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Abstract 

In their natural environment animals must balance their safety requirements (i.e., 

avoiding predation) with their need to satisfy their energy demands (i.e., securing food).  

How the brain integrates these competing demands to promote adaptive responding is not 

well understood.  The current study examined the effects of chronic food restriction on 

rats' behavioural defense profiles in two animal models of anxiety; the shock-probe 

burying and elevated plus-maze tests.  In agreement with previous research, food 

restriction dramatically increased rats' open-arm exploration in the plus-maze.  By 

contrast, food restriction did not alter the duration of time rats spent burying an electrified 

probe in the shock-probe burying test.  Furthermore, food restricted rats displayed 

increases in risk assessment behaviour in both tests.  Animals’ behaviour in both animal 

models of anxiety does not suggest a food-restriction induced reduction in anxiety. 

Alternatively, the results suggest that rats' willingness to explore normally avoided open 

arenas is sensitive to their current energy demands.  In particular, it appears that under 

conditions of food scarcity rodents adapt their defensive profiles in order to meet both 

safety needs and satisfy energy demands.  Further, the dramatic shift in open-arm 

exploration displayed by food-restricted animals seems to involve activation (as indexed 

by cFos) of brain regions previously implicated in feeding behaviour and normal open 

arm avoidance.  Notably, an interaction effect of feeding and testing was observed in the 

anterior basolateral amygdala.  This nucleus may be involved in integrating the 

competing demands of safety and energy requirements.  
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Chapter 1 

General Introduction 

The mammalian defensive repertoire includes a wide spectrum of behaviours that 

are heavily influenced by the animal’s environment and threat stimuli within that 

environment (e.g. predators or potential predators).  Defense behaviour is also sensitive 

to the demands of the animals’ internal environment (e.g. meeting energy demands).  

Therefore, a critical component of defensive behaviour involves weighing the competing 

demands of the internal and external environments to promote adaptive responding.  For 

example, when food is scarce rodents may take greater risks to forage for food than they 

would when resources are readily available.  How the brain integrates these competing 

demands to promote adaptive defensive responses is not yet understood.  The purpose of 

this thesis was to examine how defensive behaviour changes in response to food 

restriction using two ethological animal models of anxiety; the elevated plus-maze and 

shock probe-burying tests.  A second goal was to explore the potential involvement of 

lateral septal, amygdala and hypothalamic regions in food restriction-induced changes in 

defensive behaviour, using cFos as an index of neuronal activation. 

 

1.1 Defensive Behaviour, Foraging Patterns and Optimization Theory 

Blanchard et al. (1993) define defensive behaviours as a “set of flexible and 

adaptive responses to threatening situations and stimuli.”  According to this definition, 

when animals are in a threatening situation they must examine their environment and 

choose an appropriate defensive response.  The animal’s environment, both external (e.g. 
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habitat and immediate or potential presence of predators) and internal (e.g. energy 

demands), strongly dictates the defensive behaviour displayed by an animal.  In their 

natural environment, animals must adapt their defensive behavior to minimize their risk 

of predation, while simultaneously satisfying other needs, such as their immediate energy 

demands (Brown et al., 1999).  Behavioral adaptations typically involve trade-offs and 

costs but should optimally balance the animal’s energy and safety requirements (Brown 

et al., 1999, Kavaliers and Choleris, 2001).  

Optimization theory proposes that animals’ behavior is organized around 

minimizing risk (e.g. predation) and maximizing gains (e.g. acquiring food or water). 

According to Brown et al. (1999) small mammals (typically prey) select an optimal level 

of vigilance in response to the risk of predation in their environment.  An optimal level of 

vigilance is necessary as an over-estimation of predation may result in missed foraging 

opportunities, whereas animals that set their level of apprehension too low may be at risk 

of predation. This theory suggests that animals’ foraging behavior is the outcome of the 

animals’ ability to consider the potential for threat in their environment with their need to 

meet their current energy requirements.  

 Rodents show reliable patterns of foraging behavior depending on their 

microhabitat and risk of predation.  Rodents preferentially forage in sheltered (heavily 

vegetated) habitats when they are at a high risk of avian predation (Kotler et al., 1991).  

When predator odor is present rodents spend less time foraging and restrict their foraging 

to dense habitats, and avoid open environments where their risk of predation would be 

greater (Jones and Dayan, 2000).  Further evidence that rodents alter their foraging 



 

 3 

strategies in “risky” environments is provided by a study by Orrock and colleagues 

(2003), which measured rodents’ giving up density (GUD) in environments with varying 

degrees of shelter.  Giving up density was defined as the proportion of seeds left behind 

while the rodent was foraging, with higher GUD reflecting lower amounts of foraging.  

