fully counterbalanced, though this might raise logistical issues with respect 

to interpreting consumption at test. 

For the most part, the present experiments considered incentive contrast to explain the 

overall change in consumption from training to tests. However, contrast may have operated 

on a more local level; specifically, between the last day of training – which was always a Plus 

session – and the first day of CPF testing. A possibility arising from this observation is that 

when presenting FL in the Plus context, negative contrast might be stronger when this context 

is tested first (i.e. PlusMinus rats) than when it is tested second (i.e. MinusPlus). This 

possibility is explored in Appendix C through a re-examination of data from Chapters 2 and 

3. Results found no evidence that the degree of negative contrast from the end of training to 

the first test day differed according to whether the Plus or Minus context was tested first. This 

is consistent with a study showing that negative contrast produced by a shift from 32% to 4% 

sucrose solution was not altered by the context in which the 4% solution was tested (Flaherty, 

Hrabinski, & Grigson, 1985). In summary, results from the present chapter and Appendix C 

suggest that negative contrast and test order effects are largely independent processes in our 

preparation.  

It is also worth noting that consideration of contrast effects was made within the 

broader aim of studying CPF and its transfer to alternative foods. The present training and 

test foods were selected to vary on several dimensions (sweetness, fattiness, texture, etc.) that 

might be seen as inopportune for the study of contrast. Additionally, since these training 

foods are likely at the upper limit of palatability in the rat, using more moderately palatable 

foods might yield clearer results when tests rely on consumption in multiple environments. 

One logical option in this regard would be sugar solutions of varying concentrations, as 

successfully used in many studies of consummatory contrast (Flaherty, 1996). Finally, an 

important direction for future research is to test CPF in Single and Variety groups when the 
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change from training to test involves presentation of a more-preferred food (i.e. positive 

contrast), rather than the apparent negative contrast as in the present experiments. 

 A final point relates to the general failure to detect robust CPF effects. Each 

experiment in this Chapter adopted relatively minor procedural changes hypothesised to 

improve CPF, yet effects were in each case abolished. One implication of these collective 

results is that CPF is not a readily observable nor common behaviour, but instead a response 

that is produced only by a confined set of experimental parameters. It is worth noting, 

however, that our methods were tailored toward testing the transfer of CPF to alternative 

foods. Including more tests of the training foods would have better informed whether null 

results were explained by the overall fragility of CPF or by its apparent specificity under 

these conditions (i.e., its failure to transfer to other foods). Repeating the current designs 

using parameters from previously published methods will be important in delineating these 

possibilities.  
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Chapter 5: Effects of diet-induced obesity on CPF 

5.0. Introduction 

Schacter’s (1968) claim, that obesity results from eating in response to external rather 

than internal cues, has been highly influential. Despite limitations of the research on which 

this claim was based (see Chapter 1), there is ample evidence to suggest that responding 

toward food cues is altered in obesity. Relative to their lean counterparts, overweight and 

obese individuals exhibit attentional biases toward food cues in visual attention tasks 

(Hendrikse et al., 2015), enhanced salivary responses to olfactory food cues (Ferriday & 

Brunstrom, 2011; Jansen, Stegerman, Roefs, Nederkoorn, & Havermans, 2010) and consume 

more food following exposure to food cues (adults: Werthmann et al., 2011; children: Jansen 

et al., 2003). In some cases, however, effects are evident on self-report and physiological 

measures but not in actual consumption (Ferriday & Brunstrom, 2011).  

Similar effects have been reported in animal models of obesity. Johnson and Kenny 

(2010) found that obese animals continued to eat palatable food in the presence of a cue 

paired with an aversive outcome (shock) that inhibited consumption in lean control rats. 

Outcome devaluation studies indicate that obesity impairs the ability to adjust food-seeking 

behaviour when the value of the food reward that is earned is manipulated (Furlong, 

Jayaweera, Balleine & Corbit, 2014; see also Horstmann, Dietrich, Mathar, Pössel, Villringer, 

& Neumann, 2015). In apparent contrast to impaired sensitivity to devaluation, animals made 

obese by diets high in fat and/or sugar often show reduced rates of responding and/or 

breakpoints in instrumental tasks (Davis, Tracy, Schurdak, et al., 2007; Tracy, Wee, 

Hazeltine, & Carter, 2015; Kendig, Boakes, Corbit, & Rooney, 2014) and reduced 

consumption of fluid rewards in Pavlovian tasks (Reichelt, Morris, & Westbrook, 2014). 

Other results indicate that individual differences in food-seeking behaviour might pre-empt 
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obesity. For example, propensity to gain weight on obesogenic diets has been shown to be 

predicted by baseline differences in conditioned responding to Pavlovian food cues 

(Robinson et al., 2015) and by willingness to work for food reward in instrumental tasks (la 

Fleur, Vanderschuren, Luijendijk, Kloeze, Tieskema, & Adan, 2007). 

Whereas the above studies used Pavlovian and instrumental response measures, few 

animal models of obesity have tested for differences in consumption. Differences in eating 

patterns between cafeteria diet- and chow-fed rats have been assessed in the home-cage 

(Martire, Holmes, Westbrook, & Morris, 2013), but it appears that no published studies have 

compared obese and lean animals in terms of feeding in response to a food-paired cue; i.e., 

CPF. This was the aim of Experiment 5.1. The experiment began with a five-week diet 

intervention in which one group received unrestricted access to a high-fat, high-sugar 

supplement (HFHS group) in addition to chow and water, while the Control group was fed 

only chow and water. Previous work from our lab indicated that this diet intervention 

significantly accelerates weight gain (Furlong et al., 2014) and produces higher fat mass 

(Kendig & Corbit, unpublished observations) relative to control animals.  

Following the diet intervention both groups were maintained on unrestricted chow 

and water for context conditioning, in which rats were trained to associate a ‘Plus’ context 

with a palatable food – Banana bread – and a Minus context with no food. Tests 1 and 2 

measured consumption of the training food; we hypothesised a modest CPF effect in the 

Control group and an enhanced effect in the HFHS group. Test 3 measured consumption of 

an alternative food, Fruit Loops (FL), to assess the specificity of CPF in the manner described 

in previous chapters. Given that the Plus context was paired with only one food, we 

hypothesised no CPF effect on an alternative food in the Control group, since these rats were 

analogous to Single groups in previous chapters. However, following past reports that 

obesogenic diets promote habitual control over behaviour (Furlong et al., 2014) and impair 
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sensory-specific satiety (Reichelt, et al., 2014) – measures indicating performance that is 

divorced from the specific outcome of responding – we reasoned that the HFHS group might 

be less affected by which specific food was available in the Plus context, and exhibit CPF on 

an alternative food. Finally, metabolic measures were recorded after the diet intervention 

(fasting blood glucose) and at cull (fat mass); these were correlated with CPF test data. 

 

5.1. Method   

Subjects 

 Twenty-four experimentally naïve, adult (3-4 months old) male hooded Wistar rats 

(University of Adelaide, Australia) were used. Males were used in order to examine the 

generality of results from previous chapters, which used females, and because previous work 

from our lab using this diet intervention used male rats (Furlong et al., 2014). Rats were 

group-housed (n = 4/cage) throughout the experiment on a 12:12 light:dark cycle (lights on at 

0700h) in temperature- and humidity-controlled ventilated cages. Prior to the experiment rats 

were handled and weighed regularly over a 1-wk period, before being allocated randomly to 

Control or HFHS groups (each n = 12). At the beginning of the experiment mean body 

weight was 373 ± 6.7g [SEM] for the Control group and 377.8 ± 8.5g for the HFHS group; 

group means did not differ significantly (F < 1).  

Apparatus 

 The high-sugar, high-fat dietary supplement was sweetened condensed milk (SCM; 

3.25 kJ/g, 67% sugar, 10% protein, 22% fat, Nestlé®). SCM was diluted 3 parts to 1 with 

water and was provided in 300 ml plastic bottles with ball bearing sipper spouts (Lab 

Products Inc., www.labproductsinc.com) that were inserted into each HFHS home-cage. 

Chow and water were available ad-libitum. The preparation of the contexts and pre-feeding 

http://www.labproductsinc.com/
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chambers were as described previously. The food presented in the Plus context during 

training was Banana bread (BB), and the alternative food presented in Test 3 was Froot 

Loops (FL), as described previously. 

Procedure 

Diet intervention (Days 1-36) 

During the diet intervention SCM bottles were weighed, cleaned and replenished daily 

for the HFHS cages. Every fourth day rats were weighed, cage bedding was changed, and 

chow and water consumption was measured. At 2000h on Day 36, SCM bottles were 

removed for the three HFHS cages and chow was removed from all cages. After a 12-h fast, 

fasting blood glucose were measured using an Accu-Chek© Glucometer by removing the tail 

tip using a sterile scalpel blade. Rats were then returned to ad-libitum chow (with continuing 

free access to water) for the remainder of the experiment 

Training (Days 39-50) 

 The 12-day training phase began three days after fasting glucose was measured and 

consisted of six 30-min exposures each to distinctly marked ‘Plus’ and ‘Minus’ contexts in an 

intermixed fashion (order: MPPMMPPMPMMP), once per day. Sessions were held between 

1400-1700h each day. During Plus sessions, approximately 15g of BB was provided in a Petri 

dish centred against the side-wall of the chamber; no food was provided in the Minus context. 

During this phase all rats were placed for 15-min on two occasions in the pre-feeding cages 

that were later used for the tests; these cages were empty during this familiarisation 

procedure.  
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Test 1 (Days 53 and 54) 

 After the twelfth training session rats remained in home-cages for two days. Test 1 

began on the following day and measured consumption of the training food, BB, in the Plus 

and Minus contexts in separate 30-min tests. The two test days were held on consecutive days 

and the order in which the contexts were tested was counterbalanced.  

Test 2 (Days 56 and 57) 

 After Test 1 rats were rested in the home cage for a day prior to Test 2. Here, a pre-

feeding manipulation was adopted, as described in Experiments 2.1 and 3.2, in which rats 

were given 20-min access to 20g BB in individual feeding cages, immediately prior to a 10-

min test in the Plus or Minus context with a new dish of BB provided. The two context tests 

were held on consecutive days and test order was counterbalanced in the same arrangement 

as in Test 1. 

Test 3 (Days 59 and 60)  

 After Test 2 rats were given a day of rest in the home-cage for a day prior to Test 3. 

On the rest day, 20 Froot Loops (FL) were scattered in each home cage and all rats were 

observed to sample them within a 15-min period. Beginning the following day, two 30-min 

tests on consecutive days measured FL consumption in the Plus and Minus contexts, with no 

pre-feeding conducted. Test order was counterbalanced such that rats were tested in the 

reverse order to that used in Tests 1 and 2.  

Cull (Day 85) 

 Seven weeks after the end of the diet intervention, rats were culled by intraperitoneal 

injection of sodium pentobarbital (Lethabarb ©). Retroperitoneal, epididymal and visceral fat 
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pads were excised and weighed. Fat mass in grams was expressed relative to terminal body 

weight (g/kg). 

 

5.2. Results 

Body weight  

 Body weight gain during the diet intervention is shown in Figure 5.1.1 and was 

analysed in a 2 x (10) (group x [time]) mixed-ANOVA. This analysis showed that body 

weight significantly increased over time (linear trend: F(1, 22) = 651.09, p < .001) and was 

significantly greater in the HFHS group (group x time linear interaction trend: F(1, 22) = 

81.65, p < .001). The HFHS group gained a significantly greater percentage of starting body 

weight (20.87  0.94% [SEM]) than the Control group (10.81  .92%) (F(1, 22) = 58.73, p < 

.001). The difference in absolute body weight was statistically significant from Day 12 

onwards (day 12: F(1, 22) = 4.37, p = .048, thereafter all p <.02).  

Throughout CPF training and testing rats were weighed every 4-5 days, during which 

time both groups had unrestricted access to chow and water in home cages, and equivalent 

opportunity to consume palatable food in training and CPF tests. However, these conditions 

produced distinct effects on weight; whereas HFHS rats stabilised, Control rats continued to 

gain weight such that percent body weight change from the end of the diet intervention until 

cull was significantly greater for the Control group (mean change: 7.87  1.0% [SEM]) than 

for the HFHS group (mean change: -0.45  0.77%) (F(1, 22) = 42.35, p < .001). Independent 

samples t-tests found that the group difference was statistically significant throughout context 

conditioning and at Test 1 (smallest t(22) = 2.10, p = .047 at the time of Test 1). The 

difference was not statistically significant when rats were weighed on their rest day between 

Tests 2 and 3 (t(22) = 1.69, p = .10) nor at cull (t(22) = .75, p = .46).  
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Figure 5.1.1. Body weight gain in Experiment 5.1. The addition of sweetened condensed 

milk (SCM) to the diet accelerated body weight in the HFHS group, with statistically 

significant differences from day 12 of the diet intervention to 17 days after its conclusion 

(*all p < .05, independent samples t-tests), after which groups did not differ significantly. 

Note that time-points are irregular after training. 

 

Fasting glucose 

 After the diet intervention, mean fasting glucose levels were 5.86  .13 [SEM] 

mMol/L for the Control group and 6.03  .10 mMol for the HFHS group. This difference was 

not statistically significant (F(1, 22) = 1.08, p = .31).  

Energy intake 

 Total energy intake was estimated on a per-cage basis, providing three data points per 

group for statistical analyses. Figure 5.1.2 presents average energy intake (kJ/rat/day) across 
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the diet intervention, since consumption patterns did not change meaningfully over time. 

HFHS cages consumed most energy from SCM and ate little chow, with their total energy 

intake 14% higher, on average, than Control cages. One-way ANOVA confirmed this 

difference was statistically significant (F(1, 4) = 19.97, p = .011). 

 

 

Figure 5.1.2. Energy intake during the diet intervention of Experiment 5.1. The provision of 

SCM in addition to chow and water significantly increased energy intake in the HFHS 

relative to the Control group. 

 

Training 

 Consumption (g) of BB in training is shown in Figure 5.1.3 and was analysed in a 2 x 

(6) (group x [session]) mixed-ANOVA. Consumption increased significantly over sessions 

(linear trend: F(1, 22) = 216.51, p < .001) at a decreasing rate (quadratic trend: F(1, 22) = 

11.85, p = .002) with no interaction between these trends and group (largest F(1, 22) = 2.39, 

p = .14). The main effect of group was significant (F(1, 22) = 14.81, p = .001), indicating 
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higher consumption in the Control than HFHS group, on average (6.76 ± .31g [SEM] vs. 5.12 

± .29g).  

 

 

Figure 5.1.3. Experiment 5.1 training intake and Test 1 results. Consumption of BB increased 

significantly in both groups but was greater, on average, in the Control group. The difference 

between contexts in Test 1 was not statistically significant. 

 

 

Test 1 

 Consumption from Test 1 is shown alongside training data in Figure 5.1.3, given that 

test conditions in the Plus context were identical to training. Consumption was analysed in a 

2 x 2 x (2) (group x test order x [context]) mixed-ANOVA. Although consumption appeared 

0

2

4

6

8

10

12

M P P M M P P M P M M P

M
in

u
s

P
lu

s

1 2 3 4 5 6 7 8 9 10 11 12

Context conditioning Test 1

B
B

 i
n
ta

k
e 

(g
)

Experiment 5.1: Training

Control

HFHS

Test 1: Control

Test 1: HFHS



159 

 

somewhat higher in the Plus context, the context main effect was not significant (F(1, 20) = 

1.54, p = .23) with no context x group interaction (F < 1). A significant main effect of group 

(F(1, 20) = 5.75, p = .026) indicated that, as in training, consumption was higher in Control 

rats. There was a trend toward a main effect of test order (F(1, 20) = 4.10, p = .057) 

suggestive of higher consumption overall in rats tested in the Minus context first (and Plus 

context second). The context x test order and context x group x test order interaction effects 

were not significant (F(1, 20) = 3.42, p = .079 and F(1, 20) = 3.88, p = .063, respectively).  

Test 2: Pre-feeding 

Whereas Test 1 was a straightforward design in keeping with most of our previous 

experiments, in Test 2 we added a pre-feeding manipulation to ask whether the HFHS group 

might be more resistant to satiety and exhibit an elevated CPF effect. During pre-feeding the 

Control group ate an average of 7.71 ± .54g [SEM] of BB, while the HFHS group ate 4.90 ± 

.41g. A 2 x (2) mixed-ANOVA (group x [context]) applied to pre-feeding intakes found this 

difference was statistically significant (group main effect: F(1, 22) = 20.78, p < .001) but did 

not vary according to whether the pre-feeding was prior to a Minus or Plus test (context main 

effect: F < 1) and with no group x context interaction (F < 1).  

Consumption during the 10-min context tests is shown in Figure 5.1.4 and was 

analysed with a 2 x 2 x (2) mixed-ANOVA (group x test order x [context]). This analysis 

found no main effect of context (F < 1), no context x group interaction (F(1, 20) = 1.99, p = 

.17) and no other main or interaction effects (all F < 1). To account for variability in 

consumption, as well as the group difference in pre-feeding (Control > HFHS), we next 

conducted two further analyses. The first was to express consumption in the contexts as a 

ratio of pre-feeding prior to that test; i.e. Minus ratio = Minus context / Minus pre-feeding 

and Plus ratio = Plus context / Plus pre-feeding. However, this transformation had little 
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effect, since analysis in a 2 x 2 x (2) mixed-ANOVA revealed no main effect of context (F < 

1), no context x group interaction (F(1, 20) = 1.71, p = .21), nor any other main or interaction 

effects (largest F(1, 20) = 2.08, p = .17; data not shown).  

 

 

Figure 5.1.4. Results of Test 2 in Experiment 5.1. After 20-min pre-feeding, no effect of 

context and no context x group interaction was found in the 10-min context test.  

 

 The second set of additional analyses tested the influence of pre-feeding by 

correlating consumption in each pre-feeding session with consumption in the subsequent 

context test. Scatter plots of these relationships are presented in Figures 5.1.5A and B. We 
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continue to eat more) or negative over longer periods of time (e.g. greater intake in pre-

feeding produces more satiety and inhibits eating). Importantly, these putative correlations 

0

0.5

1

1.5

2

2.5

3

3.5

Control HFHS

B
B

 i
n
ta

k
e 

(g
)

Test 2

Minus

Plus



161 

 

should be weakened by any external stimulus that modulates feeding. Thus, we hypothesised 

that the correlation between pre-feeding and context consumption should be weaker on the 

Plus test, to the extent that this environment acquired the capacity to enhance feeding. By 

contrast, a stronger association between pre-feeding and context intake might be expected for 

the Minus test, where animals may be more sensitive to internal satiety signals in an 

environment without past associations with food.  

Analyses indicated that in the Minus context test (Fig. 5.1.5.A), pre-feeding and 

context consumption correlated negatively (r(24) = -0.41, p = .043), such that rats that ate 

more during pre-feeding tended to eat less during the Minus context test. By contrast, pre-

feeding and context consumption did not correlate significantly in the Plus context test (Fig. 

5.1.5.B; r(24) = 0.017, p > .05). The difference between correlations approached statistical 

significance (Fisher’s r to z transformation: z = -1.47, p = .07, one-tailed test). This pattern 

was consistent within HFHS and Control groups, though no correlations were statistically 

significant (HFHS group: r(12) = -.26, p = .41 for the Minus test and r(12) = .06, p = .85 for 

the Plus test; Control group: r(12) = -.50, p = .10 for the Minus test and r(12) = -.09, p = .77 

for the Plus test).  
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Figure 5.1.5. Correlational analyses from Test 2. In the Minus (Panel A) but not the Plus 

(Panel B) test, pre-feeding and context consumption correlated negatively.  

 

Test 3: Froot Loops 

 Test 3 measured consumption of an alternative food, FL. Consumption is shown in 

Figure 5.1.6 and was analysed in a 2 x 2 x (2) ANOVA (group x test order x [context]). This 

analysis found no main effect of context and no context x group interaction (both F < 1). A 

significant context x test order interaction was found (F(1, 20) = 23.17, p < .001) reflecting 

the tendency for consumption to increase from the first to second test, regardless of which 

context was tested first. Unlike Tests 1 and 2, the main effect of group was not significant 

(F(1, 20) = 1.60, p = .22) and no other main or interaction effects were significant (all F < 1).  
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Figure 5.1.6. Results of Test 3 in Experiment 5.1. Consumption of an alternative palatable 

food, FL, did not differ between contexts or groups.  