Rodents showed greater giving up densities in open environments in comparison with 

more sheltered environments.  Similarly, GUD was also reduced when other indirect cues 

signaling low predation risk were present, such as precipitation and low moon 

illumination.  In combination, these studies suggest that rodents assess the potential for 

risk in their environment and modify their foraging/exploration strategies accordingly.  

There is additional evidence that animals’ foraging behaviour in high-risk 

environments (e.g. environments with a high risk of predation) is influenced by the 

animals’ current level of hunger (Caraco and Lima, 1987, Coleman et al., 2005).  Field 

studies have shown that restricted access to food is associated with increases in risk 

taking and general activity, as well as reductions in neophobia and defensive behaviour 

(Caraco et al., 1980, LeMagen, 1992, Shevelkin, 1994).  For example, under conditions 

of food scarcity sticklebacks will forage in less dense, high-risk portions of their 

environments to meet energy demands (Chiba et al., 2007).  Therefore there is some 

evidence that foraging behaviour displayed under conditions of food scarcity differs from 

that made under risk of predation alone in several non-mammalian species.  However, 

food restriction induced changes in foraging and defensive behaviour have not been well 

examined in mammalian species, including rodents. 
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Although these observational field studies offer important insight into basic 

patterns of adaptive behaviour they lack the control offered by laboratory experiments.  It 

is possible to study the impact of food scarcity on behavioural defense profiles by 

utilizing animal models that tap into rats’ natural defensive behaviours.      

 

1.2 Ethological Models of Anxiety 

Ethological animal models of anxiety offer several advantages as tools to examine 

defensive behaviour in rodents.  These tests are based on the observation of 

unconditioned, spontaneous behaviour (Dawson, 1995, Rogers and Dalvi, 1997), and 

therefore do not involve any pre-test training of animals.  The testing equipment is 

relatively easy to set up and inexpensive.  In addition, testing takes place in a short period 

of time (typically 5 - 15 minutes) and is simple and straightforward.  Several ethological 

rodent models of anxiety have been developed and extensively validated (Dawson, 1995, 

Rogers and Dalvi, 1997, De Boer and Koolhaas, 2003). The current studies utilize two 

such models; i.e., the elevated plus-maze and shock-probe burying tests.  

1.2.1 The Elevated Plus-Maze Test 

The elevated plus-maze test is an extensively used and well-validated animal 

model of anxiety (File, 1993, Hogg, 1996).  The testing apparatus consists of four arms 

extending from a central platform raised approximately 50 cm from the ground.  Two of 

the arms are enclosed by walls usually 50 cm high (deemed the “closed” arms of the 

maze), while the remaining two arms are “open” and therefore have no enclosure.  
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During testing, rodents are placed on the centre platform of the maze, typically facing a 

closed arm, and freely explore the maze for five minutes while their behavior is recorded.  

The behaviors of interest include the number of open and closed arm entries made by an 

animal, as well as the total duration of time an animal spends in the closed and open arms 

of the maze.  Total open-arm entries and total open-arm time are typically expressed as a 

percent or ratio of total number of entries into any arm (open + closed) and total time 

spent in open and closed arms, respectively.  Pharmacologically untreated animals 

typically make significantly more closed arm entries and spend significantly more time 

exploring the closed arms of the maze in comparison with the open arms of the maze 

(File, 1993, Hogg, 1996). Rodents' preference for the closed arms of the maze appears to 

be governed by their innate thigmotaxic bias; i.e. their tendency to remain close to a 

vertical surface (Treit et al., 1993).  This bias protects small rodents from predatory 

attack by reducing the area from which predators can mount a successful attack.   

The elevated plus-maze test has been validated pharmacologically as a model of 

animal anxiety.  Animals treated with an anxiolytic drug (e.g., diazepam) show 

reductions in open-arm avoidance and spend significantly more time exploring the open 

arms of the maze, compared to vehicle-treated control animals.  Conversely, 

administration of anxiogenic drugs (e.g. picrotoxin) reduces open arm exploration to less 

than that of control animals (Handley and Mithani, 1984).  Further evidence that open-

arm avoidance is a measure of anxiety comes from findings that rats restricted to the open 

arms display more fear-like behaviors (such as freezing and defecation) and greater 
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increases in plasma corticosterone than do rats restricted to the closed arms (Pellow et al., 

1985).  

More recently, researchers have expanded the list of behaviours examined in the 

elevated plus-maze test to include “risk assessment” behaviors.  Initially observed by 

Blanchard and Blanchard (1990), risk assessment behaviors are defined as responses 

involved in information gathering in an environment that may contain potential threat.  