 

Fat mass  

 Fat mass data are displayed in Figure 5.1.7, adjusted for body weight. One-way 

ANOVA found that despite no difference in terminal body weight between groups (F < 1), 

the HFHS group had significantly higher total g/kg fat (F(1, 22) = 4.80, p = .039). Further 

analyses found this effect was statistically significant for epididymal fat (F(1, 22) = 9.35, p = 

.006) and visceral fat (F(1, 22) = 5.54, p = .028), but not retroperitoneal fat (F(1, 22) = 1.82, 

p = .191). There were no significant correlations between fat mass (total g/kg) or fasting 

blood glucose with CPF test data when all rats were analysed together (largest r(24) = .16, p 

= .46), nor when Control and HFHS groups were considered separately (largest r(12) = .45, p 

= .14). 
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Figure 5.1.7. Fat mass at cull in Experiment 5.1. The HFHS group had significantly more 

total g/kg fat than the Control group (*p < .05). 

 

5.3. General discussion 

Experiment 5.1 tested the effects of diet-induced obesity on CPF and found three key 

results. First, there was no evidence that animals made obese by chronic access to a high-fat, 

high-sugar diet showed any greater tendency to exhibit CPF relative to controls. Second, the 

HFHS group suppressed their consumption of palatable foods relative to Controls across 

training and CPF tests. This result corroborates past research and has several implications for 

future study of CPF in obesity models. Third, correlational analyses indicated that the Plus 

context disrupted sensitivity to pre-feeding in Test 2, despite the absence of a significant 

overall difference between the contexts. The extent to which this result comprises CPF will 

be discussed with reference to the only previous study, to our knowledge, to have applied 

correlational analyses in this way (Galarce et al., 2007).  
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The diet intervention consisted of unrestricted access to sweetened condensed milk 

for 5 weeks and was successful in enhancing energy intake and producing a group difference 

in body weight that was statistically significant on day 12 of the diet and thereafter. By the 

end of the diet intervention HFHS rats were approximately 10% heavier than their Control 

counterparts, but did not differ in their fasting blood glucose levels. Though this suggests the 

metabolic effects of the diet intervention were relatively mild, they were persistent: the body 

weight difference was statistically significant well into behavioural testing, during which time 

both groups were fed only chow, together with relatively brief access to the palatable foods 

used for CPF training and tests. The restoration of the body weight difference between groups 

might relate to the consistently greater consumption of BB and FL by the Control group. 

Despite this, at cull the HFHS group exhibited higher body fat stores, a result which parallels 

a prior study from our laboratory showing that animals given unrestricted access to 10% 

sucrose solution for 8 weeks retained higher fat stores after 6 weeks of behavioural testing on 

food deprivation (Kendig et al., 2014). The present experiment shows that this ‘persisting 

adiposity’ effect holds under conditions where food deprivation is not introduced.  

The 12-day training procedure was based on two experiments that found CPF effects 

(Experiments 2.1 and 3.3), suggesting conditions were appropriate for observing CPF. Thus, 

exposure to the Plus context provided an opportunity to consume a new palatable food, 

whereas in the Minus context rats were without food for the first time (albeit for relatively 

short periods). The clear result from training was that the HFHS group ate significantly less 

than the Control group. This effect was not due to initial neophobia toward BB in the HFHS 

group, since groups did not differ on the first training session, nor to a failure of the HFHS 

group to increase consumption over time, since training data showed no interaction between 

group and session. This result suggests that eating BB in the Plus context was rewarding for 

both HFHS and Control groups. It seems unlikely that Control animals ate more because of 
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greater hunger, since animals were not food deprived in training. Rather, these results suggest 

that previous unrestricted access to palatable SCM for the HFHS group reduced the incentive 

value of BB in the Plus context relative to the Control group, who previously ate only chow 

and water. 

Test 1 measured consumption in the Minus context under training conditions; i.e., in a 

30-min test with no pre-feeding. The modest difference in consumption between contexts, 

although in the predicted direction, was not statistically significant. The group difference in 

consumption seen in training persisted into the tests, with significantly lower intake by HFHS 

rats, across both contexts. In Test 2 rats were pre-fed in a neutral environment in order to test 

whether further intake would be stimulated by placement in the Plus but not the Minus 

context. Pre-feeding again revealed a group difference (HFHS < Control), but this was not 

evident in the subsequent context tests. The pattern of data suggested a CPF effect in Control 

but not HFHS animals; again, however, no effects were statistically significant when 

analysing group means in the contexts alone. Test 3 continued the aim of previous chapters to 

explore the specificity of CPF. Contrary to hypotheses, no effect was found in the HFHS 

group, whose overall consumption of FL was now not statistically different to the Control 

group.  

The absence of significant differences between the Plus and Minus contexts was not a 

central concern because our primary aim was to compare HFHS and Control groups. Indeed, 

given the CPF effects reported in previous experiments were statistically significant but 

modest in size, we reasoned this might be ideal for detecting the larger effects hypothesised 

for the HFHS group. A similar rationale was adopted in a paper examining the effects of 

ghrelin function in the ventral hippocampus on CPF (Kanoski et al., 2013; Experiment 4). 

Using a training paradigm modified from Weingarten (1983), Kanoski et al. food-deprived 

rats and then exposed them to a CS+ cue that signalled the delivery of their five-daily meals, 
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and a CS- cue that did not predict food. In satiated tests, feeding in response to the CS+ and 

CS- did not differ under vehicle; by contrast, the CS+ initiated significantly more meals than 

the CS- after ghrelin administration to the ventral hippocampus. The authors explained that 

their training procedure was chosen to be sub-threshold, such that only modest effects were 

expected in the absence of the experimental manipulation (in this case, pharmacological). In 

the present experiments, however, results found no support for augmented CPF in the HFHS 

group after their exposure to an obesogenic diet. 

The inclusion of pre-feeding in Test 2 offered another means of assessing the 

influence of the contexts on consumption: correlations. Analyses showed that when the 

Minus context was tested, consumption in pre-feeding and in the context correlated 

negatively: Rats that ate more in pre-feeding tended to eat less in the context, and vice-versa. 

In the Plus context test, however, there was no relationship between intake in pre-feeding and 

in the context. Thus, despite no significant difference between the contexts when analysed in 

isolation, this analysis suggests that the Plus context disrupted sensitivity to pre-feeding, 

since rats’ consumption in this environment was unrelated to the amount just eaten in pre-

feeding. Similar results were found in a study using discrete cues (Galarce et al., 2007), in 

which consumption during a 5-min pre-feeding and 5-min CPF test did not correlate when 

presenting a cue that previously signalled the available reward (i.e., a consistent CS). By 

contrast, when an alternative cue or no cue was presented – conditions where consumption 

fell and, therefore, no CPF effect was found – pre-feeding and test consumption correlated 

positively. Thus, both the present results and those of Galarce and colleagues (2007) suggest 

that food-paired cues or environments reduce sensitivity to the amount just eaten, whereas 

pre-feeding consumption exerts a stronger influence on feeding under control conditions15. It 

                                                           
15 The fact that this correlation was negative in the present experiment and positive in Galarce et al. (2007) may 

relate to differences in pre-feed duration (20-min vs. 5-min) and reward type (Banana bread vs. 4% sucrose or 

maltodextrin solution). Each of these factors would appear to foster greater intake and satiety in the present 
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is noteworthy that these patterns did not appear to differ between HFHS and Control animals 

in the present study. This forms an important line of enquiry for future research.  

 The suppressed consumption by the HFHS group throughout training and Tests 1-2 

warrants further discussion. Why did animals now withdrawn from their previously 

unrestricted access to highly palatable SCM consume less palatable food than control 

animals, despite being significantly heavier? As outlined in the introduction to this chapter, 

this initially counterintuitive result is consistent with past work in animal models of obesity. 

Reichelt et al. (2014) reported lower consumption of flavoured sugar solutions in rats made 

obese by unrestricted access to a cafeteria diet. We (Kendig et al., 2014) found that animals 

given chronic access to 10% sucrose solution showed depressed response rates in 

instrumental training relative to their leaner control counterparts. Tracy et al. (2015) found 

that animals made obese by six weeks’ unrestricted access to a high-fat diet showed lower 

breakpoints in a progressive ratio test of instrumental responding, suggestive of reduced 

motivation16. Notably, this deficit was not present in rats that were pre-exposed to the 

reinforcer (sucrose pellets) prior to the diet. This result suggests that pre-exposing the training 

and test foods prior to the diet intervention may have precluded the lower overall 

consumption by the HFHS group. However, it does not appear to explain the failure to detect 

CPF.  

The present results suggest several directions for future study of CPF as it relates to 

obesity. First, it will be interesting to assess CPF after longer and/or more severe diet 

interventions, given that our 5-wk manipulation did not impair fasting glucose and produced 

                                                           
experiment, such that rats were satiated at the point of the CPF test. In Galarce et al. (2007), the positive 

correlation under no-cue or inconsistent CS conditions could be because rats were not fully satiated on the 

reward. Therefore, the association might be tracking individual differences in preference for the reward.  
16 Animals fed the high-fat diet for 8 weeks also failed to display a conditioned place preference for a 

compartment paired with the sucrose pellets, suggesting the reward was less valued by these obese rats. 
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only modest increases in energy intake and weight gain (~14% and ~10% above controls, 

respectively). Therefore, it is possible that feeding behaviour in the presence of food cues 

might become more dysregulated in a state of more severe obesity produced by longer 

periods on the diet (e.g. 90 days; Kanoski & Davidson, 2010) and/or by the provision of 

‘cafeteria’ diets that can enhance energy intake over fivefold (e.g. Tran & Westbrook, 2015). 

In addition, while this experiment tested whether CPF was enhanced in diet-induced obese 

animals, the converse is important to address: are animals that exhibit a larger CPF effect at 

baseline more susceptible to weight gain on obesogenic diets (cf. Robinson et al., 2015)? 

Further, testing CPF before and after a diet intervention might better reveal the effects of the 

diet, while addressing the issue of reinforcer pre-exposure identified by Tracy et al. (2015). 

Another interesting possibility would be to increase deprivation state at test, to see whether 

this would selectively enhance the ability of the Plus context to drive consumption in control 

but not obese animals.  

A final broader point relates to the issue of blunted response rates in animal models of 

obesity. In most previous studies, exposure to the diet is (necessarily, for the study of obesity) 

confounded with the obesity it produces. It would be highly interesting to test CPF in animals 

previously given sufficiently intermittent access to a cafeteria or high-fat, high-sugar diet so 

that they do not gain weight faster than controls. First, it would address the extent to which 

suppressed performance – whether measured in terms of consumption or instrumental 

responding – is due to experience with highly palatable food or to the metabolic 

consequences of excess weight gain. Second, unlike the distributed consumption of palatable 

food produced by unrestricted access to cafeteria diets (Martire et al., 2013), the rapid 

increase in short-term intake produced by intermittent or ‘binge’ procedures (e.g. Berner, 

Avena, & Hoebel, 2008; Eikelboom & Hewitt, 2016) might well produce larger effects on 

CPF, which also tests consumption within limited time periods.  
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Chapter 6: General discussion 

This thesis studied the conditions under which rats’ short-term food intake was 

enhanced in environments paired with palatable food. By doing so, experiments sought to 

better understand cue-potentiated feeding (CPF): when and how is food intake affected by 

external factors? Understanding the boundary conditions of CPF is important to model the 

ways in which societies replete with food, and food cues, drive overeating. Study of CPF at 

the behavioural level has received less attention than the neural and hormonal processes that 

underlie the effect, in part because experiments aimed at the latter mechanisms have, 

sensibly, used a relatively narrow range of conditioning and test parameters. Consequently, 

however, the generality of the effect is less well investigated.  

This thesis used an animal model in which the associations between external cues and 

food could be controlled strictly and measured systematically. The general experimental 

approach was to pair distinct environments, or contexts, with palatable food, and then 

measure food consumption under various conditions. Within this framework, experiments 

were designed to address research questions relating to (1) the extent to which CPF is general 

or specific; (2) whether susceptibility to CPF can be tracked by individual differences in 

eating behaviour; and (3) how the effect is moderated by motivational state and 

methodological parameters. Each of these issues has implications for how prevalent CPF is in 

day-to-day life.  

 

6.1. Specificity 

A major question explored was the extent to which food cues affect consumption in a 

specific or general manner. The answer to this issue has implications for whether the effects 
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of food cues are confined to certain circumstances (i.e. a specific cue and a specific, 

conditioned food) or whether they enhance consumption more broadly. To date, almost all 

CPF experiments have suggested the former: food-paired cues or contexts enhance 

consumption only of the food they have previously signalled, and not alternative foods such 

as chow, novel pellet varieties, or flavoured solutions previously predicted exclusively by 

other cues (Delamater & Holland, 2008; Galarce et al., 2007; Petrovich et al., 2007a, 2007b, 

2012, but see Boggiano et al., 2009). Therefore, most evidence indicates that CPF is specific, 

suggesting that presenting food cues evokes a specific representation of the paired food rather 

than a general desire to eat (Delamater & Holland, 2008; Petrovich, 2013, Johnson, 2013). 

The present thesis tested the specificity of CPF under a broader range of conditions 

than those explored previously. We hypothesised that the failure to see CPF on the alternative 

foods listed above might relate to properties of the foods, such as low palatability (for chow) 

and neophobia (for novel pellets) rather than the nature of conditioning to the food-paired cue 

or context. Therefore, we asked whether the predictive “Plus” context would enhance intake 

of an alternative food that was palatable, familiar, and not previously predicted by other cues. 

The clear result across experiments was that even when these criteria were satisfied, the Plus 

context did not enhance intake of the alternative food. This was the case both when the test 

food was Froot Loops (used in most experiments) and Banana Bread (Experiment 2.1), 

suggesting that the absence of an effect was unrelated to which specific food was presented at 

test. Moreover, the absence of CPF was not due to floor effects: Single group rats readily ate 

the test food, but intake was not modulated by the surrounding environment. Additional tests 

confirmed that, as in previous studies, the Plus context did not enhance intake of chow 

(Experiment 3.1) or of a novel palatable food (Experiment 2.3) in the Single group. 
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Another important point was that within the Single groups, across experiments, CPF 

did not vary between subsets trained with the different foods. A difference between subsets – 

e.g. those trained with savoury versus sweet foods – could indicate that the failure to detect 

CPF on alternative foods related to the similarity between the training and test food; that is, to 

generalisation decrement. Data provided no support for this hypothesis (see Appendix B). 

However, since we deliberately chose foods that varied significantly on several dimensions in 

order to meaningfully capture “variety”, this possibility could be explored more 

systematically, particularly given the importance of the relative palatability of the training 

and test foods suggested by the results of Experiment 3.2 (where preference for the training 

food correlated negatively with CPF on FL) and Experiment 4.1 (where CPF on the training 

food and CPF on FL correlated negatively).  

A caveat for these results is that because experiments focused on the transfer of CPF 

to alternative foods, the training foods themselves were often not tested. Consequently, it 

might be argued that the results from the Single group provide only partial support for the 

specificity of CPF by characterising the conditions under which the effect did not occur on 

alternative foods. However, Experiment 2.1 found an effect on the training and not on an 

alternative food, when these were Froot Loops and Banana Bread, respectively. It appears 

unlikely that this would have differed in subsequent experiments when additional foods were 

used. In summary, the present experiments add to existing research by demonstrating that 

contexts paired with a single food fail to enhance intake of alternative foods, even when these 

are familiar and palatable. This is generally consistent with studies of food cravings in 

people, which tend to be specific (Cornell et al., 1989; Federoff et al., 2003), but which may 

transfer to foods that are sufficiently similar (Ferriday & Brunstrom, 2008, 2011). 
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6.2. Specificity and variety 

 As discussed in Chapter 2, a key feature of ‘obesogenic’ environments is that they 

contain an enormous variety of food products. While many studies have focused on the 

increases in energy intake and body weight produced by simultaneous access to multiple 

foods (Sclafani & Springer, 1976; Treit et al., 1983; Rolls et al., 1981, 1983), none have 

studied variety in relation to food cues. By confining access to variety to a distinct context, 

the present experiments appear to be the first to model how such environments affect 

consumption. The novel result is that variety-paired contexts enhanced intake of other foods, 

both familiar and novel, which were never previously consumed within it. We interpreted this 

effect to suggest that exposure to multiple tastes and textures within the Plus context formed 

an association that generalised more readily to the test scenario when an alternative food was 

available. Thus, the consumption of Froot Loops (typically the alternative food) was elevated 

by the Plus context for animals trained with a variety of foods because the sensory 

characteristics of this food were more closely related to the representation of food reward 

encoded during training than for the Single group. The mechanisms thought to drive variety’s 

short-term effects on consumption, such as sensory-specific satiety (Rolls et al., 1983) and 

compromised flavour-nutrient learning (Martin, 2016), do not appear to explain these results, 

given comparable training consumption between Single and Variety groups and the fact that 

exposure to the alternative test food was equivalent between groups. 

 There are several ways in which the present ‘variety effect’ could be studied further. 

Our variety manipulation could have been made more extreme by providing a new palatable 

food on every Plus session, rather than cycling access to three foods. Testing CPF under these 

conditions would clarify the contribution of habituation processes that likely occurred with 

repeated exposures to the same foods during training (Epstein et al., 2009). It is also 
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important to note that we manipulated variety mostly in terms of taste and texture (and, to 

some extent, energy density), but not palatability, which was consistently high. Therefore, 

there is scope to study the effects of variety on a broader spectrum of palatability. For 

example, an interesting possibility would be to pair a context with a relatively bland but 

nutritive food (e.g. chow mash) that was, over sessions, either presented alone, or rendered 

relatively more or less palatable by adding saccharin or quinine. Additionally, given that we 

do not always choose to eat when in food-paired environments, identifying the effects of 

partially-reinforced cues or contexts on consumption will be informative. Indeed, Experiment 

4.2 found that extinction of the Plus context only affected rats given variety training, such 

that consumption was lower in this environment for Variety rats but no different in Single 

rats. Here, of course, reinforced and non-reinforced exposures were blocked and not 

intermixed. 

 

6.3. Individual differences and vulnerable populations 

Experiments also explored whether the vulnerability to overeating triggered by food 

cues differed on an individual level. Chapter 3 examined whether CPF related to individual 

differences in training intake and baseline consumption of the test food. These variables 

rarely correlated, indicating that they captured relatively unique aspects of eating behaviour. 

Nonetheless, neither variable predicted susceptibility to CPF. Thus, the ability of the Plus 

context to enhance intake of FL appeared unrelated to the amount of previous consumption in 

that context, and to animals’ initial consumption of the test food. Although Experiments 3.1 

and 3.2 were likely underpowered to detect significant correlations, Experiment 3.3 found no 

relationship between these variables and CPF in a larger sample. It is worth noting, however, 

that there is tension between group effects and individual differences, such that detecting 
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significant group effects requires minimising within-group variance, while individual 

differences might be obscured by group treatments. Thus, our aim of tracking individual 

differences in CPF may have been better served using designs with no group variable. 

Whereas Chapter 3 studied pre-existing individual differences within a single 

population, Chapter 5 applied a diet intervention to form two distinct populations of normal 

weight and obese animals. Following past reports showing that responding to a conditioned 

food cue predicted susceptibility to diet-induced obesity (Robinson et al., 2015), we explored 

whether CPF would be augmented as a consequence of obesity. The propensity to overeat in 

the Plus context did not differ between obese and normal-weight animals; however, obese 

animals consistently ate significantly less palatable food across tests, suggestive of a general 

decrease in motivation produced by chronic access to palatable food, or perhaps a carryover 

effect of positive energy balance from the diet intervention.  

Therefore, the present results found no evidence that CPF was predicted by measures 

of eating behaviour, on an individual level, or body weight, at a group level. These results are 

consistent with a past study in which CPF did not differ between ‘binge-prone’ and ‘binge-

resistant’ rats (Boggiano et al., 2009). In addition, a recent meta-analysis reported that the 

effects of food cue exposure on eating and weight-related outcomes in humans “…generalize 

across individual differences in BMI, age, dietary restraint and gender” (Boswell & Kober, 

2016, p. 169), where ‘generalize’ was meant to indicate that effect sizes were unaffected by 

variability in any of these four factors. Nonetheless, further work on individual differences in 

animal models will be valuable because of the potential to study how variance in responding 

to food cues contributes to the genesis of obesity (e.g. Robinson et al., 2015) in a way that is 

less feasible in humans. Variability in metabolic and physiological responses to food-cue 

exposure appear promising measures in this regard. 
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6.4. Effects of motivational state and procedural variables 

6.4.1. Training factors 

  A relatively novel aspect of our training protocol was that rats were usually not food-

restricted. Even in the two experiments where access was restricted – Experiments 2.1 and 

4.1 – animals remained at a relatively mild deprivation state (~95% of free-feeding weights). 

Therefore, the present results show that food deprivation is not required for food cues to 

acquire the ability to potentiate feeding in later tests. Of course, the extent to which rats were 

in fact ‘satiated’ at the time of training sessions cannot be verified – only that consumption 

during Plus context training sessions was driven less by hunger than if food restriction had 

been employed. Further, it is not argued that deprivation state is unimportant; in fact, 

Experiment 4.1 indicated that deprivation state was a critical determinant of CPF when 

testing an alternative food, since rats ate less in the Plus context under acute food restriction. 

This result appeared to suggest that hunger enhanced the surprise of experiencing an 

alternative food in the Plus context and inhibited consumption, but was also likely to reflect 

the fact that the incentive value of the test food was lower on account of it being pre-exposed 

prior to food-deprivation.  

A second novel aspect of the training protocol was that the amount of food provided 

in Plus context training sessions was unrestricted17. As discussed above, one reason was so 

that variability in consumption could be correlated with CPF. Another was so that the 

contribution of training consumption to total energy intake could be derived (see Future 

Directions below). However, an additional possibility was that unrestricted access encoded 

associations of the Plus context not only with the taste of the food but, in cases where large 

                                                           
17 ‘Unrestricted’, of course, means an amount of food almost certainly more than rats will consume within a 

session – though experimenters are occasionally proven wrong. 
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amounts were eaten, short-term satiety toward the end of the session. One implication is that 

consumption within the Plus context at test could be suppressed for rats that had previously 

eaten larger amounts during training, leading to association of the context with satiety 

(Booth, 1972). Yet as discussed, no significant relationship between training intake and CPF 

was found (Chapter 3). In addition, several previous studies have shown CPF effects when 

the amount of food available is substantial, but capped (e.g. 7g of pellets; Petrovich et al., 

2007a, 2007b) or apparently unrestricted (Boggiano et al., 2009). Furthermore, it has proven 

difficult to replicate experiments reporting conditioned satiety, at least in humans (Yeomans, 

2012). 

 

6.4.2. Contexts versus discrete cues  

The experiments in the main body of this thesis used contexts as food-paired stimuli. 

However, a series of experiments modelling CPF with discrete cues is reported in Appendix 

F. There are several important ways in which conditioning might proceed differently for these 

two classes of stimuli.  

Training features 

The above comment on conditioned satiety alludes to a key difference between the 

use of contexts and discrete cues to model CPF: studies using contexts involve consumption 

of a greater amount of food than when discrete cues are conditioned. In the latter case, 

multiple CS+ presentations in daily training sessions require that the amount of food be 

limited to encourage sustained responding and tight temporal pairing of the cue with 

consumption. Typically, a single CS+ presentation is rewarded with one or two 45-mg pellets 
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or a 0.1-0.2ml delivery of liquid reward18. The number of reinforced CS+ presentations per 

daily training session has ranged from 2 (McDannald et al., 2005) to 4 (Dailey et al, 2016; 

Holland et al., 2001) to 6 (Holland & Gallagher, 2003) to 8 (Holland et al., 2002; Petrovich et 

al., 2002, 2005; Petrovich, Hobin, & Reppucci, 2012) to 10 (Sherwood et al., 2015) to 16 

(Delamater & Holland, 2008) to 20 (Walker et al., 2012). Even in the latter studies, the total 

amount of food only amounts to a few grams per day – far less than in studies using contexts, 

such as the present experiments.  

The most obvious implication of this difference is that satiety exerts a larger role in 

studies using contexts than discrete cues. Another more intriguing possibility is that the 

distribution of eating behaviour differs: whereas discrete cues prompt orientation and 

approach to the food location and intake of the morsel, exposure to contexts with ample food 

available presumably allows for more natural and repeated bouts of meal patterning to 

develop. Although it is clear that both approaches can successfully produce CPF, an 

interesting question is whether cues and contexts produce effects via distinct consumption 

patterns in the free-feeding conditions used to test CPF. For example, do discrete cues 

produce CPF by fostering a great number of smaller and/or shorter meals, whereas contexts 

promote fewer but larger meals?  

Pre-feeding during test 

 Another difference between context and cue models of CPF is that the latter typically 

include pre-feeding manipulations prior to testing the cues. Because initial placement in the 

conditioning chamber itself elicits eating (!), pre-feeding enhances the sensitivity of the test 

by reducing variability in acute hunger between rats and increasing the likelihood that 

                                                           
18 One exception is a study in which daily training sessions consisted of two CS+ presentations that each 

terminated with the delivery of 50 pellets to the magazine (Cole et al., 2015). 
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consumption is driven by associative properties of the cue and not of the context – or simply 

by palatability of the food (Petrovich, 2013; Johnson, 2013). By contrast, in studies using 

contexts the animals typically have not been pre-fed (Boggiano et al., 2009; Petrovich et al., 

2007a, 2007b), perhaps because consumption in the conditioning chamber is precisely what is 

of interest. However, pre-feeding might still be useful by bringing down what would 

otherwise be high levels of consumption. Though most experiments in this thesis omitted pre-

feeding, the few tests to include it yielded mixed results. Experiment 2.1 demonstrated a CPF 

effect after pre-feeding, whereas Experiments 3.2 and 5.1 found that adding pre-feeding did 

not ‘reveal’ effects that were not evident in other tests without pre-feeding. (Pre-feeding is 

also included in the discrete cue experiments reported in Appendix F.) 

In these instances, additional analyses tested whether the correlations between pre-

feeding and context consumption differed between the Plus and Minus context tests. The 

rationale was that the strength of this correlation should be weaker on the Plus context test, to 

the extent that this environment acquired the ability to override satiety and prolong 

consumption. Some evidence for this hypothesis was reported in Chapter 5, where pre-

feeding and context consumption correlated negatively on the Minus context test, with no 

relationship between the two on the Plus test19. However, this pattern of results was not found 

in other experiments. One potential reason for these inconsistent results might be opposing 

influences on consumption of satiety and preference for the test food. Presumably, the effects 

of short-term satiety should produce a negative correlation between pre-feeding and context 

consumption, if greater consumption in pre-feeding reduces additional consumption in the 

context. However, if preference for the test food is what guides consumption, the correlation 

                                                           
19 These correlations reflect variability in consumption that, ideally, should reflect animals’ desire to eat and not 

stress or anxiety. In turn, an important logistical issue is where pre-feeding should occur. Measuring pre-feeding 

intake by individual rats requires placement in another ‘context’ that, ideally, has been pre-exposed at some 

point prior to tests, but not to the extent that conditioning to the intended Plus and Minus contexts is affected.  



181 

 

between pre-feeding and context intake might be positive: rats that eat more in pre-feeding 

subsequently continue to eat more in the context test, while those with lower preference for 

the food tend to eat less in both periods. The duration of pre-feeding and test sessions is also 

likely to be important, with consumption perhaps dictated by preference in short sessions and 

by satiety over longer sessions. 

A complication introduced by pre-feeding is the potential for unequal consumption 

between groups (e.g. lower intake by HFHS rats in Experiment 5.1) or chance differences 

between tests (e.g. higher intake prior to the Plus test in Experiment 2.1). Indeed, the only 

paper to our knowledge to report similar correlational analyses did so as a means of 

accounting for differences in pre-feeding rates between different cue tests (Galarce et al., 

2007). Nonetheless, continued exploration of these correlations would seem to fit well with 

what is tested by pre-feeding designs: can a food-paired cue or context sustain or prolong 

consumption despite satiety on the test food? A final point is that testing these correlations 

required animals to be shifted from group-housed home cages to individual chambers for pre-

feeding. To mitigate the effects of stress and/or novelty, rats were exposed to these chambers 

multiple times prior to tests. While the contribution of stress cannot be dismissed entirely, the 

success of habituation was suggested by a decline in urination and defecation, progressive 

ease of handling upon retrieval of rats from the chamber, and by their ample consumption 

during pre-feeding at test. 
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6.5. Future directions 

6.5.1. Motivational state and meal size 

  The observations made in this chapter suggest several research questions. It will be 

relevant to test whether the present variety effect reported in Chapters 2 and 3 replicates 

when only limited access to palatable food is provided in training. More generally, future 

experiments should clarify whether cues paired with small versus large amounts of food exert 

different effects on CPF, given these have been a feature of cue and context experiments, 

respectively, but never compared directly. This would delineate the contributions of taste 

versus satiety to CPF. Since the effects of reward size might vary according to whether or not 

animals are food-deprived for training, these factors could be manipulated systematically to 

integrate the present results (no food restriction, unlimited food in the Plus context) with most 

past research (food restriction, limited amounts of food). In addition, whether or not animals 

are food-deprived when first exposed to the test food appears an important determinant of the 

food’s incentive value (as suggested by Experiment 4.1). Understanding how hunger, meal 

size and satiety interact with food cues is important because people learn about and encounter 

food cues across a range of hunger states in everyday life, and the form of food intake 

stimulated by cues might vary widely (e.g. snacks versus meals). By demonstrating CPF 

effects in rats given free access both to chow in the home cage and to the food provided in the 

Plus context, the present experiments go some small way toward this aim.  

 

6.5.2. Does CPF increase the risk of obesity over the long-term? 

A major goal for future CPF research should be to clarify if and how exposure to food 

cues over the longer-term increases energy intake and weight gain. This hypothesis is 
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appealing because food cues are ubiquitous and examples of the temptation they produce are 

easy to imagine. That food-paired stimuli can initiate and/or enhance short-term food intake 

is not at issue, as shown presently and in much past animal research (Petrovich, 2013), and in 

a recent meta-analysis of studies in humans (Boswell & Kober, 2016). However, what is not 

well understood is how these ‘cued’ meals operate in the context of total energy intake 

(Berthoud, 2012). An important question is to identify whether snacks or meals initiated or 

extended by food cues lead to smaller intake in subsequent meals. Is this putative 

compensation complete, particularly when cued meals are likely to be energy-dense and 

highly palatable20 (see also Levitsky, 2005)? Is compensation evident immediately, or 

revealed only over a longer period? A recent study using autocorrelations found that peoples’ 

food intake did not correlate reliably between one day and the next (Levitsky et al., 2017). 

The present thesis did not test this issue directly but instead explored several ways in 

which food cue exposure affected compensation over the short-term. As described above, 

correlational analyses appear a promising method for analysing the acute effects of food cues 

after pre-feeding. Another approach taken in Experiment 3.3 was to explore whether total 

energy intake differed on training days beginning with a Plus versus a Minus context training 

session. Results indicated that the increase in palatable food intake over Plus sessions was not 

accompanied by a proportional decrease in chow intake in the home-cage after each session. 

Despite the consequent increase in energy intake over Plus days, some evidence of 

compensation was suggested by a modest decrease in chow intake over the intermixed Minus 

days. This result is interesting to compare with a study by Reppucci and Petrovich (2012), 

who exposed rats to a food cue at the start of a 4-hour test in which both pellets, the cued 

food, and chow were available. In addition to a CPF effect in the form of greater pellet intake 

                                                           
20 ‘Healthy’ foods can be signalled too, of course, but this would seem far less common.  



184 

 

in rats given Paired training, inadequate compensation was suggested by the fact that chow 

intake did not differ between groups in the 4-hr test or in the home cage over the following 

20-h. 

A limitation of Experiment 3.3 and past attempts to examine compensation of this 

kind is that they have not separated the effects of the food cue from exposure to the foods per 

se. Identifying whether food cues have additive stimulatory effects on consumption beyond 

those of the foods they signal will be important to determine. The only test of this was in 

Experiment 4.1, where the Unpaired group ate similar amounts of the palatable foods in the 

home-cage as eaten by the Variety group in the Plus context. Nonetheless, results suggested 

that monitoring home-cage chow intake was a sensitive measure of compensation for short-

term access to palatable food, and changes in this measure over time. Tracking incremental 

changes are important because differences in energy intake as little as 100 kcal/day may 

meaningfully affect long-term weight gain (Hill, Wyatt, Reed, & Peters, 2003).  

Two final points are important to consider. First, evaluating the effects of food cues 

should not be restricted to consumption. Not only is eating outside the home more frequently 

associated with higher energy intake (Kant & Graubard, 2004), but these meals also tend to 

contain more saturated fat and less fibre, calcium, and iron (Guthrie, Lin, & Frazao, 2002). 

Therefore, exposure to food cues might still pose risk to overall health if the foods we are 

tempted to buy are poorer in nutritional value. Second, food cues can elicit cephalic phase 

responses in anticipation of a meal (Weingarten & Powley, 1981; Nederkoorn, Smulders, & 

Jansen, 2000). For example, a recent study in humans found that pictures of palatable food 

blunted the blood glucose response to a meal without affecting the amount eaten, suggestive 

of an improved metabolic response (Brede et al., 2017). Therefore, comparing the 
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consumption produced by food cues with the metabolic and hormonal responses that are 

evoked appears an important direction for future research on CPF in animal models.  

 

6.5.3. How does CPF relate to the length of training? 

Inherent in studying whether chronic exposure to food cues enhances weight gain is 

understanding how CPF varies with different amounts of training. A recent study in humans 

found that pairing chocolate consumption with a specific time of day significantly enhanced 

desires to eat at that time after 15 but not 5 conditioning sessions (van den Akker, 

Havermans, & Jansen, 2017). Aside from this experiment, it does not appear that training 

amount has been systematically manipulated in CPF studies in either rodents or humans. 

Instead, almost all rodent CPF experiments have used moderate amounts of training – 

typically fewer than 20 sessions21. Whereas this amount of Pavlovian training is 

demonstrably able to produce learning, it is currently unknown at what point cues acquire the 

ability to potentiate feeding and how this changes over extended training. Although observing 

CPF after extremely limited training may seem unlikely, there is evidence for one-trial 

learning in aversive paradigms (e.g. Fanselow, 1990) and some evidence from appetitive 

procedures (e.g. Parkes et al., 2014).  

Of course, much is already known about how instrumental and Pavlovian 

conditioning are affected by extended training. Goal-directed performance of an instrumental 

response becomes impaired with extended training (Adams, 1982; Lingawi & Balleine, 

2012), after chronic access to high-fat, high-sugar diets (Furlong, Jayaweera, et al., 2014; 

                                                           
21 The longest training phase appears to have been by Lovibond (1980) who administered 50 exposures to food-

paired contexts across a total of 100 days of conditioning.  
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Kendig et al., 2013) and is acutely impaired in environments previously paired with palatable 

food (Kendig, Cheung, Raymond, & Corbit, 2016; see Appendix G). This suggests the 

interesting possibility that the specificity of CPF might wane over extended training. On the 

other hand, Pavlovian cues retain the ability to selectively increase performance of 

instrumental responses which earn the same outcome even after extended training (Holland, 

2004). Crucially, however, this form of specific Pavlovian-to-instrumental transfer (PIT) can 

exist alongside a general increase in responding produced by Pavlovian cues, whether or not 

this cue shares a common outcome with instrumental responses (Corbit & Balleine, 2005; 

Holland, 2004).  

Therefore, a parametric analysis manipulating the amount of training would be highly 

interesting in terms of the size and specificity of CPF. Given PIT, CPF and sensitivity to 

devaluation can feasibly be tested within the same experiment22 (e.g. Delamater & Holland, 

2008), comparisons between these tasks would also be informative. For example, do animals 

that exhibit the strongest CPF effect also show enhanced PIT, or impaired sensitivity to 

devaluation? This might inform how distinct incentive versus general motivational processes 

interact to produce CPF. More broadly, understanding if and how CPF changes over extended 

training are vital for extrapolating the relevance of the effect to overeating and obesity, given 

the extensive opportunities for stimulus-food associations to be formed and strengthened over 

the lifespan.  

 

 

 

                                                           
22 If not the same test!  



187 

 

6.6. Limitations 

6.6.1. Sex 

With one exception (Experiment 5.1), all experiments used female rats; it will be 

important to replicate the key results from this thesis in males, in light of evidence of sex 

differences in context renewal paradigms (e.g. Anderson & Petrovich, 2015). Notably, food 

intake is suppressed during the proestrous phase of the 4-5-day oestrous cycle in the rat 

(Blaustein & Wade, 1976; Butera, 2010). We did not measure or control for oestrous cycle 

during these experiments and, therefore, this may have formed an added source of variability 

in consumption. However, a recent meta-analysis found no evidence of greater variability in 

female than male rodents across a range of behavioural and neuroscientific studies (Becker, 

Prendergast, & Liang, 2016). Our use of female rats might also be viewed as valuable 

following a recent call for greater use of female mammals in preclinical research, at least in 

the USA (Clayton & Collins, 2014), given that males are used over five times as often as 

females in most biological sciences (Beery & Zucker, 2009). 

 

6.6.2. Test order effects 

With one exception (Experiment 4.3), all testing in the present experiments was 

within-subjects with the aim of increasing statistical power and allowing for CPF to be 

indexed in each animal. The latter point was particularly important for correlational analyses. 

However, the consequent need to counterbalance test order produced frequent interactions 

with the context main effect of interest. These interactions, which do not appear to have been 

an issue in past CPF experiments, almost always reflected increasing consumption over 

repeated tests when an alternative food was presented, and were unrelated to whether the 
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food was novel or familiar and, if familiar, to whether pre-exposure occurred proximally to 

testing (e.g. Experiments 2.1 and 5.1) or prior to training (most other experiments). 

Additional analyses of selected test data in Appendix C suggested that test order effects were 

unrelated to differences in incentive contrast from training to the first test. Instead, results 

indicated simply that consumption of a palatable food increased with repeated exposures. 

Critically, the ability of the Plus context to moderate consumption despite this influence was 

evident only in Variety groups. 

 

6.6.3. What factors constrain CPF effects? 

 The CPF effects reported in this thesis were modest in absolute size despite statistical 

significance. There are at least two reasons why this may not be a central concern. First, as 

discussed earlier, small increases in energy intake may be precisely what fosters long-term 

weight gain if organisms fail to adequately compensate at other times. Additionally, training 

conditions that do not produce large CPF effects may be opportune for detecting effects of 

pharmacological or other behavioural interventions that are hypothesised to enhance feeding 

in response to external cues (e.g. Kanoski et al., 2013). Nonetheless, the moderate size of 

CPF appears in keeping with past literature, and warrants discussion of several factors that 

are likely to constrain effects. 

General satiety 

CPF tests are typically brief and occur after pre-feeding consisting of ad-libitum chow 

access for several days prior to tests (at a minimum) and, often, acute pre-feeding of the test 

food. A physical upper limit in consumption – that is, gastric capacity and satiety – might 

constrain the potential for large effects that require further eating.  
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Sensory-specific satiety 

In addition to the general form of satiety described above, CPF effects are also 

working against sensory-specific satiety in designs where pre-feeding is used. Here, CPF is 

the continuation of feeding despite satiety on that very food. As well as studies of resistance 

to satiation (described in Chapter 1), more recent learning experiments have used pre-feeding 

to probe the content of instrumental conditioning. For example, pre-feeding comprises one 

means of outcome devaluation that is used to assess the extent to which performance of an 

instrumental response is under goal-directed control (e.g. Balleine & Dickinson, 1998b). 

Thus, after pre-feeding a food, goal-directed control over behaviour is suggested if 

performance of an instrumental response earning that food is reduced relative to the 

performance of another response earning a separate food that has not been devalued. Or, 

when only a single lever is trained, performance is compared with another test session in 

which a control food (one not earned by any trained response) is pre-fed. 

To confirm pre-feeding has been effective, researchers often employ consumption 

tests in which, after pre-feeding, animals are presented with either the devalued or non-

devalued food (Corbit & Balleine, 2005). A desired outcome is lower intake of the devalued 

food, since results otherwise indicate either that devaluation was ineffective or that sensory-

specific satiety was not intact. Fortunately, sensitivity to devaluation in terms of consumption 

– i.e. reduced consumption of the devalued relative to the non-devalued food – is typically 

highly robust. For example, a recent study found that rats reduced their consumption of the 

devalued food even five hours after pre-feeding, and regardless of whether pre-feeding 

occurred in the instrumental training context or another location (Parkes, Marchand, Ferreira, 

& Coutureau, 2016).  
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A recent study from our laboratory showed that sensitivity to devaluation was 

impaired in contexts paired with palatable food (Kendig et al., 2016; Appendix G). Although 

the primary focus of this study was instrumental performance, we included a consumption 

test to verify that pre-feeding was effective. For this test rats were pre-fed one of the two 

rewards earned in instrumental training (pellets or sucrose solution) for an hour, and were 

then placed into the ‘Plus’ context paired with palatable food, where pellets were available. 

Pellet intake was significantly lower in animals pre-fed pellets than in those pre-fed sucrose, 

indicating that sensory-specific satiety was intact even in an environment paired with 

palatable food. Therefore, the inhibitory effects of sensory-specific satiety appear to be 

another factor that constrains the ability of food-paired cues to enhance consumption. Indeed, 

rats pre-fed pellets in our study still ate ~0.5g pellets in the consumption test; this small 

amount may yet have exceeded consumption in another context not paired with food, 

although this was not tested (Kendig et al., 2016; Appendix G).  