Examples of risk assessment behaviours include flat back approach (where the animal 

stretches to its full body length and slowly moves forward) and stretch attends (an 

exploratory posture where the animal stretches forward and then retracts to its original 

position with no forward locomotion).  These behaviors have been associated with 

increases in vigilance following exposure to a predator or a novel environment 

(Blanchard and Blanchard, 1990, Rodgers and Dalvi, 1997).  In terms of the elevated 

plus-maze test, Rodgers et al. (1992) found that anxiogenic effects were reliably 

accompanied by an increase in risk assessment behaviors.  Animals given an acute dose 

of an antidepressant, fluprazine or eltoprazine (which have anxiogenic-like effects 

following acute administration) showed increases in head dips (lowering head over open 

arms of the maze with all four paws on the maze) and stretch attends, typically from 

“protected” parts of the maze (the closed arms or the centre platform).  Changes in risk 

assessment behaviors can appear during testing in the absence of changes in open-arm 

activity and may therefore represent a more sensitive measure of subtle changes in an 

animal’s level of vigilance and anxiety (Rodgers et al., 1992, Rodgers and Dalvi, 1997).      
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1.2.2 The Shock Probe-Burying Test 

The shock probe-burying test is another commonly used animal model of anxiety, 

first introduced by Pinel and Treit in 1978.  Defensive burying is regarded as a species-

specific active avoidance strategy and a coping response directed towards proximal, 

immediate threat (De Boer and Koolhaas, 2003).  In this test, rats (or mice) are 

individually placed in a plexiglass test chamber that contains 5 cm of bedding material 

(e.g., wood chips) spread evenly across the chamber's floor.   An electrified probe is 

inserted into the middle of one side of the chamber 4 cm above the bedding.  When the 

animals make contact with the electrified probe they receive a brief 2.5 mV shock and 

subsequently display a natural tendency to bury the shock probe by using their forepaws 

and snouts to shovel the bedding material towards and over the probe.  Typically, the test 

is video recorded and the duration and frequency of behaviors such as burying, rearing, 

immobility; grooming and risk assessment is scored (Treit et al., 1986, DeBoer et al., 

1990).  The duration of time spent burying the electric probe is used as the primary 

measure of anxiety in this test.  Pharmacological validation studies demonstrated that 

animals given anxiolytic drugs (e.g. diazepam) prior to testing show dose dependent 

decreases in burying behavior, whereas administration of an anxiogenic (e.g. yohimbine) 

prior to testing yields dose dependent increases in burying behavior (Treit et al., 1981, 

Treit and Fundytus, 1988).  Defensive burying is an unconditioned response that is shown 

by a variety of rodents in response to a wide range of noxious stimuli (DeBoer and 

Koolhaas, 2003).  
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1.3 Effects of Food Restriction in Ethological Models of Anxiety 

There is some evidence that restricting food availability influences rats' defensive 

responses in ethologically relevant animal models of anxiety.  In particular, limiting rats' 

food access to 2 hrs/day (from 1 – 11 days) led to robust increases in open arm 

exploration in the elevated plus-maze test (Genn et al., 2003a, Genn et al., 2003b, Inoue 

et al., 2004).  Inoue et al. (2004) observed substantial increases in open-arm exploration 

in food-restricted rats and hypothesized that food restriction causes a reduction in 

anxiety.  In support, the authors cite a prior study by Davis et al. (1981) that found 

reductions in burying behaviour, also an indicator of reduced anxiety, in food deprived 

animals.  However, this study has some limitations that do not support the previous 

interpretation of the data.  Davis et al., (1981) only measured the duration of burying 

behaviour and did not look at the full spectrum of defensive behaviours displayed during 

testing.  Some defensive responses, such as risk assessment behaviours, cannot be 

displayed simultaneously with burying behaviour.  Therefore by analyzing burying 

behaviour in isolation Davis et al. (1981) may not have observed additional critical 

changes in the spectrum of defensive behaviour displayed in the burying test.   

Similarly to Inoue et al. (2004), Genn et al. (2003a) observed increased open arm 

activity in food-restricted animals tested in the elevated plus-maze.  Genn et al. (2003a) 

also tested food-restricted animals in the social interaction test, another well-validated 

model of anxiety.  In the social interaction test, two rats normally avoid social interaction 

(e.g., mutual grooming) when they are placed together in an unfamiliar, brightly lit test 

chamber.   Although food restriction increased rats’ open-arm exploration it did not 
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change rats’ behavior in the social interaction test.  Thus, Genn et al. (2003a) suggested 

that food-restriction induced changes in open arm exploration do not reflect global 

changes in anxiety, but rather that they likely reflect changes in food-seeking behaviour.  