Incentive contrast 

Several results in the present thesis suggested that CPF was modulated by incentive 

contrast between the training and test foods. Our decision to test a palatable alternative food 

led to ample consumption in CPF tests; nonetheless, there was evidence that this constituted a 

form of negative contrast for Single and Variety groups. This was most clearly suggested by 

the fact that these groups ate less FL in tests than of their training foods, constraining the size 

of effects. In addition, Experiment 3.2 found that Single and Variety groups ate more of the 

training food than FL in a choice preference test, and that the extent of this preference 

correlated negatively with CPF when testing FL. Finally, Experiment 4.1 found that CPF on 

the training food and on FL correlated negatively. Clearer understanding of the latter result 

might be obtained by counterbalancing the order of training food and alternative food tests; 
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however, this could introduce additional variability or unforeseen effects that might 

undermine CPF. 

Incentive contrast was also suggested by an inverse relationship between rats’ prior 

exposure to palatable food and their subsequent consumption of FL at test. Thus, Chow 

groups without prior access to palatable food in the contexts (and the Nothing group in 

Experiment 4.2) tended to eat more in tests, overall, than Single and Variety groups given 

palatable foods during training. These results appear to reflect positive contrast: presentation 

of Froot Loops, a food far more palatable than the chow (or no food) previously available, 

was highly salient and drove high consumption. At the other end of the spectrum, Experiment 

5.1 found that chronic access to sweetened condensed milk persistently suppressed 

consumption of palatable food, a result suggestive of negative contrast. Collectively, these 

results highlight a gap between the present animal model and the human experience: whereas 

most people are familiar with a wide variety of intensely palatable foods, exposure to FL for 

Chow rats marked a rare opportunity to consume something more palatable than chow (or 

indeed, anything other than chow). 

Comparison conditions 

A final factor contributing to modest effects is that there is little disincentive for 

animals not to eat when in control conditions or in the presence of a control cue. This is 

particularly relevant for the present experiments given their use of palatable ‘junk’ foods. 

One way to view this is that at test, the salient sensory features of the test food comprised an 

additional cue that competed with the surrounding Minus context. Indeed, the ability of food 

to act as a cue is readily demonstrated in priming studies in which a small morsel of food 

prompts further consumption (e.g. Boggiano et al., 2009; Cornell et al., 1989), food craving 

literature in humans (Boswell & Kober, 2016) and in research on portion size effects, where 
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manipulating the amount of food available can shape the amount eaten (e.g. Ello-Martin, 

Ledikwe, & Rolls, 2005; see also Tordoff, 2002, for analogous results in rats). An interesting 

question for future research is whether a food-paired cue or context would enhance 

consumption more than would a small morsel of the same food. 

 

6.7. Concluding remarks 

 This thesis studied how short-term food intake by rats is moderated in environments 

associated with palatable food. Results extend current knowledge by characterising the 

conditions under which CPF is manifest. In particular, they indicate that overeating may be 

especially common in the many modern food environments that now contain an abundant 

variety of foods. However, the nature of learning for stimuli or contexts paired with a single 

type of food appears to consist of a highly specific association with the sensory properties of 

that food that does not transfer to alternatives, even when these are familiar and palatable. 

Situating these acute effects on food consumption within the larger framework of total energy 

intake is a key future direction for CPF research, and one which might be fruitfully advanced 

using methods where more aspects of consumption are free to vary, as in the present 

experiments. Continued study of CPF should not be discouraged by the fact that effects are 

often subtle and sensitive to experimental parameters. To the contrary, there are numerous 

advantages for the continued use of animal models to study factors influencing the size and 

specificity of CPF over the short-term, and its contribution to overeating and obesity over the 

longer term. 
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Appendix A: General method    

Contexts 

 The contexts trained as food-paired stimuli were decorated conditioning chambers 

shown below. Tactile, visual and olfactory cues were manipulated to create two distinct 

contexts in the configuration shown below. The context on the left has a smooth Perspex 

floor and spotted wallpaper (which also covered the front panel). The folded paper towel 

inserted at the edge of the bedding tray was scented with vanilla essence using a pipette. The 

context on the right has a rough sandpaper floor insert, striped wallpaper, and was scented 

with rosewater essence. In some experiments, peppermint odour was used in place of 

rosewater essence (with no discernible effect on results). Odours were sourced from Queen®, 

Australia, and were diluted 10% v/v in tap water.  

 

The allocation of these configurations as Plus and Minus contexts was always 

counterbalanced. Analyses found no differences in training or test data as a function of which 

environment served as which context. The above pictures show the contexts prior to a CPF 

test where Froot Loops were the test food. In between consecutive runs, odour solutions were 

refreshed and the floor inserts were removed and cleaned quickly. The perimeter of the 

chamber and the underlying bedding tray were checked carefully for fragments of food.
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Foods 

 The following table shows nutritional information for the foods used in this thesis: 

   
Distribution of kJ by 

macronutrient 
 

Food Manufacturer 

Energy 

density 

(kJ/g) 

Carbohydrate  Protein  Fat  Description 

Chow: Rat 

and 

Mouse 

Cubes® 

Specialty 

Feeds (WA, 

Australia) 

14.23 65 23 12 
12 mm diameter pellets 

(wheat/barley based) 

Froot 

Loops® 

Kellogg’s 

(MI, USA) 
16.33 90 6 4 

Sweet cereal (corn, wheat, 

oats) with ‘fruit’ flavour 

Oreos® 
Nabisco (NJ, 

USA) 
20.33 58 4 38 

Chocolate sandwich biscuit 

with vanilla-flavoured 

cream 

Banana 

Bread® 

Coles (VIC, 

Australia) 
13.5 59 6 35 

Dense banana-flavoured 

loaf cake 

Burger 

Rings® 

Smith’s 

(NSW, 

Australia) 

21.93 45 5 50 

Ring shaped corn/rice 

snack with savoury ‘burger’ 

flavour 

Sausage 

roll® 

Coles (VIC, 

Australia) 
11.1 40 13 47 

Processed meat wrapped in 

puff pastry 

Mini jam 

roll® 

(Expt. 2.3) 

Coles (VIC, 

Australia) 
11.95 88 5 7 

Thin sponge cake, rolled 

and filled with strawberry 

jam  

Sweetened 

condensed 

milk 

(Expt. 5.1) 

Nestlé (VA, 

USA) 
14.4 67 11 22 

Thick, sugar-sweetened 

milk with water removed 

 

  

The foods used in training were broken up so as to be presented in approximately 

similar sizes, as shown below. For the foods that were not homogenous, rats occasionally ate 

only one component of the food (e.g. the cream but not the biscuit of the Oreo, or the meat 

but not the pastry component of the Sausage roll). This was particularly evident in the latter 

training sessions. There was no evidence that test data were any different for these animals. 
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Figure A1. Petri dishes prepared for a Plus training session. From left to right: Chow, Oreos, 

Burger Rings, Banana bread, Sausage roll (after a training session). 

 

                                   

     Froot Loops                    Sausage roll         Mini Jam Roll 
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Appendix B: Subsets of the Single group 

Introduction 

This appendix explores whether CPF differed between subsets of the Single group 

trained with Oreos, Banana bread, Sausage roll, and Rings. Data were collapsed from 

Experiments 2.2 (n = 11), 2.3 (n = 14), 3.1 (n = 8), and 3.3 (n = 24), forming a total of 57 rats 

given Single training. Of these, 20 were trained with Oreos, 20 with Banana bread, 17 with 

Sausage roll and 5 with Rings. In Experiments 2.2 and 3.1, Rings were used as the savoury 

food; they were replaced with Sausage roll in other experiments when choice preference tests 

in Experiment 3.2 indicated they were relatively less preferred than Banana bread and Oreos.  

Test data 

 CPF for these four subsets is shown in Figure B1, and was initially compared in a 4 x 

(2) (food x [context]) mixed-ANOVA. This analysis found no main effect of context, no 

main effect of food type, and no context x food interaction (all F < 1). Next, CPF was 

compared between the two subsets trained with sweet (Banana bread and Oreos) and savoury 

foods (Rings and Sausage roll) in a 2 x (2) (flavour x [context]) mixed-ANOVA. This 

analysis found no significant main or interaction effects (all F < 1). Therefore, there was no 

evidence that within the Single group, CPF varied according to which specific food was 

paired with the Plus context, nor whether this food was savoury or sweet. 
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Figure B1. CPF by food subset. No differences were found according to what food was 

paired with the Plus context. NB. BB = Banana bread. 

 

Training data 

 Average consumption during training (kJ) is shown in Figure B2, which also includes 

intake by the Chow rats in these experiments (N = 29). A one-way ANOVA comparing these 

five groups found significant differences between them (F(4, 81) = 55.42, p < .001). The 

results of pairwise comparisons using the Tukey HSD correction are overlaid on Figure B2; 

groups not sharing a common letter differed significantly (all p ≤ .013). The important result 

from this analysis is that all subsets of the Single group ate significantly more than Chow rats, 

even though Rings were found to be less preferred to Banana bread and Oreos in Experiment 

3.2. Results also indicated greater consumption by subsets trained with sweet foods.  
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Figure B2. Training intake by subset. All subsets of the Single group ate significantly more 

than Chow rats. Those trained with sweet foods ate more than those trained with savoury 

foods. NB. BB = Banana bread. 
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Appendix C: Incentive contrast and test order effects 

Introduction 

Chapters 2 and 3 found that when a palatable alternative food, FL, was presented in 

CPF tests, consumption increased for rats previously fed chow and decreased for those fed 

palatable food (Single and Variety groups), relative to training consumption. This pattern of 

results was interpreted as examples of positive and negative contrast, respectively. 

Experiment 3.2 confirmed that Single and Variety groups preferred their training food to FL, 

and found that higher preferences for the training food associated with a weaker CPF effect 

when testing FL. This prompted us to explore whether negative contrast might explain the 

test order interactions observed in several experiments, since these effects reflected the 

tendency for FL consumption to increase over tests, regardless of context.  

This appendix examines whether negative contrast influenced test order effects by 

affecting consumption in rats tested PlusMinus more than those tested MinusPlus. The 

rationale was that negative contrast might be stronger when the Plus context was tested first 

than second, since in the latter case FL had been exposed in the preceding Minus context test. 

Another point of interest was whether negative contrast between training and the first test day 

explained group differences. For example, if the Variety group exhibited less negative 

contrast than the Single group on the first test session, this might explain the CPF effect in the 

former group. To assess these possibilities, test data from Experiments 2.2, 2.3, and 3.3 were 

examined in closer detail. These were experiments in which overall CPF effects were found 

when testing FL. 

Data presentation 

Since the key questions were in terms of test order effects and the change from 

training, test data are presented in chronological order, rather than collapsed according to 
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Plus and Minus context. Additionally, average training consumption during the final three 

Plus context sessions is shown, in kJ, for comparison with CPF tests. The final three sessions 

were averaged to provide a more stable estimate of training consumption and to average over 

the three foods provided to the Variety group. An important note in this regard is that the 

pattern of results did not differ according to whether grams or kilojoules were used. Indeed, 

this would not be expected because the energy density of Froot Loops (16.33 kJ/g) was very 

similar to the average energy density of the three training foods used for Single and Variety 

groups (~15.31 kJ/g for average of Oreos, Banana bread, and Sausage Roll) and chow (14.23 

kJ/g).  

The figures below show consumption at the end of training and on the first and 

second CPF test days. Groups are plotted in separate panels for clarity, and data are presented 

separately for the test order cohorts (Plus-Minus or Minus-Plus). Therefore, data points for 

‘Test 1’ show consumption in the Plus context for the Plus-Minus cohort and in the Minus 

context for the Minus-Plus context. 

Key predictions 

 The main index of contrast was taken as the change from training to test day 1. A 

difference in the slope of the line between Plus-Minus and Minus-Plus cohorts would suggest 

that negative contrast from training to test was moderated by which context was tested first. 

Comparing Test 1 and Test 2 shows the change in consumption between the two CPF test 

days. A null effect of context would be reflected in parallel slopes between Test 1 and Test 2 

for Plus-Minus and Minus-Plus cohorts, whereas a perfect ‘X’ shape would reflect no effect 

of order and a main effect of context (among several other more complicated possibilities). 
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Experiment 2.2  

Figure C1 presents test consumption plotted in the manner described above. The 

Chow group exhibited substantial positive contrast by consuming more FL in Test 1 than 

their prior chow consumption in training. The degree of positive contrast appeared 

comparable between test order cohorts. Consumption did not increase further from the first to 

the second CPF test day. Both Single and Variety groups exhibited substantial negative 

contrast from training to test. Importantly, test order cohorts did not appear to differ in the 

extent of negative contrast in either group, since the slope of the lines was comparable from 

training to Test 1. The CPF effect in the Variety group is reflected in the differential change 

from Test 1 and Test 2 between test order cohorts. Whereas the Minus-Plus cohort 

substantially increased FL intake in their second (Plus) test, the Plus-Minus context 

suppressed intake in their second (Minus) test. In the Single group, the change in intake from 

Test 1 to Test 2 was similar for both test order cohorts; thus, context did not modulate 

consumption. (NB: The Minus-Plus cohort of the Single group appeared to eat more overall. 

This appeared a chance result of counterbalancing, since training consumption was somewhat 

higher in this group.) 
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EXPERIMENT 2.2 

  

Figure C1. Test data from Experiment 2.2 re-plotted in chronological order and separated by 

test order cohort.  

 

Experiment 2.3 

 Experiment 2.3 replicated the variety effect in Experiment 2.2 when chow was 

available in the Minus context during training. Consumption from the first set of CPF tests, 

when FL were presented, is shown in Figure C2, expressed chronologically and separated by 

test order cohort for the three groups. The pattern of change relative to training consumption 

for each group is comparable to those for Experiment 2.2. Thus, the overall change from 

training to Test 1 indicates positive contrast for the Chow group and negative contrast for the 

Single and Variety groups. Once again, there is little in this data to suggest the change from 

training to Test 1 differed between Plus-Minus and Minus-Plus cohorts for any of the three 

groups. As in Experiment 2.2, the Chow group showed little increase from Test 1 to Test 2, 

while both test order cohorts of the Single group displayed a comparable, substantial increase 

0

20

40

60

80

100

Train Test 1 Test 2

In
ta

k
e 

(k
J)

Chow group

Minus-Plus

Plus-Minus

0

20

40

60

80

100

Train Test 1 Test 2

Single group

Minus-Plus

Plus-Minus

0

20

40

60

80

100

Train Test 1 Test 2

Variety group

Minus-Plus

Plus-Minus



227 

 

in consumption from Test 1 to Test 2. The context effect in the Variety group, once again, is 

evident in the differential change from Test 1 to Test 2 for the two test order cohorts. 

Consumption was higher in the Plus context regardless of when this context was tested. 

 

EXPERIMENT 2.3 

 

Figure C2. Test data from Experiment 2.3 presented in chronological order and according to 

test order cohort. 

 

Experiment 3.3 

 Experiment 3.3 examined whether CPF was predicted by baseline consumption of FL 

and training palatable food intake. No Chow group was included in this experiment, which 

also employed a shorter training period than the above experiments (12 rather than 20 total 

sessions). Analyses indicated an overall effect of context that did not interact with group; 

however, tests of simple effects found that the CPF effect was only statistically significant in 

the Variety group. Figure C3 shows that the negative contrast effects observed in past 
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experiments were again present, with suppressed intake on Test 1 relative to training. 

Comparison of Minus-Plus and Plus-Minus cohorts did not suggested differences in the 

extent of contrast for either group. Notable aspects of these data were that in the Single 

group, the Test 1-Test 2 change appeared greater for the Minus-Plus cohort, explaining the 

marginally significant main effect of context that was found when data were collapsed (p = 

.08). By comparison, the Plus-Minus cohort of the Variety group failed to suppress 

consumption in their second (Minus) test, potentially explaining the absence of a group x 

context interaction in this experiment.  

 

EXPERIMENT 3.3 

 

Figure C3. Test data from Experiment 3.3 for Single and Variety groups presented according 

to test order cohort. 
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Summary 

 This re-examination of test data found no evidence that the negative contrast 

produced by the presentation of an alternative food varied according to the order in which the 

Plus and Minus contexts were tested. Rather, all rats in Single and Variety groups suppressed 

intake of FL relative to their training consumption on the first CPF test session, regardless of 

where this test occurred. The change from the first to second CPF test session, however, 

differed markedly between groups. FL intake remained high in Chow rats regardless of test 

order – an unsurprising result given this marked their first opportunity to consume a highly 

palatable food in the contexts, in which little conditioning had occurred. FL intake reliably 

increased in Single groups in both test order cohorts, reflecting the failure of the contexts to 

influence consumption. Only the Variety group’s consumption was sensitive to context more 

than to test order, a result demonstrated by the opposite or non-parallel slopes of the test 

order cohorts between Tests 1 and 2 in each of the above examples.  
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Appendix D: Test order effects in Experiment 4.1 

 The figures below show CPF test data from Experiment 4.1 separated according to 

test order cohort; that is, the subsets of each group tested MinusPlus and PlusMinus (n = 

5/subset in each group of 10 rats).  

Test 1 

In Test 1 rats were satiated and tested with FL. Analyses found significant 

interactions between test order and context indicating increasing consumption over the two 

tests, irrespective of which context was tested first. The increase from the first to the second 

test was comparable for the Unpaired group relative to the three groups that received 

conditioning.  

 

 

Figure D1. Test 1 of Experiment 4.1 by order cohorts. 
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Test 2 

 In Test 2 rats were food-deprived and presented with FL. Analyses found significant 

interactions between test order and context. Although this interaction once again reflected the 

tendency for consumption to increase over tests, the effect was more pronounced in the 

cohort tested PM than in those tested MP. 

 

Figure D2. Test 2 of Experiment 4.1 by test order cohort. 
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Figure D3. Test 3 of Experiment 4.1 by test order cohort. 

 

Unpaired group 

During training the Unpaired group were exposed to both contexts, neither of which 

were paired with food. Test data for this group, therefore, indexed the increase in 

consumption in consecutive tests in the absence of conditioning. Intake in the Unpaired 

group’s first and second test halves is depicted in Figures D1-D3 by unfilled and filled bars 

which for other groups denote Minus and Plus context consumption, respectively. In each 

case, the change in consumption from the first to the second test appeared comparable for the 

Unpaired group across the three tests. To quantify this, a difference score for the change from 
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Single and Variety groups’ difference scores, since these latter two groups were most 

equivalent in terms of palatable food exposure. Importantly, the increase from the first to the 

second test day did not differ significantly between Unpaired and [Single/Variety] groups on 

any of the three tests (Test 1 and Test 3: t < 1; Test 2: t(28) = 1.58, p = .13). There was, 

therefore, no indication that pairing of palatable food with the Plus context altered the 

tendency for consumption to change over repeated tests relative to rats for which the contexts 

were unpaired with palatable food.  
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Appendix E: Elevated Plus Maze testing in Experiment 4.2 

Introduction 

Experiment 4.2 assessed whether a measure of baseline anxiety would predict CPF in 

later tests. For this purpose, rats were tested in an Elevated Plus Maze prior to training. This 

test is a widely-used assay of general anxiety (Hogg, 1996) that measures rats’ tendency to 

explore a raised X-shaped maze in which two arms are exposed and two are enclosed with 

walls. After an initial period of exploration, rats typically avoid the open arms of the maze; 

the amount of open arm time is taken as a measure of anxiety (more open arm exploration 

indicating less anxiety). 

Apparatus 

The X-shaped apparatus was elevated 1m above the ground. The four arms of the 

maze were 450mm long and 100mm wide and intersected at a central platform (100 x 

100mm). The two ‘closed’ arms were enclosed with walls (400mm high) of red Perspex, and 

were perpendicular to the two ‘open arms’ with no walls. The apparatus was contained in a 

well-lit room separate to where other feeding procedures were held. 

Procedure 

 Testing in the EPM began two days after FL familiarisation. Rats received a single 5-

min test, with 8 rats tested on day 1 and 16 rats tested on day 2. Rats were placed in the 

centre of the maze facing an open arm; recording began as soon as the experimenter left the 

room. A video camera located above the apparatus recorded behaviour, which was later 

scored by a trained observer (MK) using OdLog® software (Macropod software). The 

dependent measure was time spent in the two open arms of the maze, expressed as a 

percentage of the total time exploring the closed and open arms. Time spent in the middle 

intersection of the closed and open arms was excluded.  



235 

 

Results 

The average percent of open arm time was 28.76 ± 2.6% [SEM], with high variability 

(6 – 58%). Percent open arm time was correlated with baseline FL intake, consumption in the 

first training session, average training intake, and CPF expressed as a proportion (as 

described in Chapter 3). Pearson correlations were tested since the distributions of percent 

open arm time and baseline FL intake did not violate assumptions of normality (Shapiro-Wilk 

test: W = .96, p = .52 and W = .95, p = .27, respectively). Higher open arm time in the EPM 

was weakly positively correlated with baseline FL intake (r(24) = .36, p = .09), suggesting 

that more anxious rats tended to eat less FL in baseline tests. However, open arm time did not 

correlate significantly with training consumption on the first Plus session (r(24) = .30, p = 

.15), average training intake (r(24) = .25, p =.24), or CPF as a proportion (r(24) = -.32, p = 

.13). Therefore, there was no evidence that baseline anxiety was reliably associated with 

training consumption or CPF test results. 
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Appendix F: CPF using discrete cues 

Introduction 

 Experiments in this appendix tested the specificity of CPF when discrete cues were 

trained as food-paired stimuli. The training procedure was similar to the Holland-Petrovich 

method described in Chapter 1: in daily conditioning sessions, hungry rats were given 

intermixed exposures to one auditory cue that was paired with food reward (CS+) and 

another that was never reinforced (CS-). One important difference was that rather than 

deliver reward at the offset of a 10-s CS presentation (e.g. Petrovich, 2013), we used 2-min 

CS presentations and delivered rewards at variable periods during the CS+, similar to 

previous reports (Holland & Gallagher, 2003; Galarce et al., 2007). In each experiment, a 

period of re-feeding in the home cage separated the end of training from CPF tests. The 

primary measure of CPF in these experiments was consumption in the presence of the CS+ 

relative to the CS-. However, the inclusion of pre-feeding manipulations allowed for 

consumption in this period to be correlated with cue intake, as described in Chapter 5.  

  

Experiment F1: No effect on Chow but an effect on FL.  

To assess the specificity of CPF after training with discrete cues, Experiment F1 

tested whether a cue paired with reward pellets would enhance consumption of two 

alternative foods that varied in palatability: regular chow, and Froot Loops (FL). Past studies 

have consistently shown that consumption of chow is unaffected by cues paired with more 

palatable foods (Petrovich et al., 2007a, 2007b, 2012; Reppucci & Petrovich, 2012; see also 

Experiment 3.1 in the present thesis), with one exception over a longer test (4-24h; Boggiano 

et al., 2009). In most studies, however, chow has been tested after verifying a CPF effect on 

the paired food (e.g. Petrovich et al., 2007a, 2007b) or when the paired food is also available 
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(e.g. Reppucci & Petrovich, 2012). Experiment F1 prioritised a test of chow intake 

immediately after training and then assessed whether CPF would transfer to a more palatable 

alternative food, Froot Loops (FL), as described previously.  

 

Method 

Subjects 

 Subjects were 16 adult female Albino Wistar rats previously used in a flavour 

conditioning experiment that involved consumption of flavoured maltodextrin solutions 

under mild food deprivation. Rats were given free access to food and water for two weeks 

prior to the start of the present experiment, when average body weight was 362g (range 308 – 

413g). Rats were group-housed (n = 8/cage) in large plastic tubs with wire lids, kept in a 

temperature- and humidity-controlled colony room maintained on a normal light:dark cycle 

(lights on 0700-1800h). Chow was freely available unless described below. Water was 

available in the home-cage at all times. 

Apparatus 

 Training and testing were conducted in 8 identical operant chambers (Med 

Associates; East Fairfield, VT) contained within sound- and light-attenuating shells. These 

were the chambers used in the context experiments reported in previous chapters, without the 

decorative floor and wall inserts. The floor consisted of steel bars and a bedding tray 

containing wood shavings was inserted underneath. The top and side walls of the chambers 

were made of Plexiglas. A recessed magazine was centred on one wall of the chamber 

between two retractable levers (which were not used). A 3 W, 24 V houselight mounted on 

the top-centre of the wall opposite the magazine provided illumination and remained on 

throughout all experimental procedures. A computer equipped with MED-PC software 
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controlled the equipment and recorded magazine entries. Two auditory cues (clicker and 

white noise) were allocated as the CS+ and CS- in a counterbalanced fashion. The food used 

as the reward during training was 45mg pellets (Dustless Precision Pellets, grain-based 

formula; Bioserv, USA).  

Procedure 

Training 

 A restricted feeding schedule was introduced one week prior to training (12g per rat, 

per day). During this week rats were weighed and handled regularly. Daily training sessions 

were held between 0900-1200h and consisted of two consecutive 8-rat squads. The clicker 

was the CS+ for half of the rats in each squad and the noise was the CS+ for the other half. 

Training began with one magazine training session, in which 30 pellets were delivered to the 

magazine on a random-time schedule in a 30-min session. All rats ate at least 25 pellets. 

Training in proper began the following day and lasted for 10 sessions. Each session was 48 

min in length and involved four 2-min presentations of the CS+ and four 2-min presentations 

of the CS-. The order of stimuli presentation was intermixed randomly such that there could 

be no more than two consecutive trials of the same type. Each trial began with a 2-min pre-

CS period followed by the onset of the CS+ or CS-. During CS+ presentations pellets were 

delivered to the magazine on a variable-time (VT) 30s schedule. In practice, the median 

number of pellets dispensed per session was 14 (or 3.5 per CS+). No pellets were delivered 

on CS- trials. At CS offset, a variable 1-3 min inter-stimulus interval began. The duration of 

magazine entry time was recorded during CS+, CS- and pre-CS periods. On Days 9 and 10, a 

2-min non-reinforced probe trial for the CS+ was inserted to gauge conditioned responding. 

Rats were fed 30-40 min after returning to the colony room following daily training sessions. 
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After the 10th training session rats were allowed unrestricted access to chow in the home cage 

for six days. 

Test 1: Chow 

Test 1 measured consumption of chow in four 10-min tests held on consecutive days. 

The CS+ and CS- cues were tested on Days 1 and 2 in counterbalanced order. Rats were 

placed into the test context with a Petri dish containing 20g chow placed against the side-wall 

of the chamber, adjacent to the magazine. Test foods were presented in a separate location to 

the magazine to reduce the contribution of conditioned approach to CPF (but see Holland et 

al., 2002). For CS tests, the cue played continuously after a 2-min pre-CS period for the 

remaining 8 min of the test. Consumption was measured to the nearest .01g. Magazine entry 

time was recorded in 30-s bins. Days 3 and 4 compared chow intake in the context when no 

stimuli were presented with consumption in a different context (the pre-feeding chambers 

described in Chapters 2, 3, and 5), to which rats had been familiarised during training on two 

occasions for 30 min. The order of Tests 3 and 4 was counterbalanced. 

Test 2: Froot Loops 

After Test 1 rats were returned to food restriction for three days. On the first day, 30 

Froot Loops (FL) were scattered in the bedding of each home cage to familiarise rats to their 

taste: all rats were observed to sample them within a 10-min period. After two re-training 

sessions, free access to food was restored for two days before Test 2. Test 2 was identical to 

Test 1, except that consumption of FL and not chow was measured.  

Test 3: Pre-feeding 

 Following Test 2 rats were returned to the food deprivation schedule and, after a 10-

day hiatus, given five further training sessions. After the fifth session, free access to chow 

was returned for two days before Test 3. This test compared consumption of FL during the 
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presence of the CS+ and CS- on consecutive days, with test order counterbalanced. Rather 

than test the context on a separate day as during Days 3 and 4 of Test 2, we adopted a pre-

feeding procedure in which rats were first placed in the context for 8-min with FL available 

and with no stimuli presented. Rats were then briefly removed and, after collecting FL and 

inserting another dish filled with FL, returned to the context for an 8-min CS test where the 

cue played continuously.  

 

Results 

Body weight 

 Food restriction reduced rats to 93.7 ± 0.5% [SEM] of free-feeding weights by the 

first day of training. On average, rats weighed 91.7 ± 1.0% of their free-feeding weights 

during training. Re-feeding in the home cage increased body weight in all animals such that 

rats weighed 100.5 ± 1.4% of their free-feeding weights at Test 1, and 100.8 ± 1.5% of free-

feeding weights at Test 2. By Test 3, body weights had increased slightly above starting 

weights (109.8 ± 1.7%).  

Training 

 Magazine entry time (s/min) across training is shown in Figure F1.1 and indicated 

successful conditioning to the CS+. Planned contrasts compared responding to the CS+ probe 

on days 9 and 10 with pre-CS and CS- periods, averaged across days 9 and 10. The CS+ 

probe significantly elevated responding relative to the CS- (F(1, 14) = 23.01, p < .001) and 

the pre-CS period (F(1, 14) = 50.60, p < .001). Responding to the probe was significantly 

lower than during reinforced CS+ trials, however (F(1, 14) = 12.70, p = .003). None of these 

differences interacted with stimulus counterbalancing (largest F(1, 14) = 1.60, p = .23). This 

pattern was sustained over the two periods of re-training. The CS+ probe test on the final day 
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of re-training significantly elevated responding relative to the CS- (F(1, 14) = 30.27, p < 

.001) and the pre-CS period (F(1, 14) = 10.29, p = .006) and did not differ significantly from 

responding during reinforced CS+ presentations (F(1, 14) = 1.20, p = .29). None of these 

contrasts interacted significantly with stimulus (largest F(1, 14) = 1.91, p = .19).  

 

 

Figure F1.1. Magazine responding during training. Responding to the CS+ increased more 

rapidly than to the CS- and remained high throughout retraining. Responding to probe CS+ 

trials was robust and significantly above pre-CS and CS- presentations (see text for details).  

 

Test 1: Chow 

Consumption during the four tests (CS+, CS-, context alone, different context) is 

shown in Figure F1.2 and was analysed with a set of three orthogonal contrasts. Contrast 1 

compared consumption between the CS+ and CS- tests, while Contrast 2 compared the two 
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context tests (Training vs. Different context). Contrast 3 compared the two cue tests to the 

two context tests, i.e. [CS+ and CS-] versus [Training context and Different context]. The 

respective coefficients were, therefore: [1 -1 0 0], [0 0 1 -1], [1 1 -1 -1]. None of these 

contrasts were significant (Contrast 1: F < 1; Contrast 2: F < 1; Contrast 3: F(1, 12) = 1.59, p 

= .23). However, the difference between CS+ and CS- tests (Contrast 2) interacted with 

stimulus type (F(1, 12) = 8,61 p = .013) and test order (F(1, 12) = 6.01, p = .031). This was 

driven by the tendency for the clicker to promote greater consumption than noise, regardless 

of whether it served as CS+ or CS-. The cue x test order interaction reflected the tendency for 

greater intake on the first test, regardless of which cue was tested. Finally, although the onset 

of the CS+ produced a temporary increase in magazine entry relative to other tests, this 

washed out over the duration of the test such that total magazine entry time did not differ 

between the CS+, CS-, and context tests (F < 1). 

 

Test 2: Froot Loops 

 Consumption during Test 2 is shown in Figure F1.2 and was analysed in the same 

fashion as Test 1. The only significant result was an interaction between the CS+ and CS- 

tests (Contrast 2) and test order (F(1, 12) = 21.00, p = .001). This result reflected higher 

intake on the second FL test, regardless of which cue was tested. Consequently, consumption 

was significantly greater in the CS+ test if this cue was tested second (F(1, 7) = 5.91, p = 

.045) and significantly greater in the CS- test if this cue was tested second (F(1, 7) = 18.56, p 

= .004). This pattern of order effects is consistent with the context experiments in the main 

body of this thesis. No other results were statistically significant (largest F(1, 14) = 2.71, p = 

.13). Magazine entry time did not differ significantly between the three tests held in the 

conditioning context (F < 1).  
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Figure F1.2. Test 1 and Test 2 results. No significant differences were found in either test.  

 

Test 3: Pre-feeding 

 Consumption during pre-feeding and the cues is displayed in Figure F1.3. Rats ate 

3.09 and 2.78 g of FL prior to the CS+ and CS- tests, respectively; this difference was not 

statistically significant (F(1, 15) = 1.70, p = .21). Consumption in cue tests was analysed in a 

2 x 2 x (2) mixed-ANOVA (stimulus x test order x [cue]). This analysis found a significant 

main effect of cue (F(1, 12) = 5.27, p = .04) indicating higher consumption in the CS+ than 

CS- test. This result did not interact with stimulus (F(1, 12) = 2.65, p = .13), test order (F < 1) 

or their interaction (F < 1). There was a main effect of test order (F(1, 12) = 10.48, p = .007), 

reflecting lower intake in the cohort for which the CS+ was tested first. Total magazine entry 

time did not differ between the CS+ and CS- tests (F(1, 12) = 1.91, p = .19). The correlation 
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between pre-feeding and cue intake was not significant on either test (CS- test: r(14) = -.212, 

p = .43; CS+ test: r(14) = -.024, p = .93).   

 

 

Figure F1.3. Test 3 results. Consumption of FL after pre-feeding in the context was 

significantly greater in the CS+ than CS- test (*p = .04, cue main effect).  

 

Discussion 

 Experiment F1 tested whether a discrete cue paired with food reward for hungry rats 

would promote consumption of foods never paired with the CS+, chow and FL, when rats 

were satiated. Probe trials on the final two training sessions confirmed the success of 

conditioning, with significantly higher responding during the CS+ relative to CS- and pre-CS 

periods. Results of Test 1 showed clearly that chow consumption was not increased by the 

CS+ relative to the CS-, nor in the training context relative to a different context. The absence 

0

0.5

1

1.5

2

2.5

3

3.5

4

N = 16

F
L

 I
n

ta
k
e 

(g
)

Experiment F1: Test 3

Pre CS- Pre CS+

CS- CS+

*



245 

 

of CPF and the generally low intakes are consistent with past studies that have tested CPF on 

chow (Petrovich et al., 2007a, 2007b, 2012; Reppucci & Petrovich, 2012).  

Results of Test 2 indicated that presenting a more palatable alternative food increased 

consumption relative to chow. However, intake was comparable across the four test 

conditions and unaffected by cue. The interaction between test order and intake on the two 

cue tests was consistent with that reported in previous chapters and reflected the tendency for 

consumption to increase over multiple tests. One difference in procedure was that in the 

present experiment FL were pre-exposed a week prior to when they were tested in the 

presence of the cues. By contrast, in the context experiments in Chapters 2 and 3, FL were 

pre-exposed prior to training (i.e., 2-3 weeks prior to CPF tests). Therefore, whether FL are 

pre-exposed prior to or after training (or rather, distally or proximally to when they are 

tested) does not appear to explain test order effects. 

The results of Tests 1 and 2 might suggest that the CS+ was without effect on 

consumption of these foods. An alternative possibility was that the test conditions were not 

sensitive to detect effects within a relatively short time frame. Test 3 adopted a pre-feeding 

procedure in which the cues were presented after the test food was pre-exposed in the 

context, in keeping with the typical Holland-Petrovich approach (Petrovich, 2013). Pre-

feeding in the contexts removed the need for a separate test of consumption in the context 

alone, as in Tests 1 and 2. After ample consumption during pre-feeding, the CS+ promoted 

significantly greater intake than the CS-. Overall, intake in the presence of the cues was lower 

than in Test 2, suggesting that pre-feeding increased the sensitivity of the test by reducing 

high consumption driven by the palatability of FL.  

In summary, results of Test 3 indicated that a cue paired with pellets increased 

consumption of a food with which it was never paired. This is a novel result that suggests that 
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CPF may not be specific to the paired food if an alternative food is presented that is familiar 

and palatable, but which has not previously been predicted by other cues as in previous 

studies (e.g. Delamater & Holland, 2008). A caveat for this result is that Test 3 was held after 

two other tests, which each involved periods of cycling food restriction and re-feeding in 

addition to re-training. Although training data indicated that responding to the CS+ and CS- 

cues was unaffected by these shifts, it is nonetheless possible that the CPF effect in Test 3 

related to rats’ prior exposure to the long-duration CSs used to test CPF. Replicating the 

result of Test 3 was, therefore, the primary aim of Experiment F2. 

 

Experiment F2: Failure to replicate 

Introduction 

Experiment F2 prioritised the pre-feeding procedure used to test FL in Test 3 of 

Experiment F1. Chow was not tested because of the clear floor effect found in Test 1 of 

Experiment F1. Other minor procedural changes are detailed below.  

Method 

Subjects 

 Twenty-four adult, experimentally naïve female albino Wistar rats were used (Animal 

Resource Centre, Perth, Australia). They were group-housed (4 per cage) in temperature- and 

humidity-controlled ventilated cages with free access to laboratory chow and water. After a 

week of daily handling and acclimation to the laboratory, a restricted feeding schedule was 

introduced such that rats were fed a daily ration of 52 g per cage (13g/rat). Prior to food 

deprivation mean body weight was 239g (range: 217 – 266g).  
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Apparatus 

 The apparatus, stimuli, training and test foods were as described in Experiment F1. 

Procedure 

Training 

There were two minor changes to the training protocol used in Experiment F1. First, 

the order of stimulus presentations in daily training sessions was now synchronised, since in 

Experiment F1 these were generated randomly for each box, and it was possible that the 

clicker was, on occasion, heard on noise trials and vice versa, reducing the efficacy of 

conditioning. The order of stimulus presentations was varied each day of training. Second, 

rats were trained for 16 sessions before the first CPF test. On sessions 8 and 16, a single 2-

min CS+ probe trial was inserted to gauge conditioned responding; thus, no rewards were 

delivered during this trial. FL were pre-exposed in the home-cage on the first day of re-

feeding after session 16. Two five-session blocks of re-training were held in between CPF 

tests, with a single probe trial included on the final day of each block. 

CPF Tests 

Three CPF tests with FL as the test food were held after 16, 21 and 26 training 

sessions. Rats were given unrestricted access to chow in the home-cage for at least 48 hours 

prior to each set of tests, and were returned to food deprivation for each re-training block. All 

tests applied the pre-feeding method from Test 3 of Experiment F1 and began by pre-feeding 

FL in the context immediately prior to a test where the CS+ or CS- cue played continuously. 

After pre-feeding rats were briefly removed from the chambers, FL were removed for later 

weighing, and a new dish of FL was placed in the chamber for the 8-min cue test. Pre-feeding 

was 8 min in Test 1 and 10 min in Tests 2 and 3. Whether the CS+ or CS- was tested first 

was counterbalanced. The two cue tests were spaced by a single day of rest in the home cage.  
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Results 

Body weight 

 Food restriction reduced rats to 96.1 ± 0.3% of free-feeding weights on the first day of 

training, and 97.6 ± 0.4% of free-feeding weights when averaged over initial training 

(sessions 1-16). After re-feeding in the home cage, body weight increased to 104.6 ± 0.6% of 

free-feeding weights at Test 1. Despite subsequent periods of food restriction for re-training, 

body weight continued to increase at Test 2 (117.0 ± 0.6%) and Test 3 (123.3 ± 0.7%).  

Training 

 Magazine entry time (s/min) is shown in Figure F2.1. As in Experiment F1, planned 

contrasts compared responding to the CS+ probe with pre-CS, CS-, and reinforced CS+ 

presentations on days 8 and 16. On Day 8, responding to the CS+ probe was significantly 

elevated relative to pre-CS periods (F(1, 22) = 40.33, p < .001) and CS- presentations (F(1, 

22) = 24.01, p < .001) but significantly less than reinforced CS+ trials (F(1, 22) = 65.77, p < 

.001). The difference between pre-CS and probe responding was significantly greater in the 

cohort for which the noise was CS+ (F(1, 22) = 5.04, p = .035) but was statistically 

significant within both counterbalancing cohorts (F(1, 11) = 17.97, p = .001 and F(1, 11) = 

7.36, p = .02 for noise and clicker cohorts, respectively). On Day 16, responding to the CS+ 

probe was significantly greater than during the pre-CS and CS- periods (F(1, 22) = 21.45, p < 

.001 and F(1, 22) = 15.93, p = .001) but significantly less than responding to reinforced CS+ 

presentations (F(1, 22) = 8.43, p = .008). None of these effects interacted with stimulus 

(largest F = 1.05). This pattern of responding was maintained throughout the two re-training 

blocks. On re-training day 5 and day 10, responding to the CS+ probe was significantly 

greater than pre-CS and CS- responding (day 5: F(1, 22) = 34.08, p < .001 and F(1, 22) = 

30.56, p < .001 vs. pre-CS and CS-; day 10: F(1, 22) = 30.44, p < .001 and F(1, 22) = 26.08, 
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p < .001). These effects were significantly stronger for the cohort with noise as the CS+ (F(1, 

22) = 5.48, p = .029 on day 5 and F(1, 22) = 5.45, p = .03); however, further analyses 

confirmed that clicker cohort still exhibited higher responding during the CS+ probe than pre-

CS and CS- periods on both days 5 and 10 (smallest F(1, 11) = 7.01, p = .023). In sum, these 

data indicated rats successfully learned to discriminate between the CS+ and CS- and that this 

was consistent over the two blocks of re-training. 