The authors proposed that food-restricted animals have a greater motivation to satisfy 

energy demands than to seek protection in the closed arms of the plus-maze. The work of 

Genn et al. (2003a) provides support for optimization theory and is consistent with other 

evidence that animals will risk exploring open environments to satisfy metabolic needs 

under conditions of food scarcity (Nonacs and Dill, 1990, Jones and Dayan, 2000). 

1.4 Neural Structures Contributing to Defensive Behaviour 

There is growing behavioural evidence in support of optimization theory, 

however, how this process unfolds in the brain has not yet been examined.  A large body 

of research has implicated the limbic system in the regulation of anxiety and defensive 

behaviour in the rat (Graeff, 1990, Davis, 1992, Treit and Menard, 2000).  In particular, 

research has focused on the role of the septum, amygdala and hypothalamus in the 

control of anxiety.  

1.4.1 The Septum 

The lateral septum is closely tied anatomically to other areas of the brain heavily 

implicated in defensive behaviour, such as the hippocampus and the hypothalamus.  

Grey’s theory suggests that the hippocampus and septum play significant, integrated roles 

in the regulation of anxiety-related behaviour (Grey, 1982, Grey, 1991).  Structural 

evidence shows that the hippocampus sends extensive, likely glutamatergic, input into the 

lateral septum (Waslass and Fonnum, 1980, Risold and Swanson, 1997).  Current 
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neuroanatomical research has defined three major subdivisions within the lateral septum 

(Risold and Swanson, 1996, Risold and Swanson, 1997) the rostral, caudal and ventral 

parts.  The CA3 region of the hippocampus projects mainly to the lateral septum caudal 

which innervates the lateral hypothalamus.  The lateral septum rostral receives input from 

the hippocampal field CA1 and subiculum and projects to the anterior hypothalamus.  

The lateral septum ventral also receives input from the CA1 region of the hippocampus 

but sends projections to the paraventricular nucleus of the hypothalamus and the medial 

preoptic nucleus (Staiger and Numberger, 1991, Risold and Swanson, 1996).   

Bilateral lesions of the lateral septum reduced anxiety-related behaviour in 

rodents in the shock-probe burying test (i.e., a reduction in burying) and in the elevated 

plus-maze test (i.e., an increase in open arm activity) (Treit and Pesold, 1990, Menard 

and Treit, 1996).  Further studies have focused on the role of the lateral septum in the 

regulation of defensive behaviour.  Pesold and Treit (1996) found that infusions of the 

midazolam (an anxiolytic) into the lateral septum induced anxiolytic-like effects in the 

elevated plus-maze and shock probe burying tests.  The distinct role that the lateral 

septum plays in regulation anxiety is still being examined, however, current research 

suggests that the lateral septum plays an excitatory role in anxiety behaviour (Menard and 

Treit, 2000). 

1.4.2 The Amygdala 

The amygdala is another limbic structure widely implicated in the regulation of 

emotions such as fear and anxiety (LeDoux, 2003).  Classic studies have found that 

electrical stimulation of amygdala neurons elicits a fear response in a wide variety of 
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animals (Rosen and Davis, 1988, Chapman et al., 1954).  Some authors have examined 

whether the amygdala and the septum exert similar, and possibly complimentary, control 

over anxiety (Treit et al., 1993).  The medial and lateral septal nuclei send direct input to 

the central nucleus of the amygdala (Russchen, 1982, Volz et al., 1990), and the lateral 

septum receives input from the medial amygdala (Caffe et al., 1987).  To determine the 

relative contribution of the septum and amygdala on anxiety and defensive behaviour 

Treit et al. (1993) examined the effects of bilateral electrolytic lesions to the septum and 

amygdala on behaviour in the elevated plus-maze test and the shock probe-burying test.  

Lesions to the septum decreased burying and increased open arm exploration, while 

lesions to the amygdala did not produce either of these anxiolytic effects.  However, 

amygdala lesions did increase the number of times rats made contact with the electrified 

probe without altering their shock sensitivity or general locomotor activity.  The results 

suggest that both limbic structures differentially contribute to the expression of defensive 

behaviour in a non-interactive manner.  