 

 

 

Figure F2.1. Magazine responding during training. Rats quickly learned to discriminate 

between the CS+ and CS- cues, with sustained high responding throughout training. Probe 

trials confirmed high levels of conditioned responding to the CS+ prior to each CPF test. 
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CPF Tests 

 Results from the three CPF Tests are shown together in Figure F2.2. Preliminary 

analyses confirmed that consumption in pre-feeding did not differ prior to CS- and CS+ tests 

on any test (largest F(1, 23) = 1.18, p = .29). Consumption in the presence of the cues was 

analysed in 2 x 2 x (2) (stimulus x test order x [cue]) mixed-ANOVAs. As detailed below, 

none of these tests produced a main effect of cue that would indicate CPF, though effects of 

stimulus counterbalancing and test order were suggested. 

In Test 1 the main effect of cue was not significant (F < 1) but there were significant 

interactions between cue and stimulus (F(1, 20) = 7.75, p = .011) and cue and test order (F(1, 

20) = 5.24, p = .033). No other effects were statistically significant (largest F(1, 20) = 2.84, p 

= .108). The cue x stimulus interaction reflected the tendency for both clicker-as-CS+ and 

noise-as-CS+ cohorts to eat more when the noise cue was presented. The effect of cue was 

not statistically significant within either cohort, however (clicker-as-CS+: F(1, 10) = 3.86, p 

= .078; noise-as-CS+: F(1, 10) = 3.92, p = .076). The cue x test order interaction was driven 

by greater consumption on the second test day, regardless of which cue was tested, consistent 

with Experiment F1 and the context studies in Chapters 2 and 3. Due to a computer error, 

magazine entry data were lost from the second day of Test 1. Therefore, total magazine entry 

time from the first test day was compared between the cohorts tested in the Plus and Minus 

context. No significant difference was found (F < 1). 

In Test 2 the only significant result was an interaction between cue and test order 

(F(1, 20) = 21.54, p < .001) with no main effect of cue (F < 1) and no other significant main 

or interaction effects (largest F(1, 20) = 2.19, p = .155). Surprisingly, the test order x cue 

interaction was drive by lower consumption on the second test day, regardless of which cue 

was tested. The cohort given the CS+ test first tended to eat more in the presence of the CS+ 
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than CS- (F(1, 10) = 4.88, p = .052) whereas no effect was found in the cohort given the CS- 

test first (F < 1). Analysis of magazine entry time found no significant main or interaction 

effects between cue type, test order, or stimulus (largest F(1, 20) = 2.19, p = .15). Finally, in 

Test 3 the main effect of cue was not significant (F(1, 20) = 1.54, p = .23) and no other main 

or interaction effects were significant (all F < 1).  

 

 

Figure F2.2. Compiled test results. No main effect of cue was found on any of the three tests. 

 

Correlations 

 The only significant correlation between pre-feeding and cue consumption was found 

when the CS+ was presented in Test 1 (r(22) = .41, p = .04). This indicated that rats with 

higher pre-feeding consumption tended to eat more subsequently when their CS+ was played.  
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Discussion 

 Experiment F2 failed to replicate the CPF effect found in Test 3 of Experiment F1, 

despite prioritising the pre-feeding method used in this test. Training indicated that rats 

quickly learned to discriminate between the CS+ and CS- cues. As in Experiment F1, rats 

were tested in a state of relative satiety after several days of access to free chow in the home-

cage. None of the three CPF tests found evidence of enhanced feeding in the presence of the 

CS+ when testing FL. This was surprising given the results of Experiment F1. The discrepant 

results do not appear to be due to training, with 17 training sessions held prior to Test 3 in 

Experiment F1 and 16 held prior to the first test in Experiment F2.  

Test 2 slightly increased the duration of pre-feeding to encourage greater 

consumption; while this was successful, no CPF effect was evident. Test 3 addressed the 

possibility that repeated experience with the test conditions – e.g. longer-duration CSs and 

exposure to a Petri dish of FL in the conditioning chamber – was necessary to allow the CS+ 

to enhance consumption, given that the CPF effect in Experiment F1 was found on the third 

test. This possibility was not substantiated. Nor does the failure to replicate appear to relate to 

different levels of deprivation at the time of tests, because in both experiments home-cage re-

feeding returned rats above their ad-libitum body weights. In addition, the amount of training 

in the present experiment is comparable to previous experiments, which typically administer 

~10 sessions (e.g. Petrovich et al., 2012).  

 Although inconsistent with Experiment F1, the finding that the CS+ cue had no effect 

on FL intake is consistent with past results showing that CPF is US-specific (Petrovich et al., 

2007a, 2007b; Delamater & Holland, 2008; Galarce et al., 2007). Because the CS+ cue 

signalled only one food reward (pellets), the results are also consistent with the Single groups 

in the context experiments in Chapters 2-3, which failed to show CPF on alternative foods. 
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Importantly, those experiments found that CPF transferred to an alternative food in the 

Variety groups, for which the Plus context was paired with multiple foods. This raised the 

question of whether discrete cues paired with multiple rewards would enhance consumption 

of alternative foods.  

 

Experiment F3: Variety effects using discrete cues 

 Experiment F3 aimed to replicate the ‘variety effect’ reported in Chapters 2 and 3 

using discrete stimuli as the food-paired cues. Half the rats received Single training where 

their CS+ always signalled the same reward. For the Variety group, this cue was paired with 

three different rewards, with reward type varied over days (and not within-session), in 

keeping with the context experiments. The CPF test measured consumption of FL in the 

presence of the CS+ and CS- cues, on separate test days. Therefore, the Single group were a 

replication of Experiments F1 and F2 and were intended to clarify the discrepant results from 

those experiments. The inclusion of the Variety group assessed the generality of the results 

obtained from previous chapters using contexts.  

 

Method 

Subjects 

 Thirty-two adult, female, experimentally naïve Long-Evans rats were used 

(University of Adelaide, Australia). Albino Wistars were unavailable at the time of this 

experiment, necessitating a change in strain. Housing conditions were as described for 

Experiment F2. After acclimation to the laboratory and regular handling over two weeks, 

home-cage chow was removed and a daily ration of 44g per home cage (~11g/rat). At this 
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point mean body weight was 263g (range: 204 – 339g). The experiment was conducted in 

two identical replications, each with 16 rats (8 Single and 8 Variety). 

Apparatus 

 The apparatus was as described in Experiment F2. In addition to reward pellets (14.20 

kJ/g; Bioserv, USA), two liquid rewards were used: 20% w/v sucrose solution (3.18 kJ/g; 

table sugar in tap water) and 23% w/v chocolate flavoured Ensure® solution (7.80 kJ/g; 

Abbott, USA). The alternative test food was FL, as described previously. Given the stimulus 

interaction effects observed in Experiment F2, the clicker was replaced with a pure tone, 

informed by data from other Pavlovian conditioning experiments in our laboratory indicating 

that conditioning using this stimulus yielded results more equivalent to those when white 

noise was used. 

Procedure 

Pre-training 

Prior to the removal of home-cage chow, rats were familiarised to the pre-feeding 

cages for 30-min. These cages were in a separate room to where training occurred. After the 

familiarisation session, 25 FL were scattered in each home cage and the experimenter 

verified that each rat sampled them within a 20-min period. On the next two days FL 

consumption was measured in pre-feeding cages in two 30-min sessions. Home-cage chow 

was then removed and the restricted feeding scheduled was introduced.  

Group allocation 

 Rats were allocated to Single and Variety groups (each n = 16) that were matched on 

body weight at the time of food restriction (Single group: 264.2 ± 11.7g [SEM]; Variety 

group: 262.2 ± 11.6g [SEM]) and on total consumption in the two FL familiarisation sessions 
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(Single group: 3.29 ± .4g [SEM]; Variety group: 3.27 ± .3g [SEM]). The white noise and tone 

were assigned as CS+ and CS- in a counterbalanced fashion within each group. Rats in the 

Single group were randomly assigned to receive either pellets (n = 6), sucrose solution (n = 5) 

or Ensure solution (n = 5) paired with the CS+ during training. For the Variety group the CS+ 

was paired with all three rewards, but only one reward on any given day of training. The 

three rewards were presented in different orders for subsets of this group. 

Training 

 Training began after four days of adaptation to the restricted feeding schedule with a 

magazine training session in which 20 rewards were delivered to the magazine on a random-

time 60-s schedule. Variety rats received whatever reward they were scheduled to receive on 

the first day of training proper, which began the following day and consisted of 12 sessions 

held between 1400-1700h, once per day. The rats in each replication were run in two 8-rat 

squads, with Single and Variety rats equally represented. As in Experiments F1 and F2, 

sessions consisted of four 2-min CS+ and four 2-min CS- presentations, intermixed such that 

no more than two of the same stimulus type could occur consecutively. Each stimulus 

presentation was preceded by a 2-min pre-CS period. At CS offset there was a variable 1-4 

min delay before the next pre-CS period. During CS+ presentations rewards were delivered 

to the magazine on a VT-30 schedule. A non-reinforced CS+ probe trial was inserted on Day 

12 of training to gauge conditioned responding. Rats were fed in home-cages at least 30 min 

after the conclusion of daily training sessions. 

Home-cage re-feeding 

 After the 12th training session rats were given unrestricted access to chow in the 

home-cage for 6 days.  

 



256 

 

Test 

 CPF tests compared consumption of FL in the presence of the CS+ and CS-. The cues 

were tested on separate days with a single day of rest in the home-cage in between. The order 

in which the cues were tested was counterbalanced within each group. Each test session 

began with 20-min pre-feeding in the conditioning chamber with no stimuli presented. A 

longer pre-feeding period was chosen to foster higher intake and yield a more sensitive test of 

the cues. At the end of pre-feeding rats were briefly removed and the chamber inspected for 

FL. The dish of FL was then set aside to be weighed and a fresh dish was placed in each 

chamber. This typically took around 2-min for a squad of 8 rats. Cues were played 

continuously during the 10-min test phase.  

 

Results 

Body weight 

 On the first day of training, the Single group weighed 93.80 ± .33% [SEM] and the 

Variety group weighed an average of 95.59 ± .43% [SEM] of their free-feeding weights. This 

difference was statistically significant (F(1, 30) = 10.80, p = .003) but was a chance result, 

given rats were housed in group-mixed cages and had received identical treatment until that 

point. A 2 x (12) mixed-ANOVA (group x [session]) applied to percent free-feeding weights 

throughout training found a significant linear trend for session (F(1, 30) = 67.02, p < .001) 

that did not interact with group (F < 1), indicating that weight loss throughout training did 

not differ significantly between groups. The main effect of group was significant (F(1, 40 = 

11.42, p = .002). Importantly, the re-feeding phase returned both groups to above their ad-

libitum body weights, with no significant difference between groups at test (Single group: 

103.69 ± 1.27% [SEM]; Variety group: 103.00 ± 1.38%; F < 1).  
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Training 

 Magazine entry time (s/min) across training is displayed in Figure F3.1, and 

suggested comparable conditioning between Single and Variety groups. The most important 

data from training were obtained on Day 12. As in Experiments F1 and F2, planned contrasts 

compared responding to the CS+ probe with responding during pre-CS, CS- and reinforced 

CS+ presentations. The CS+ probe significantly elevated responding relative to pre-CS levels 

(F(1, 28) = 42.86, p < .001) and to the CS- (F(1, 28) = 41.06, p < .001) but was significantly 

lower than during reinforced CS+ presentations (F(1, 28) = 80.67, p < .001). None of these 

contrasts interacted with group (all F < 1). Although the difference between pre-CS and 

probe trial responding was significantly greater in the cohort with noise as the CS+ (F(1, 28) 

= 6.57, p = .016), further analyses confirmed that the tone-as-CS+ cohort significantly 

increased responding during the CS+ probe relative to the CS- and pre-CS levels (F(1, 14) = 

13.07, p = .003 and F(1, 14) = 45.81, p < .001). A final analysis restricted to the Single group 

verified that the three subsets trained with pellets (n = 6), sucrose solution (n = 5), and Ensure 

solution (n =5) each significantly elevated responding to the CS+ relative to other periods 

during training (all p < .01).  
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Figure F3.1. Training data. Conditioning was comparable for the Single and Variety groups, 

despite the latter receiving cycling access to three different rewards over sessions.  

 

Test 

Consumption 

 Compiled test data are displayed in Figure F3.2. Consumption during pre-feeding did 

not differ prior to the CS+ and CS- test, nor between groups (both F < 1). Consumption 

during the cue tests was analysed using a 2 x 2 x 2 x (2) (group x test order x stimulus x 

[cue]) mixed-ANOVA. The main effect of cue was not significant (F(1, 24) = 1.02, p = .32) 

but there was a significant cue x stimulus interaction (F(1, 24) = 6.46, p = .018). No other 

main or interaction effects were significant (largest F(1, 24) = 3.24, p = .09). To clarify the 

nature of the interaction, separate analyses examined the cue effect within the cohorts trained 
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14) = 14.72, p = .002) but not significant in the tone cohort (F(1, 14) = 1.24, p = .28) with no 

interaction with group in either cohort (both F < 1). The pellet, sucrose and Ensure subsets of 

the Single group did not differ significantly (data not shown). 

 

 

Figure F3.2. CPF test results. The overall CPF effect was not significant and did not vary 

between groups.  
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 Magazine entry times during the CS+ and CS- tests are displayed in Figure F3.3 and 
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.22) nor with group or test order (both F < 1) and no other effects were significant (largest 

F(1, 24) = 3.70, p = .06).  

 

 

Figure F3.3. Total magazine entry time during the 10-min CS+ and CS- tests.  

 

Correlations  

 Consumption during pre-feeding and cue periods did not correlate significantly on 
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0

5

10

15

20

25

30

35

Single (n=16) Variety  (n=16)

M
ag

 t
im

e 
(s

ec
)

Experiment F3: Magazine time

CS- test

CS+ test

*



261 

 

Discussion 

 The two aims of Experiment F3 were to clarify the discrepant results from 

Experiments F1 and F2, and to test for a variety effect of the kind observed in Chapters 2 and 

3. To this end, hungry rats underwent conditioning in which an auditory cue was paired with 

either the same reward (Single group) or a variety of rewards (Variety group), alongside a 

non-reinforced CS- cue. Conditioning data indicated no differences between groups at any 

stage of training, a result consistent with training consumption in the context experiments 

reported in previous chapters. Nor did Variety and Single groups differ in their conditioned 

responding during the probe trial held on the final day of training. This suggested that the 

associative strength of the CS+ was comparable between groups, despite its association with 

multiple rewards for the Variety group. 

 In keeping with the context experiments in Chapter 2, we focused on testing an 

alternative but familiar palatable food, FL. Ample consumption during pre-feeding indicated 

that rats readily recognised the availability of food from a new location (rather than at the 

magazine) and suggested that the subsequent cue test would be sensitive to detect differences 

between the CS+ and CS-. However, consumption was not enhanced by the CS+ in either 

group. This result did not appear to be a floor effect, given group means of over half a gram 

(~1.5 Froot Loops) in all test conditions. One observation from training data was that the 

difference between responding to the probe CS+ and the reinforced CS+ appeared greater 

than in previous experiments. This might suggest that responding during training was 

controlled as much by the delivery of a reward as by the CS+. Two possible reasons for the 

relatively weaker probe trial responding are that (1) the 12 training sessions administered 

here were fewer than the amount eventually trained in Experiments F1 and F2 (indeed, their 

data suggest extended training improved probe trial responding); and (2) whereas pellets 

were the reward for all rats in those experiments, most rats in this experiment were exposed 
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to liquid rewards delivered by the pumps. It is possible that the onset of the pumps was 

audible to the rats despite their location (outside the noise-attenuating shells) and that, 

consequently, animals used this sound to guide responding as well as the cue.  

The interactions with stimulus counterbalancing were in the same direction as in 

Experiment F2 and suggested that the noise stimulus was more effective in potentiating 

feeding than the tone. One possibility is that the tone, though comparable in terms of its 

ability to be conditioned, became somewhat aversive when played continuously over a longer 

test. Alternatively, its effective salience may have declined more rapidly than the noise over 

the course of tests. In any event, the stimulus interactions did not vary according between 

groups, suggesting any differences between stimuli were unlikely to account for the overall 

null result.  

The failure of the CS+ to enhance consumption of FL contrasted its effects on 

conditioned responding, with significantly higher magazine entry time during in the CS+ than 

in the CS- test. Because the test food was in a dish adjacent to the magazine, one possibility 

was that conditioned approach to the magazine elicited by the CS+ blocked the ability of the 

cue to elicit consumption; i.e., response competition. By this account, more time spent in the 

magazine should have correlated with lower consumption. Correlational analyses found no 

support for this hypothesis on the CS+ (or CS-) test, with magazine time during the CS+ test 

(~20-30s) comprising less than 5% of the total test duration (10-min)23. In addition, past work 

has demonstrated CPF both when the test food was presented in the food cup (as in training) 

and in a bowl in a separate location (Holland et al., 2002). Together, these results suggest that 

CPF was unlikely to have been precluded by response competition. In any event, our focus 

                                                           
23 Response competition, of course, works both ways, such that consumption of FL limited conditioned 

magazine approach as much as the other way around. FL consumption may have ‘won out’ in the CS+ test, 

since conditioned responding in 10-min was less than in the 2-min CS+ probe on day 12. However, this is 

speculative because rats were hungry in training but satiated in tests, which would be likely to reduce magazine 

approach.  
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was on testing an alternative food which, if presented in the magazine, might be seen as a 

confound, given this would have marked the Single group’s first exposure to a different 

reward in the magazine but the Variety group’s fourth. 

 

General discussion 

The experiments in this appendix tested for CPF using discrete cues and found little 

evidence that an auditory CS+ enhanced intake of either palatable (FL) or less palatable foods 

(chow) relative to a CS-. The exception was in Test 3 of Experiment F1, where rats were pre-

fed in the conditioning chamber prior to the cue tests. Experiment F2 failed to replicate this 

effect across multiple tests. Experiment F3 also failed to find CPF in the Single group, which 

now contained additional subsets of rats trained with sucrose and Ensure solutions in addition 

to those trained with pellets. The subsets of Ensure and sucrose-trained rats ruled out the 

possibility that the failure to detect CPF related to some specific aspect of the pellets, such as 

their relative palatability compared with FL. These results are consistent with the Single 

groups from the context experiments in this thesis and the broader literature in demonstrating 

that stimuli associated with a single food reward do not acquire the ability to increase 

consumption of alternative foods.  

The Variety group in Experiment F3 was a novel attempt to study CPF using a 

discrete cue paired with multiple rewards across sessions. Discrimination between the CS+ 

and CS- during training and conditioned responding during the probe trial on day 12 did not 

differ significantly between Variety and Single groups, consistent with training consumption 

from the context experiments and with instrumental conditioning studies showing that 

response rates are not enhanced by variety when it is provided between sessions (Bouton et 

al., 2013; Thrailkill et al., 2014). By contrast, variety enhances responding when provided 



264 

 

within a session (Bouton et al., 2013; Thrailkill et al., 2014; Temple et al., 2008; Myers Ernst 

& Epstein, 2002), something not modelled in these experiments. If within-session variety 

exerts similar stimulatory effects on conditioned responding in Pavlovian preparations, cues 

or contexts paired with variety within a session might enhance CPF when food is presented at 

the location where it was presented in training.  

Contrary to predictions and to the results of the context experiments in other chapters, 

Experiment F3 found no evidence that CPF on an alternative food was present in the Variety 

group. Although this might simply indicate that contexts are better able to promote 

consumption of other foods than are discrete cues, other possibilities are interesting to 

consider. One is that the variety effect reported with contexts followed training in which rats 

ate ample amounts of the three foods, receiving extensive exposure to their sensory 

characteristics and, presumably, experiencing some satiety following their consumption. The 

present cue studies, by contrast, presented only limited amounts of reward during daily 

training, perhaps suggesting this amount of exposure was insufficient to condition an 

association with the cue that could generalise to FL at test. This and other potential 

differences between cue and context models of CPF are discussed in Chapter 6. 

The general method for these experiments was comparable to past studies: food-

deprived rats received daily training sessions using a method similar to past studies (Holland 

& Gallagher, 2003; Galarce et al., 2007), and were tested using pre-feeding and cue tests of 

similar duration to those reported previously. The main difference was in our focus on testing 

alternative foods proximally to training. Consequently, a limitation of these experiments is 

that they did not verify that the CS+ enhanced consumption of the training food. This limits 

the conclusions that can be drawn about the specificity of CPF. Nonetheless, the close 

resemblance of the design to past work would suggest the parameters provided appropriate 

conditions to observe CPF if any effects existed. Therefore, these data indicate that under 
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these conditions, discrete stimuli successfully established as food-paired cues failed to 

promote consumption of alternative foods. 
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Appendix G: Contexts Paired with Junk Food Impair Goal-Directed Behavior in Rats: 

Implications for Decision Making in Obesogenic Environments 

The following manuscript is published as: 

Kendig, M. D., Cheung, M. K. A., Raymond, J. S., & Corbit, L. H. (2016). Contexts paired 

with junk food impair goal-directed behaviour in rats: implications for decision 

making in obesogenic environments. Frontiers in Behavioral Neuroscience, 10, 216.  