Further research on the role of the amygdala in anxiety has focused on the 

contribution of distinct amygdaloid nuclei.  Daxon et al., (1995, 1997) found that 

microinjections of a 5-HT2B receptor agonist into the medial amygdala reduced 

defensive behaviour associated with anxiety in the elevated plus-maze and social 

interaction tests. More recently, the medial amygdala has been implicated in responses to 

emotional stressors (Dayas et al., 1999).   Dayas et al. (1999) found that restraint, a mild 

emotional stressor, induced greater cFos expression in the medial amygdala than the 

central amygdala.  They also found that lesions of the medial amygdala, but not the 
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central amygdala, reduced activation of cells in the paraventricular nucleus of the 

hypothalamus following restrain stress.  They suggest that the medial amygdala may play 

an important role in activating corticotropin releasing factor cells in the paraventricular 

nucleus, that release corticotropin releasing factor (CRF).   

Electrolytic lesions of the central or lateral nuclei of the amygdala result in 

reduced anxiety responses, suggesting that these nuclei play an excitatory role in the 

regulation of anxiety (Melia et al., 1992, Sananes and Davis, 1992).  Sanders and Shekhar 

(1995) found that infusions of the GABAA receptor antagonist bicuculline into the 

basolateral amygdala and infusions of the GABAA agonist muscimol into the central 

nucleus of the amygdala induced anxiogenic effects in the social interaction test.  A study 

conducted by Pesold and Treit (1995) found that infusions of midazolam (a 

benzodiazepine anxiolytic) into the basolateral amygdala increased open arm activity in 

the elevated plus-maze test but did not influence behaviour in the shock-probe burying 

test.  Infusions of midazolam into the central nucleus impaired shock probe avoidance but 

did not affect burying behaviour in the shock probe test or open arm avoidance in the 

elevated plus-maze test.  The results suggest that the central nucleus of the amygdala may 

mediate defensive responses to noxious stimuli (e.g. shock probe), whereas the 

basolateral amygdala may play a role in passive avoidance of non-noxious stimuli (e.g. 

open arms of the plus-maze) (Pesold and Treit, 1995).  

1.4.3 The Hypothalamus 

The amygdala and the lateral septum both send direct input to several common 

areas, including the lateral nuclei of the hypothalamus (Shiosaka et al., 1980, Price and 
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Amaral, 1981).  A large body of work has implicated the hypothalamus in the expression 

of defensive behaviour (Hess and Brugger, 1943, Fuchs et al., 1985, Canteras et al., 

1997).  An examination of cFos immunoreactivity in the hypothalamus of rats following 

displays of defensive behaviour found large increases in cFos expression in the dorsal 

premammillary nucleus, anterior hypothalamic nucleus and dorsomedial part of the 

ventromedial nucleus (Canteras et al., 1988).  These three hypothalamic nuclei have been 

referred to as a functional unit called the medial hypothalamic behavioural defense 

system (Canteras et al., 2002).  In support of this theory research has found that disabling 

one nucleus in this system altered defensive behaviour.   Bilateral infusions of muscimol 

into the anterior hypothalamic nucleus reduced burying in the shock-probe burying test 

but did not alter defensive behaviour in the elevated plus-maze test (Hakvoort 

Schwerdtfeger and Menard, 2008). 

The lateral hypothalamus is not typically associated with defensive behaviour, 

however, LeDoux (1988) proposed that input from the central nucleus of the amygdala to 

the lateral hypothalamus might mediate activation of the sympathetic nervous system in 

response to fear and anxiety.  Lammers et al., 1988 found that stimulation of the lateral 

hypothalamus elicited exploratory locomotive behaviour, whereas stimulation of the 

medial hypothalamus induced flight-directed locomotion and escape jump responses.  

The exploratory response evoked by the lateral hypothalamus has been associated with 

exploration necessary to reward seeking and foraging behaviour (Parada et al., 1990, Puig 

de Parada et al., 2000).  Therefore, the lateral hypothalamus may contribute to defensive 

behaviour where exploration is involved, such as in the elevated plus-maze test.  A recent 
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study conducted by Hakvoort Schwerdtfeger and Menard (2008) found that bilateral 

infusions of the GABAA receptor agonist muscimol into the rostral lateral hypothalamus 

increased rodents’ open-arm avoidance in the elevated plus-maze test.  This did not 

appear to reflect a global increase in anxiety because infusions of muscimol into the 

rostral lateral hypothalamus did not change defensive behaviour in the shock-probe 

burying test.   

1.5 Septal, Amygdaloid and Hypothalamic Involvement in Appetitive Behaviour 

The neural structures reviewed above in terms of their role in defensive behaviour 

are further examined here in terms of the role these structures play in appetitive 

behaviour.  Feeding is a complex behavior heavily influenced by numerous factors tied to 

the central nervous system including the visual and olfactory systems, emotional and 

higher cognitive inputs, as well as several peripheral inputs carrying nutritional signals 

(Vettor et al., 2003).  The feeding systems in all animals is complex, allowing for energy 

homeostasis to be controlled across many systems, ensuring the maintenance of 

nutritional supplies which are critical to an animal’s survival (Vettor et al., 2003). 