This paper formed a significant component of my research program. It is distinct from the study 

of cue-potentiated feeding reported in the main body of this thesis but is relevant for aspects of 

its interpretation. I contributed to experimental design; ran the experiments with assistance 

from AMK and JSR; analysed the data; and wrote drafts of the manuscript with LHC. 

Permission to include the published material has been granted by the corresponding author 

(LHC). 

 

Michael D. Kendig 
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The high prevalence of obesity and related metabolic diseases calls for greater
understanding of the factors that drive excess energy intake. Calorie-dense palatable
foods are readily available and often are paired with highly salient environmental cues.
These cues can trigger food-seeking and consumption in the absence of hunger. Here
we examined the effects of palatable food-paired environmental cues on control of
instrumental food-seeking behavior. In Experiment 1, adult male rats received exposures
to one context containing three “junk” foods (JFs context) and another containing chow
(Chow context). Next, rats were food-deprived and trained to perform instrumental
responses (lever-press) for two novel food rewards in a third, distinct context. Contextual
influences on flexible control of food-seeking behavior were then assessed by outcome
devaluation tests held in the JF, chow and training contexts. Devaluation was achieved
using specific satiety and test order was counterbalanced. Rats exhibited goal-directed
control over behavior when tested in the training and chow-paired contexts. Notably,
performance was habitual (insensitive to devaluation) when tested in the JF context.
In Experiment 2 we tested whether the impairment found in the JF context could be
ameliorated by the presentation of a discrete auditory cue paired with the chow context,
relative to a second cue paired with the JF context. Consistent with the results of
Experiment 1, the devaluation effect was not significant when rats were tested in the JF
context with the JF cue. However, presenting the chow cue increased the impact of the
devaluation treatment leading to a robust devaluation effect. Further tests confirmed that
performance in the chow context was goal-directed and that sensory-specific satiety in
the JF context was intact. These results show that environments paired with palatable
foods can impair goal-directed control over food-seeking behavior, but that this deficit
was improved by a cue paired with chow. This has promising implications for assisting
individuals in controlling their eating behavior in environments designed to dysregulate it.

Keywords: instrumental conditioning, Pavlovian conditioning, stimulus, habit, junk food, context, rat

INTRODUCTION

Obesity is now widespread across the developed and developing world, with the number of
obese individuals recently estimated to exceed that of underweight people worldwide (World
Health Organisation, 2016). A key driver of excess energy intake and long-term weight gain
is the abundance of highly palatable and energy-dense foods. These products are typically
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advertised with highly salient cues that are ubiquitous in day-
to-day life and which are explicitly designed to influence
consumption. For example, one study found that children ate
significantly more after viewing advertisements for food than
for non-food products, regardless of body weight, and that the
amount eaten was positively correlated with how many adverts
were recognized (Halford et al., 2004).

A substantial proportion of eating now occurs outside of the
home, and these meals are associated with greater energy intake
and lower micronutrient content (Stroebele and De Castro,
2004; Lachat et al., 2012). These external environments are
riddled with stimuli designed to promote food purchase and
consumption. While attending to food cues was highly adaptive
in earlier periods of human history, relying too heavily on
external cues may undermine body weight regulation in modern
environments (Berthoud, 2007, 2012). Indeed, there is ample
evidence for stimulatory effects of food cues on consumption in
the short term. Animal models of cue-potentiated feeding show
that cues paired with the delivery of food to hungry rats elicit
consumption of this food when rats are no longer food-deprived
(Weingarten, 1983; Petrovich, 2013), with similar effects found
in people (e.g., Cornell et al., 1989). However, long-term effects
of food-cue exposure on weight gain have not been established,
in part due to the difficulty of testing this hypothesis. For
example, in animal models the effects of food cues are sometimes
tested within-subjects (Boggiano et al., 2009) and animals are
commonly food deprived to encourage learning of the cue-food
association, constraining body weight change (but see Reppucci
and Petrovich, 2012).

Of course, food cues may affect eating behavior in ways other
than prompting immediate consumption. Food is not always
readily available in the presence of food cues; for example, when
driving past a fast-food sign or walking through a shopping
center food court. In these instances, cues may influence
consumption via a series of cognitive processes involving where,
what and how much food to procure. How food cues affect
the decision-making processes that precede actual consumption
is relatively less studied and was the focus of the present
experiments. To explore this, we applied a framework based on
principles of instrumental learning that distinguishes between
behavior that is volitional (i.e., goal-directed) and that which
is habitual (Dickinson, 1985). Performance of a goal-directed
behavior, such as pressing a lever for food, relies on the
contingency between the lever press (action) and food reward
(outcome) and the fact that the food reward is currently valued.
Therefore, manipulating the value of the reward should produce
corresponding changes in performance of the action if the
behavior is goal-directed, and no change or a reduced change if
the behavior is under habitual control (Dickinson and Balleine,
1994). The outcome devaluation paradigm is a behavioral assay
used to determine whether an action is under goal-directed or
habitual control. The value of a reward is manipulated either
by specific satiety or by inducing sickness (via lithium chloride)
and performance of the action that earns the devalued outcome
is compared either with conditions where the same outcome
is valued or with a second action earning a different outcome
for which value is intact (Adams and Dickinson, 1981; Balleine

and Dickinson, 1998). Goal-directed behaviors are sensitive to
changes in outcome value and, therefore, manifest as a selective
reduction of the action earning the devalued outcome. By
contrast, behaviors under habitual control are insensitive to
changes in outcome value and are evident in responding that
is not selectively sensitive to manipulation of the outcome of
responding.

Recent studies have shown that habitual control over behavior
can be accelerated by chronic access to diets high in sugar
and/or fat in rats (Kendig et al., 2013; Furlong et al., 2014)
and that higher BMI was associated with reduced sensitivity
to devaluation in people (Horstmann et al., 2015). Here
we focused not on lasting changes produced by long-term
diet but on whether contexts paired with highly palatable
foods could alter sensitivity to devaluation. The general
experimental procedure was modeled on that used in two
studies demonstrating that contexts paired with drugs of abuse
promoted habitual control over behavior. In the first, rats
were injected with ethanol and placed in one distinct context
and injected with saline then placed in another context, prior
to instrumental training conducted in a third environment.
Devaluation tests revealed that responding was insensitive to
devaluation when rats were tested in the alcohol-paired context
but goal-directed in the saline context (Ostlund et al., 2010).
The second study used a similar procedure to demonstrate
habitual control over behavior produced by contexts paired
with methamphetamine (Furlong et al., 2015). Importantly,
instrumental performance was reinforced with food rather than
drug rewards and the animals were drug-free at test, indicating
that the contexts, rather than acute intoxication, influenced the
decision-making processes that promoted habitual responding.
We adopted a similar experimental procedure to Ostlund
et al. (2010) and Furlong et al. (2015) to assess whether junk
food (JF)-paired contexts would disrupt sensitivity to outcome
devaluation.

The two experiments reported here each beganwith Pavlovian
context conditioning in which non-deprived rats received
repeated exposures to one context paired with standard lab
chow and another paired with highly palatable JFs. Rats were
then food-deprived for instrumental training in a third context
where two lever-press responses for two novel food rewards were
trained. Sensitivity to outcome devaluation was then examined
in the JF, chow and training contexts. Experiment 1 found
that the JF context promoted habitual control over behavior.
Experiment 2 attempted to reverse this effect by exploring
whether the presentation of a discrete cue paired with chow and
satiety would restore goal-directed control over behavior in the
JF context.

EXPERIMENT 1

Materials and Methods
Subjects
All experimental procedures were carried out in accordance
with the recommendations of the Australian code for the care
and use of animals for scientific purposes 8th edition (2013),
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and were approved by the Animal Ethics Committee at the
University of Sydney. Twenty-eight adult male hooded Wistar
rats were used. These animals were tested in two replications
(n = 16 and n = 12) that underwent identical experimental
procedures. Rats were sourced from the University of Adelaide,
were experimentally naïve, and were group-housed (n = 4/cage)
in temperature- and humidity-controlled ventilated cages in a
colony room maintained on a 12:12 light:dark cycle (lights on
7 am–7 pm). Testing was conducted between 2–5 pm each
day. Chow and water were available ad libitum during context
conditioning, but food access was restricted during instrumental
training (see below). Rats were handled regularly prior to the
beginning of the experiment.

Apparatus
All behavioral procedures were conducted in operant chambers
(Med-Associates, St. Alban, VT, USA) contained within light-
and sound-attenuating shells. The top and side walls of these
chambers were Plexiglas and the floor consisted of steel bars.
A recessed magazine was centered on one wall of the chamber
between two retractable levers. Illumination was provided by a
houselight centered at the top of the wall opposite the levers.
For context conditioning, visual, tactile and olfactory cues were
used to form two distinct contexts that were paired with JFs
and chow in a counterbalanced fashion. Thus, one context
contained a smooth plastic floor insert, was scented with vanilla
essence (10% v/v in water; Queen, Queensland) and had top and
side walls decorated with black and white stripes. The second
context was scented with peppermint odor (10% v/v in water;
Queen, Queensland), had black spots on a white background
surrounding the top and side walls, and contained a floor insert
covered with rough sandpaper. Odors were pipetted onto folded
paper towels that were inserted into the front edge of the bedding
tray. Wall decorations were laminated sheets of paper fitted
around the exterior of the chamber. Instrumental training was
conducted in the same operant chambers with all cues removed
to form a ‘‘training’’ context. The houselight was on during all
context conditioning and instrumental training sessions. The
rewards used in instrumental training were 45 mg pellets (grain-
based formula, BioServ, USA) and 20% w/v sucrose solution
(∼0.1 ml per reward), which are both highly palatable to rats
and greatly preferred to chow. Devaluation pre-feeding was
conducted in individual acrylic cages with metal bar tops located
in a separate room to operant chambers.

Procedure
Context conditioning
Context conditioning lasted for 14 days and consisted of seven,
1 h exposures each to the Chow and JF contexts in an alternating
sequence (chow, JF, chow, JF, etc.). Laboratory chow (Specialty
Feedsr; 14.23 kJ/g) was provided in the chow context. In the
JF context three palatable foods were provided: Oreos (Nabisco,
East Hanover, NJ, USA; 20.33 kJ/g), Pringles (Pringles, Battle
Creek, MI, USA; 22 kJ/g), and Jelly Snakes (Nestlé, Australia,
14.2 kJ/g). The total weight of food available in JF and Chow
sessions was approximately 15 g. Foods were presented in white
ceramic dishes centered against the side wall of the chamber.

Food was weighed before and after the session to determine
intake, which was converted from grams to kJ for analyses and
summed for the three foods in the JF context.

Instrumental training
Immediately after day 14 of context conditioning, home-cage
chow was removed and a restricted feeding schedule introduced
wherein rats were fed 14–15 g of chow per rat each day.
Instrumental training began 2 days after the last day of
context conditioning with a magazine training session where
20 pellets and 20 sucrose rewards were delivered to the magazine
on independent random-time 60 s schedules. The left and
right levers were then assigned to earn these rewards in a
counterbalanced fashion. For the first 6 days of instrumental
training, left and right levers were trained in separate sessions
that ended either after 30 rewards were earned or 45 min elapsed.
The sessions were separated by a minimum of an hour and
whether the pellet or sucrose outcome was trained first was
alternated each day. For days 1 and 2 of training each lever press
was rewarded (i.e., continuous reinforcement). Thereafter, the
reinforcement schedule was increased to random-ratio (RR) 5 on
days 3 and 4 and RR10 on days 5–7. On day 7 the two levers
were trained in the same session. In this session the left lever was
inserted until five rewards were earned and then retracted. After
10 s, the right lever was inserted until five rewards of the other
outcome were earned. This sequence repeated until 30 rewards
of each outcome were earned, or until 60 min had elapsed. This
two-outcome procedure was used for all subsequent re-training
days between tests. This procedure is similar to that used by
Ostlund et al. (2010) but with a shorter delay between levers.

Devaluation tests
Devaluation tests were held in the JF, Chow and Training
contexts. The order of these three tests was counterbalanced and
test days were separated by a single day of re-training using
the two-outcome procedure described for training day 7 above.
Devaluation was achieved by specific satiety: rats were placed
in individual feeding cages and allowed to consume pellets or
sucrose solution ad libitum for 1 h. Approximately 15 g pellets
or 30 g sucrose solution were provided during pre-feeding;
rats never consumed more than these amounts. Rats were
familiarized to pre-feeding cages on two occasions for 20-min
during instrumental training (after daily sessions). The devalued
outcome was held constant across tests and counterbalanced,
such that pellets were devalued for half of the rats and sucrose
solution was devalued for the other half. Immediately after
devaluation treatment rats were transferred to the context (JF,
Chow or Training) for a 15-min test. Levers were not inserted
for the first 10 min of this test to promote attention toward the
contexts. After 10 min, both levers were inserted simultaneously
for a 5-min test. Presses were recorded but not reinforced.

Data analysis
Consumption of chow and JF in context conditioning sessions
(kJ/rat) was analyzed using a (2) × (7) within-subjects ANOVA.
The dependent measure during instrumental training was the
response rate (lever presses/minute) averaged across pellet
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and sucrose levers. Response rates across days were analyzed
in a within-subjects ANOVA. Responding on devalued and
non-devalued levers in the three context tests was compared
using a within-subjects (2) × (3) ANOVA. Preliminary analyses
included devalued outcome (sucrose or pellets) as an additional
between-subjects factor but, as it did not interact with the
context (Experiment 1) or cue (Experiment 2) effects of interest,
we collapsed across this variable for subsequent analyses.
Significant interaction effects were followed by tests of simple
effects, results for which p < 0.05 were considered statistically
significant.

Results
Context Conditioning
Consumption during training is shown in Figure 1. Rats
rapidly increased their consumption of JF in the JF context but
ate minimal chow in the Chow context. This was supported
statistically by a significant effect of session (linear trend:
F(1,27) = 84.92, p < 0.001) and a significant context × session
interaction (F(1,27) = 79.88, p < 0.001) in a (2) × (7) ANOVA.
Averaged over sessions, rats ate significantly more in the JF
than Chow context (context main effect: F(1,27) = 149.30,
p < 0.001). Despite being non-deprived during this phase,
by the end of context training, rats were consuming around
eight times more energy in the JF context than in the Chow
context.

FIGURE 1 | Experiment 1 context conditioning. In 1-h daily sessions, rats
were exposed to a context containing three “junk” foods (JFs) or to another
context containing chow (Chow). Consumption in the JF context was
substantially greater from the first session onwards and increased steadily
during training, while consumption in the chow context remained low.

Instrumental Training
All rats learned both instrumental responses. Response rates are
shown in Figure 2 and significantly increased during training
(linear trend: F(1,27) = 301.56, p < 0.001). Two rats showed an
extreme response bias by responding four times more on the
pellet lever than the sucrose lever across training. Since this bias
would likely obscure the devaluation effect, these rats were not
included in test analyses.

Devaluation Tests
Pre-feeding
Consumption during pre-feeding did not change significantly
over the three test days (F(2,48) = 1.53, p = 0.227). On average, rats
pre-fed with pellets consumed 8.58 ± 0.29 g, while rats pre-fed
with sucrose consumed 16.18± 0.54 g. However, when expressed
as reward equivalents (1 pellet reward = 45 mg and 1 sucrose
reward = 0.1 g), consumption was greater in pellet-fed rats
(190.6 ± 0.6) than sucrose-fed rats (161.9 ± 5.4). In both cases,
consumption far exceeded what rats earned in instrumental
training sessions (30 rewards) and rats had stopped eating by the
end of the 1-h period, indicating they were satiated.

Test
Compiled devaluation test data are displayed in Figure 3 and
were analyzed in a (2) × (3) ANOVA (devaluation × context).
This analysis found a significant devaluation effect (F(1,25) = 5.47,
p = 0.028) that, critically, interacted with the context in which
rats were tested (F(2,50) = 3.65, p = 0.033). There were no
differences in overall responding between contexts (F < 1).

FIGURE 2 | Experiment 1 instrumental training. Rats were trained to
make two lever presses for pellets and 20% sucrose solution.
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FIGURE 3 | A JF context impairs sensitivity to outcome devaluation.
Sensitivity to devaluation was tested in the three contexts, within-subjects and
in a counterbalanced order. After devaluation of one outcome by specific
satiety, rats selectively reduced responding on the lever that had earned that
outcome in training, but only in the chow and training contexts. When tested
in the JF context, performance was insensitive to devaluation, with no overall
difference in responding between contexts. ∗ Indicates p < 0.05, N.S.,
non-significant.

Sensitivity to devaluation in each context was then assessed using
tests of simple effects. These found that rats showed significant
devaluation effects when tested in the Training (F(1,25) = 7.85,
p = 0.01) and Chow contexts (F(1,25) = 6.27, p = 0.019) but that
responding on the devalued and non-devalued levers did not
differ in the JF context (F(1,25) = 0.32, p = 0.576).

Discussion
Experiment 1 trained non-deprived rats to associate one context
with highly palatable JFs and another with bland chow. After
repeated, alternating exposures to these environments, rats
were food-deprived and trained to perform two instrumental
responses for distinct food rewards in a third environment.
At test we assessed whether the ability to direct food-seeking
behavior according to the current value of those foods would be
affected by the context in which rats were tested. Rats showed
sensitivity to devaluation when tested in a context previously
paired with chow or in the environment in which instrumental
training occurred. The key finding from this experiment is
that these same rats were insensitive to devaluation when

tested in the context previously paired with palatable food.
Importantly, overall responding did not differ between the three
contexts, suggesting that this impairment was not driven by some
non-specific effect on overall responding. Rather, rats pressed
at a similar rate in this environment but were unable to adjust
behavior in accordance with the current value of the outcomes.
Therefore, contexts paired with highly palatable JFs undermined
goal-directed control over food-seeking behavior.

EXPERIMENT 2

Loss of goal-directed control over food-seeking behaviors could
be an obstacle to changing one’s eating behavior. In Experiment 2
we explored whether additional conditioning manipulations
could ameliorate this impairment. We modeled our approach
on a body of literature studying the effects of discrete stimuli
paired with the extinction of previously learned associations,
often termed ‘‘e-cues’’, which are thought to serve as reminders of
extinction training and have been shown to promote expression
of extinction (Brooks and Bouton, 1993). Undermost conditions,
extinction of an instrumental response does not erase original
learning but rather produces new learning that the response
no longer leads to reward. Because responding recovers under
a variety of circumstances (Bouton et al., 2012), interventions
that protect or strengthen extinction learning are important for
reducing these recovery phenomena, particularly in the context
of food-related behavior (Bouton, 2011). To this end, Brooks
and Bouton (1993) found that a visual cue presented during
extinction of a tone-food association (e-cue) attenuated the
spontaneous recovery of conditioned responding to the tone
when rats were tested 6 days later. Using a similar experimental
procedure, Brooks and Bouton (1994) found that presentation
of an e-cue prevented ABA renewal, a phenomenon where
a response learned in one context (‘‘A’’) and extinguished in
a second context (‘‘B’’) recovers with a return to the first
(‘‘A’’). A recent study found similar effects of an e-cue on
ABA renewal in rats trained to nose-poke for alcoholic beer
(Willcocks and McNally, 2014). The typical interpretation of
these results is that the presentation of the e-cue facilitates
the retrieval of the extinction memory to buffer against
returned expression of the original learning (Brooks and Bouton,
1993).

Related to these findings, Ostlund et al. (2010) found that
the contextual promotion of habitual responding was reversed
by providing response-contingent feedback in the form of
outcome delivery. Together, these results suggest that where
two conflicting systems compete for behavioral control (original
learning vs. extinction, or goal-directed vs. habit systems), stimuli
that ‘‘remind’’ the rat of extinction or the devalued state of
the outcome can influence behavior to favor the cued learning.
Thus, in Experiment 2 rather than attempting to extinguish
the JF context, we examined whether a reminder of a relatively
unpalatable food; chow, could override the effects of the context
previously paired with the palatable JF and promote sensitivity
to devaluation. To this end, we presented discrete auditory
stimuli in the JF and Chow contexts so that consumption of JF
and Chow were paired with a ‘‘JF-cue’’ and a ‘‘Chow-cue’’ in
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addition to the contexts. We then assessed whether presentation
of the Chow-cue would improve sensitivity to devaluation in
the JF context relative to when the JF cue was presented in this
environment. An additional aim of Experiment 2 was to measure
sensitivity to devaluation in terms of consumption as well as
instrumental responding. We hypothesized that, just as the e-cue
reminds rats of conditions of non-reinforcement (e.g., Willcocks
and McNally, 2014), or as outcome delivery reminds animals
of changes in outcome value following devaluation (Ostlund
et al., 2010), presenting a cue previously paired with chow would
remind rats of reduced palatability, and/or satiety, to enhance
sensitivity to devaluation in the JF context.