1.5.1 The Septum 

The body of research examining the effects of septal lesions on appetitive 

behaviour in rats is mixed.  In particular there are significant sex-associated differences 

(Pankey et al, 2008).  Several studies have found that in male rats electrolytic and 

neurotoxic lesions that target the majority of the septal area induce weight loss associated 

with a reduction in feeding behaviour (Lubar et al., 1968, Lorens et al., 1971 and Ross et 

al., 1975, Wetmore and Nance, 1991).  However, other studies have reported no change 
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in feeding behaviour or body weight following extensive septal lesions (Harvey and 

Hunt, 1965, Pubols, 1966).  The results of studies using more localized lesions to the 

medial and lateral septum have found a similar pattern of results (Sterc et al., 1975, de 

Castro et al., 1978).  Some studies using female rats have found that electrolytic and 

neurotoxic lesions to the lateral septum induce a significant increase in food intake 

(Kondo and Lorens, 1971, Lorens and Kondo, 1971, Geiselman and Almli, 1978), while 

other studies have reported no changes in feeding behaviours following lateral septal 

lesions (Nance, 1983).  In light of this inconclusive evidence it seems unlikely that the 

lateral septum plays a role in the regulation of appetitive behaviour.    

1.5.2 The Amygdala 

The role the amygdala plays in the regulation of appetitive behaviour is more 

definitive than that of the septum.  Several studies have found that lesions of the 

posterodorsal aspect of the amygdala induce excessive weight gain and hyperphagia in 

rats (Grossman, 1963, King et al., 1993, Rollins and King, 2000).  However, this effect 

might be regionally specific because discrete electrolytic lesions of other amygdaloid 

nuclei, including the posterior lateral amygdala, medial amygdala and anterior lateral 

amygdala, did not alter regulation of body weight, spontaneous food and water intake or 

responses to long term food deprivation (Schoenfeld and Hamilton, 1981).  However, 

results of later studies found that some lesions impaired the acquisition of conditioned 

taste aversion and altered rats’ reactivity to novel solutions (saccharin and quinine).  

Thus, the authors proposed that rather that governing hunger or satiety, the amygdala 

plays a greater role the evaluation of appetitive stimuli (e.g., the evaluation of properties 
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attributed to the stimuli such as negative or positive association or novelty).  Notably, the 

authors also suggested that the amygdala might be important for maintaining an 

appropriate balance between approach and withdrawal responses to appetitive stimuli 

(Schoenfeld and Hamilton, 1981). 

More recently, interest in the role of the amygdala in appetitive behavior has 

shifted to the involvement of the basolateral amygdala. Several researchers have found 

that the basolateral amygdala contributes to the acquisition of stimulus-reward 

associations for food rewards (Whitelaw,1996, Baxter and Murray, 2002).  Furthermore, 

pharmacological inhibition of the caudal (but not rostral) basolateral amygdala retarded 

the extinction of food-seeking behavior (McLaughlin and Floresco, 2007).  Additional 

research supports the previous finding that the basolateral amygdala can be divided 

functionally into anterior and posterior regions (McDonald et al., 1996, Kantak et al., 

2002).  There is also evidence of a neuroanatomical distinction between the anterior and 

posterior basolateral amygdala in terms of the interconnections between these structures 

and the prefrontal cortex and nucleus accumbens (Groenewegen et al., 1990, McDonald, 

1991, McDonald et al., 1996).   

In addition to its involvement in appetitive conditioning, the basolateral amygdala 

also contributes to unconditioned feeding behaviours. Jochman et al. (2005) found that 

infusions of corticotropin releasing factor (CRF) into the basolateral amygdala decreased 

feeding behaviour, and this effect was not observed following CRF infusions into the 

central amygdala.  Importantly, the anorectic effects of CRF in the basolateral amygdala 

could be blocked by prior administration of a CRF1 receptor antagonist.  These same 
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authors found that pre-exposing rats to a natural predator (i.e., a ferret) produced dramatic 

reductions in feeding that could be blocked by pre-stress administration of the CRF1 

antagonist into the basolateral amygdala (Jochman et al., 2005). Thus, the basolateral 

amygdala might be a site where information about potential threat influences subsequent 

appetitive behaviors (e.g., food seeking and/or consumption).  

1.5.3 The Hypothalamus 

Classic experiments conducted in the early 1940’s by Hetherington and Ranson 

found that bilateral electrolytic lesions in the hypothalamus induced adiposity, 

characterized by as much as a two fold increase in body weight.  The lesions made in this 

study targeted the dorsomedial and ventromedial hypothalamic nuclei, the arcuate 

nucleus, the fornix, the lateral hypothalamus and the ventral premammillary nuclei 

(Hetherington and Ranson, 1940).  Subsequent studies found lesions targeted exclusively 

at the lateral hypothalamus, directly adjacent to the ventromedial hypothalamus, induced 

loss of feeding behavior, inanition, and in some cases death by starvation (Hetherington 

and Ranson, 1940, Anand and Brobeck, 1951, Stevenson, 1970).  This body of research 

led to the “dual centre model” for the regulation of feeding, where the ventromedial 

hypothalamus was deemed the “satiety centre”, and the lateral hypothalamus was the 

“feeding centre.” Further research found that lesions confined to the ventromedial 

hypothalamus did not alter feeding behaviour, however, damaging the connections of the 

paraventricular nucleus were more effective in inducing adiposity (Gold, 1973).  Further 

evidence for the role of the lateral hypothalamus as the “feeding centre” comes from 

studies using cell-specific lesions targeting the lateral hypothalamus.  These lesions 
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induced hypophagia, despite leaving fibers of passage intact (Grossman et al., 1978, 

Stricker et al., 1978, Elmquist et al., 1999).   

Additional hypothalamic nuclei have been associated with the regulation of 

feeding behaviour.  Central administration of neuropeptide Y induces significant 

increases in food intake and body weight (Clark et al., 1984, Levine et al., 1984, Stanley 

et al., 1986).  Hypothalamic neuropeptide Y is primarily produced in the dorsomedial 

hypothalamus and arcuate nucleus (Bi, 2007), which provides strong evidence for the role 

of these nuclei in the regulation of appetitive behaviour.    

1.6 cFos Immunoreactivity 

The measurement of cFos expression at the single cell level has become a 

common method used to index neural activation.  cFos expression is related to the 

transcription of proteins associated with learning and memory.  Under basal conditions, 

where animals are not exposed to novel environmental stimuli, cFos mRNA and protein 

levels are low (Kovacs, 1998).  cFos expression is observed following exposure to some 

form of sensory stimulation, such as novel or noxious stimuli (Bullitt, 1990).  

Maximal levels of cFos protein expression occur between 1 and 3 hours following 

experimental treatment and returns to basal levels 4 to 16 hours later (Bullitt, 1990).  

After tissue is collected and sliced, increases in cFos can be detected by using 

immunohistochemical techniques.  The “indirect” immunohistochemical method involves 

reacting an unlabeled primary antibody with a tissue antigen, and then reacting the 

primary antibody with a secondary labeled antibody.  This interaction of cFos proteins 
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expressed in tissue with labeled antibodies results in visual localization of cFos 

expressing cells.   

It should be noted that not all neurons show changes in cFos expression, 

regardless of the stimulus.  In certain brain regions, such as the substantia nigra, an 

elevation in Fos expression has not been observed (Morgan and Curran, 1986, Dragunow 

and Faull, 1989).  It is possible that these regions lack the required biochemical 

messengers that regulate Fos activation in neurons, and as a result other techniques must 

be used to assess neural activation patterns in these regions (Dragunow and Faull, 1989).  

In this case, a lack of cFos expression does not reflect a lack of neural activity and should 

not be interpreted as such.  Other regions including the amygdala, lateral septum and 

hypothalamus, show more sensitive cFos expression making cFos activity mapping an 

ideal approach for a preliminary examination of the involvement of these structures in 

changes in defensive behaviour associated with energy demands.  

1.7 Rationale and Research Objectives 

As previously discussed, optimization theory proposes that behavior is organized 

around maximizing gains (e.g. food and mates) and minimizing risk (e.g. predation).  

Thus, in the wild, small rodents typically restrict their exploration/foraging activity to 

densely vegetated patches and avoid open areas where they may be at risk of predation 

(Jones and Dayan, 2000, Arcis and Desor, 2003).  Although behavioral evidence supports 

optimization theory (Brown et al., 1999), few studies have examined how this process 

unfolds in the brain.  The purpose of this study is to examine the neural correlates of 

food-restriction induced changes in open arm exploration in the elevated plus-maze test.  
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Prior studies show that food restriction increases rats’ open arm exploration in the plus-

maze, without altering their locomotor activity (Genn et al., 2003).  In the first 

experiment the influence of food restriction on rodents’ behaviour was examined in two 

animal models of anxiety; the elevated plus-maze test and the shock-probe burying test.  