Materials and Methods
Subjects
Twenty adult male Long-Evans rats were used. Animals were
bred in-house at the Brain and Mind Centre at the University
of Sydney, Australia, and were housed 2–4 per cage in ventilated
cages contained in a temperature- and humidity-controlled
room. The colony room was maintained on a 12:12 reverse
dark:light cycle (lights off 9 am–9 pm). Behavioral testing
occurred between 2–6 pm each day. During context conditioning
rats had free access to chow and water in home cages. During
instrumental training rats were fed approximately 12 g chow
daily. Rats were handled regularly in the week prior to the start
of the experiment.

Design
Context conditioning in Experiment 2 was identical to
Experiment 1 except that a discrete auditory cue was also
paired with each context. These cues were a white noise and
pure tone and were paired with Chow and JF contexts in
a counterbalanced fashion. Ten 2-min presentations of these
stimuli occurred in every 1-h training session and were separated
by a variable ITI (range: 1–4 min). To prevent hearing an
inappropriate stimulus from adjacent boxes, rats were run in two
groups of 10 rats according to stimulus type. Home-cage chow
intake was monitored each day during context conditioning. On
the day after the last context conditioning session, rats were
pre-exposed in home cages for 2 h to pellets (Bioserv; grain-based
formula) and 20% sucrose solution, the outcomes to be used
for instrumental training. Food was then removed overnight,
and from the following day the restricted feeding scheduled was
introduced. Instrumental training was conducted as described
for Experiment 1 except that two sessions of the two-outcome
procedure were held prior to tests (rather than one).

The first two devaluation tests were conducted in the JF
context and compared the effects of the JF and Chow cues (order
counterbalanced). Devaluation was achieved by specific satiety
as in Experiment 1. For the first 10 min of each test no levers
were available and no stimuli were presented. After 10 min both
levers were inserted for a 5-min choice extinction test. When
levers were inserted, either the Chow- or JF-cue was turned on
and played constantly for the remainder of the test. Lever presses
were recorded in 1-min bins. On the following day rats received a
single session of instrumental re-training using the two-outcome

procedure described above. The second devaluation test was
identical to the first except that rats tested with the chow cue
in Test 1 now received the JF cue, and vice versa. Rats were then
given 3 days of re-training prior to a second set of devaluation
tests held in the chow context in order to confirm goal-directed
responding in this context and test whether the presence of
the JF cue was sufficient to impair sensitivity to devaluation.
Rats pre-fed with pellets for Tests 1 and 2 were pre-fed with
sucrose solution for these tests, and vice versa. The order in which
JF- and Chow-paired cues were tested was counterbalanced, and
for each rat was the reverse of the order used in tests 1 and 2.

We were also interested to examine whether the habitual
performance in the JF-paired context could be explained by
impaired sensitivity to sensory specific satiety in this context.
Therefore, we examined whether rats would selectively reduce
consumption of the pre-fed outcome in the JF-paired context. For
this test, rats were pre-fed either with pellets (n = 10) or sucrose
solution (n = 9) for 1-h in devaluation pre-feeding cages before
a 10-min test of pellet consumption in the JF context with the
JF-cue played continuously. Pellets were the test food for all tests
due to the logistical difficulty of fixing a bottle of sucrose within
operant chambers.

Results
Context Conditioning
Consumption in Chow and JF sessions during training is shown
in Figure 4. As in Experiment 1, rats ate substantial amounts

FIGURE 4 | Experiment 2 context conditioning. As in Experiment 1, rats
rapidly increased their intake of palatable foods in the JF context and ate
minimal amounts of chow in the chow context.
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of the palatable foods in the JF context but little chow in
the Chow context. Consumption of all foods was converted to
kilojoules, summed across the three foods in the JF context, and
analyzed in a (2)× (7) repeated-measures ANOVA. This analysis
showed a significant increase in consumption across sessions
(F(1,19) = 40.28, p < 0.001) and a significant interaction between
context and session (F(1,19) = 31.633, p < 0.001), indicating a
greater increase in consumption in the JF- than Chow-paired
context. Averaged over sessions, consumption was greater in the
JF context (F(1,19) = 150.71, p < 001).

Each day, home-cage chow intake was measured when rats
were in context conditioning sessions. Total energy intake was
then calculated on a per-cage basis by adding home-cage chow
intake to the total consumption in the context session by the
rats in each cage. Consumption in each day’s training session
(kJ/rat) was added to home-cage consumption (kJ/rat) in the
following 24-h. This resulted in a measure of 24-h energy intake
for each of the six cages on each day of training. Subsequently,
we compared total energy intake between chow and JF-training
days to assess the extent to which rats compensated for the
kJ consumed in JF sessions. Total daily energy intakes were
analyzed in a within-subjects (2) × (7) ANOVA, with day type
(JF- or Chow-paired day) and ‘‘session’’ as factors. This analysis
found a main effect of ‘‘day type’’ (F(1,5) = 38.86, p = 0.002)
indicating that energy intake was higher on days beginning
with a JF-session. The difference in average total energy intake
indicated by this result is shown in Figure 5. There was no

FIGURE 5 | Total energy intake during context conditioning in
Experiment 2. On average, rats ate more in 24-h periods beginning with a JF
context session ∗p = 0.002. Since rats were group-housed, consumption in
daily context sessions was summed for each cage.

significant linear change in energy intake over days (F(1,5) = 6.17,
p = 0.056).

Instrumental Training
Nineteen rats learned both instrumental responses; the 20th
failed to respond for sucrose solution and therefore could
not be tested. Average daily responding is displayed in
Figure 6. Responding in the first block of training prior to
the first test was analyzed in a within-subjects ANOVA. This
analysis found a significant linear increase in response rates
over sessions (F(1,18) = 154.19, p < 0.001). These response
rates were maintained throughout subsequent re-training
sessions.

Tests
Pre-feeding
Familiarization to the pre-feeding cages was as described for
Experiment 1. Rats were pre-fed either with sucrose solution
or pellets for both JF context tests, and the other reward
(pellets or sucrose) for both Chow context tests. On average,
rats consumed 14.13 ± 0.87 g sucrose and 7.81 ± 0.45 g
pellets; this was equivalent to 179.32 ± 8.43 pellet rewards and
144.53 ± 8.54 sucrose reward.

Effects of the JF- and Chow-cues on sensitivity to devaluation
in the JF context
Presses on the devalued and non-devalued levers in the
chow-cue and JF-cue test are shown in Figure 7A and were
analyzed in a (2) × (2) within-subjects ANOVA. This analysis
found a significant effect of devaluation (F(1,18) = 11.14,
p = 0.004) and no main effect of cue (F < 1). Importantly,

FIGURE 6 | Instrumental training in Experiment 2. Responding increased
steadily throughout training and remained high during re-training sessions
between outcome devaluation tests.
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FIGURE 7 | Devaluation tests in the JF contexts. (A) Sensitivity to devaluation in the JF context was significantly improved when the chow cue was presented
(interaction p = 0.038). p-values show tests of simple effects in each cue test. Analysis of bin data showed that sensitivity was lost rapidly in the presence of the JF
cue (B) but remained statistically significant throughout the chow-cue test (C). ∗p < 0.05; #p = 0.057.

there was a significant interaction between devaluation and
cue (F(1,18) = 4.99, p = 0.038), indicating that sensitivity to
devaluation treatment varied according to whether the JF- or
Chow-paired cue was present during the test. Simple effects
analyses were then conducted to explore the nature of the
interaction. These analyses found a significant devaluation
effect when the Chow-cue was presented in the JF context
(F(1,18) = 15.54, p = 0.001) but not when the JF-cue was presented
(F(1,18) = 3.93, p = 0.063).

To explore the devaluation × cue interaction in greater
detail, we examined 1-min bin data for JF-cue and chow-cue
tests, shown in Figures 7B,C, respectively. Examining these data
suggested that initial sensitivity to devaluation in both tests was
rapidly lost in the presence of the JF-cue, but sustained by the
chow-cue. To examine this, we added ‘‘bin’’ as a third factor with
five levels to a 3-way within-subjects (5) × (2) × (2) ANOVA.
This analysis found a significant 3-way interaction between cue,
lever and bin (F(4,72) = 3.09, p = 0.021), indicating that the
difference between responding on devalued and non-devalued
levers over the five bins varied between JF- and Chow-cue tests.
In the JF-cue test, the devaluation effect was significant in the
first minute (F(1,18) = 6.64, p = 0.019) but not in minutes 2, 3,
4, or 5 (largest F(1,18) = 1.09). By contrast, during the Chow-cue
test the devaluation effect was significant during all five 1-min
bins, save for a marginally significant result in minute 4 (minute
1: F(1,18) = 6.95, p = 0.017; minute 2: F(1,18) = 16.02, p = 0.001;
minute 3: F(1,18) = 6.18, p = 0.023; minute 4: F(1,18) = 4.13,
p = 0.057; minute 4: F(1,18) = 5.95, p = 0.025).

Sensitivity to devaluation in the Chow context
Responding on the devalued and non-devalued levers in the
chow context tests is shown in Figure 8. The effects of the JF-
and Chow-paired cues on performance were assessed using a
(2) × (2) within-subjects ANOVA, with cue (JF and Chow)
and lever (devalued vs. non-devalued). This analysis found a
significant devaluation effect (F(1,18) = 7.17, p = 0.015) but no
effect of cue (F < 1) and no interaction between cue and lever
(F < 1).

Sensitivity to devaluationmeasured with consumption in the
JF context
For the consumption test in the JF context, 10 rats were pre-fed
with pellets and nine were pre-fed with sucrose solution for
20 min prior to a 10-min test of pellet consumption in the JF
context. Consumption during test is shown in Figure 9. Pellet
consumption in the JF context was significantly reduced in rats
pre-fed with pellets relative to those pre-fed with sucrose solution
(F(1,17) = 57.29, p < 0.001); thus, specific satiety itself was intact
even when rats were tested in the JF context.

Discussion
In Experiment 2, we tested whether the effects of the JF
context on sensitivity to devaluation would be affected by the
presentation of discrete cues paired with JF and Chow. Results
indicated that presenting the Chow cue in the JF context
improved sensitivity to the devaluation treatment and promoted
goal-directed performance across the 5-min of the test. By
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FIGURE 8 | Devaluation tests in the Chow context. Performance was
sensitive to outcome devaluation and unaffected by which cue was presented
when rats were tested in the chow context, despite an overall reduction in
responding from the first set of tests. ∗ Indicates p = 0.015 for devaluation
effect.

contrast, when the rats were tested in the JF context with the cue
that was present in this context during training, the devaluation
effect was not statistically significant. Because numerically the
impact of the JF context did not appear as complete as in
Experiment 1, analysis of bin data characterized this effect
further, showing that the devaluation effect was significant in
the first minute of the test but not in minutes 2–5. The initial
sensitivity to devaluation may be because the JF context was
somewhat degraded at the beginning of the test due to the
absence of the auditory cue that was present during training
and which was likely to have been a salient element of the
context. Thus, in the first 10 min of the test, the absence of
the JF-cue rendered the context incomplete. As the onset of
the cue ‘‘completed’’ the context, goal-directed behavior was
then undermined, but this effect was not apparent until the
second minute of the test. Future studies could examine the
effects of the auditory cues alone (or other individual elements
of the context) to examine their contribution to the observed
effect.

Next, we confirmed that sensitivity to devaluation was intact
in the Chow context and unaffected by the presentation of
the JF- or Chow-cue. These tests were conducted separately
and after a period of re-training, because our primary aim

FIGURE 9 | Sensitivity to outcome devaluation measured by
consumption. To test whether sensory specific satiety was intact in the JF
context, pellet consumption in this context was compared between rats
pre-fed with pellets and sucrose solution. Those pre-fed with pellets ate
significantly less than those pre-fed with sucrose solution, ∗∗ indicates
p < 0.001.

was to test a means for restoring goal-directed control in
the JF context after observing impaired performance in this
environment. A consequence of this approach is that the order
of the four devaluation tests was not fully counterbalanced.
Not surprisingly, overall responding was lower in the chow
context tests (compare Figures 7A, 8) likely due to cumulative
extinction of responding resulting from the multiple tests.
Importantly, significant devaluation effects were still found in
both tests.

Consumption of JFs in the JF context steadily increased over
context conditioning sessions such that, by the seventh exposure
to this context, rats consumed approximately 30% of their daily
calories in a single hour. It is possible, then, that rats associated
the JF context not only with palatable tastes, but also with satiety
signals and—perhaps—resistance to this satiety. Indeed, studies
of cue-potentiated feeding find that contextual food cues can
promote consumption even in non-deprived rats that have been
pre-fed with the test food (Petrovich et al., 2007). Therefore, we
explored whether insensitivity to devaluation in the JF context
could be explained by poorer sensory-specific satiety in this
environment and to rule out whether altered expression of satiety
specifically within the JF context undermined the effectiveness of
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the devaluation treatment. Results of the consumption test in the
JF context showed that this was not the case: rats pre-fed with
pellets ate significantly less of that same food than did rats pre-fed
with sucrose, indicating that consumption was sensitive to the
current value of pellets. The impact of this treatment, however,
did not translate into changes in instrumental performance.

GENERAL DISCUSSION

The present experiments sought to further understand how
food cues alter food-seeking behavior in ways distinct from
consumption. Rats learned to associate one context with
the consumption of highly palatable JFs and another with
chow, prior to instrumental training conducted in a third
environment. We then compared whether these contexts would
modulate sensitivity to outcome devaluation. Experiments 1
and 2 found that rats failed to show sensitivity to devaluation
in an environment previously paired with consumption of
palatable foods. By contrast, rats’ performance was goal-directed
when tested in the context previously paired with chow
and in the training context. Presentation of a discrete
cue previously associated with chow restored sensitivity to
devaluation when rats were tested in the JF context. Importantly,
these effects of context (Experiment 1) and of the chow-cue
(Experiment 2) were not attributable to floor or ceiling effects
in responding. Rather, it was the distribution of responding
between devalued and non-devalued levers that was impaired
by the JF context in Experiment 1. Likewise, presentation
of the chow-cue in Experiment 2 significantly improved
the ability to direct responding toward the non-devalued
outcome.

The current findings are consistent with past studies showing
similar impairments in sensitivity to devaluation in contexts
paired with ethanol (Ostlund et al., 2010) and methamphetamine
(Furlong et al., 2015). While rats ate more JF than chow,
and thus may have associated eating freely available food
with the JF context which may, in some way, have interfered
with having to earn food, as noted above, rats continued to
respond in the JF context, they just did so indiscriminately.
Furthermore, given the similarity between the current results
and those seen in drug-paired contexts, it seems unlikely
that the results can be explained by previous consumption.
The novel result of the present study is that presentation
of a chow-cue significantly improved performance in the JF
context.

Although caution should be taken when comparing across
experiments, it is worth noting that the reduction in goal-directed
control within the JF context appeared more complete in
Experiment 1. Responding on devalued and non-devalued levers
in the JF context was all but equivalent in Experiment 1, but
in the comparable test in Experiment 2 (JF context with JF
cue) the devaluation effect approached statistical significance
(p = 0.063, see Figure 7A). We are confident, however, that
this does not reflect inadequate statistical power: all testing
was within-subjects, and the above result was generated from
the data of 19 animals, which is highly powered to detect
devaluation effects. Moreover, the most important result in

Experiment 2 was that performance in the JF-context was
significantly improved by the presentation of the Chow-cue,
as supported by a significant interaction between cue and
devaluation. Here it may be useful to consider that, while
goal-directed and habit-based control are conceptualized as
distinct systems competing for control over behavior (Corbit,
2016), variability within them is still meaningful. Thus, the
transition from goal-directed to habitual control over behavior
does not occur instantaneously, but instead shifts gradually
with extended training (Dickinson et al., 1995) and can be
accelerated by exposure to drugs of abuse (e.g., Nelson and
Killcross, 2006) or to high-sugar/high-fat diets (Kendig et al.,
2013; Furlong et al., 2014). A relevant parallel to consider is that
extinction-paired ‘‘E-cues’’ reduce, rather than completely block,
the relapse from extinction produced by various manipulations
(Brooks and Bouton, 1993, 1994; Willcocks and McNally, 2014).
In the present studies, goal-directed behavior was significantly
poorer in a context associated with highly palatable food
and, in turn, was improved by a discrete cue paired with
chow. These incremental changes in sensitivity to devaluation
are relevant to food-seeking because the regulation of energy
intake is as much a question of what and how much to
eat as it is whether to eat or not (Wansink, 2004). Both
of the present experiments demonstrated poorer sensitivity
to devaluation in the JF context, despite differences in the
extent of this impairment, while Experiment 2 demonstrated
that the presentation of the chow-cue significantly improved
performance.

The use of a ‘‘chow cue’’ in Experiment 2 drew from
literature exploring how discrete cues paired with extinction
protect against the recovery of the original response that occurs
following various manipulations (e.g., renewal, reinstatement
etc.; Bouton, 2002). However, an important difference in our
approach was that the cue we used to ‘‘rescue’’ performance
was not associated with extinction of the JF context but rather
had been paired with another distinct environment paired with
chow. It is worth noting that consumption of chow during
context conditioning was minimal. Therefore, it is difficult to
determine the extent to which rats associated the chow cue
with chow consumption and the relative value of chow in
a non-deprived state, or with an environment in which JFs
were unavailable. However, it seems likely that any association
formed with chow itself would be with its taste and relative
palatability upon sampling, given consumption was appreciable,
but low. Therefore, presenting this cue in the JF context may
have primed memory of the less-palatable chow or, possibly, of
the other elements of the chow context. Importantly, the chow
cue was not simply a distraction in the JF context, since overall
response rates were unaffected. Instead, instrumental responding
was better distributed toward the currently-valued outcome
in the presence of the chow cue, indicating some restoration
of evaluative processes guiding instrumental performance. By
contrast, the high levels of JF consumption in the JF context
provided opportunity for the JF cue to become associated with
the palatable taste and hedonic properties of the JFs and,
potentially, with short-term satiety occurring toward the end
of the 1-h conditioning session. Regardless, when this cue was
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presented in the chow-context (in Test 2) responding was still
goal-directed. In summary, our data indicate that the chow cue
was effective in disrupting the influence of the JF context to
promote goal-directed performance like that seen in the Chow-
context, perhaps by retrieving some aspect of that that context,
or the chow within it, to improve the efficacy of the devaluation
treatment.

The current experiments demonstrated contextual influences
on sensitivity to devaluation using a within-subjects design.
This is an interesting complement to past research showing
that chronic exposure to diets high in sugar, or sugar and
fat, promotes habitual performance as assessed by outcome
devaluation (Kendig et al., 2013; Furlong et al., 2014).
Taken together, these results show that highly palatable
foods can impair sensitivity to devaluation both transiently
(i.e., the current results) and over the longer term. It is
interesting to speculate that in people, repeated exposures to
palatable food-paired environments might come to disrupt
decision-making processes that alter what and how much
individuals eat in these environments. In turn, this increases
consumption of high-fat, high-sugar foods contained in these
environments, predisposing individuals toward a more lasting
expression of habitual behavior toward foods. This tentative
suggestion bears some resemblance to the ‘‘vicious cycle’’
model of obesity posited by Davidson et al. (2005) which
centers on environmental factors that produce and perpetuate
hippocampal insult (see also Hargrave et al., 2016). Hippocampal
effects would not appear to contribute to the present results,
since sensitivity to devaluation is unaffected by lesions
of the hippocampus (Corbit and Balleine, 2000) and the
shift between goal-directed and habitual performance instead
relies on functional changes to corticostriatal circuits (Corbit,
2016).

In summary, the key message from the present experiments
is that decision-making processes can be altered by diet and
environments associated with consumption of highly palatable
foods. Entering an environment where a certain food type is

routinely consumed may bias decision-making processes that
mediate future food choices. In places where there has been a
history of eating so-called JFs—for example, food courts—this
conditioning history may predispose people toward poorer
food choices and perpetuate consumption of JFs. This might
manifest as a decision to buy food despite a recent meal;
selecting a less healthy option; or continuing to eat when no
longer hungry. Our data also suggest that relatively simple
interventions, such as reminders of reduced food value or
interrupting the automatic processing of JF cues, might assist
individuals in restoring control in environments where control
over eating behavior is compromised. Smartphone apps designed
to encourage healthy food choices and prevent ‘‘binge’’ episodes
are one example, though their efficacy is still unclear, at least
in clinical populations (e.g., Fairburn and Rothwell, 2015).
Other manipulations of the external environment may also be
effective. For example, one study found that college students
selected healthier food options when signs throughout a food
court highlighted healthy rather than unhealthy foods (e.g.,
salads vs. burgers; Mollen et al., 2013). A specific hypothesis
prompted by the present results is to test whether a chow-paired
cue produces similarly beneficial effects in animals showing
habit-based performance following chronic diet exposure of the
kind described above.
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