The purpose of the behavioural testing in the elevated plus-maze test was to replicate 

previous findings of food-restriction induced increases in open arm activity.  Defensive 

behaviour was examined in a second animal model of anxiety, the shock-probe burying 

test, to determine if food restriction induces a global reduction in defensive responding 

across multiple animal models of anxiety.  In the second experiment animals were tested 

in the elevated plus-maze, and two hours following testing their brains were harvested 

and processed for cFos.  The purpose of the second experiment was to examine changes 

in cFos expression following food restriction and testing, in areas implicated in defensive 

behaviour and feeding.  These studies will shed light on how animals balance their need 

to meet their current energy demands with their need to protect themselves from potential 

or actual threat in their environment.  
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Chapter 2 

Methods 

2.1 Experiment 1:  

Effects of Food Restriction on Defensive Behaviour in Two Animal Models of 
Anxiety 

2.1.1 Animals 

Subjects were 24 naïve male Wistar rats weighing 250 to 275 grams at the start of 

the experiment (Charles River Laboratories, Montreal Quebec).  Animals were 

individually housed in clear polycarbonate cages (45.5 x 24 x 21cm).  Animals were kept 

in a temperature- and humidity-controlled environment (21 +/- 1°C) on a 12h reversed 

light cycle (lights off at 0900 h).  Food and water were available ad libitum, except where 

otherwise noted.  All animals were experimentally naïve.  Experimental procedures were 

approved by Queen’s University Animal Care Committee according to Canadian Council 

on Animal Care guidelines. 

2.1.2 Food Restriction Schedule 

Rats were given one week to acclimatize to the home colony and were then 

randomly assigned to the food restricted or control conditions.  Food restricted rats were 

placed on the restricted feeding regime for 11 days prior to testing. Water was freely 

available to all animals throughout the experiment. During the food restriction period 

animals were given access to food for two hours every day, from 0900h to 1100h.  

Animals were weighed every day prior to and following access to food, using a standard 
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kitchen scale.  On the day of testing (day 12) animals were weighed at 0900h, but were 

not given access to food at this time. 

2.1.3 Testing Apparatus: The Elevated Plus-Maze 

The elevated plus-maze was made of wood and consisted of four arms.  Each arm 

of the maze was 50 cm long.  Two arms of the maze were enclosed by 40 cm-high walls, 

whereas the open arms were not enclosed by walls.  The four arms of the maze were 

connected by a 10x10 cm central square.  The maze was elevated 50 cm off the ground.  

Testing took place in a small room containing only the testing apparatus, lamp, and video 

camera.  The video camera was mounted on a tripod stand adjacent to the maze so that 

the camera was mounted vertically over the maze.  During testing, the testing room was 

dimly light with a red light.  Previous work has shown that testing animals under red light 

yields baseline levels of open-arm activity suitable for detecting treatment-related 

changes in either direction, e.g., % open-arm entries of roughly 30% (unpublished 

observations).  

Testing took place between 0930h and 1130h, at the beginning of the dark cycle.  

During testing animals were brought to the testing room in their home cages.  Animals 

were then removed from their cages and placed in the centre of the maze facing a closed 

arm.  Animals were allowed to freely explore the maze for 5 minutes.  The experimenter 

remained in the room throughout testing, standing quietly at least one meter away from 

the maze.  If an animal fell or jumped off the maze during testing the experimenter placed 

the animal back on the maze in the same location they were in before falling or jumping 

off the maze.  Timing of the test was stopped when the animal fell off the maze and re-
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started once the animal was placed back on the maze.  The maze was cleaned thoroughly, 

with water, at the end of each test.  Following testing animals were returned to their home 

cages and given free access to food and water.    

The experimenter recorded the total numbers of open and closed arm entries at the 

time of testing.  An entry was recorded when an animal placed all four paws in a given 

arm of the maze.  In addition, each animal’s test was captured using a digital camcorder.  

The digital videos were later coded, using Noldus software (Noldus Technology, 

Wageningen, The Netherlands): (1) time spent in the closed arms, (2) time spent in the 

open arms, (3) time spent at the far end of the open arms (i.e., the farthest 20 cm of the 

open-arms), (4) time spent in the 10X10 cm square in centre of the of the maze, (5) head 

dips (i.e., two front paws on the edge of the maze with head lowered more than one inch 

over the side of the maze).  Head dips were further divided into protected head dips (i.e., 

when an animal's hindquarters were either in the closed arms or the center of the maze) 

and unprotected head dips (i.e., when all four paws were in an open arm), (7) protected 

and unprotected stretch attends (i.e., elongated body stretching forward and retraction to 

original position with no forward locomotion), (8) falling off the maze (i.e., while on an 

open arm the rat loses its footing and leaves the open arm either sideways or rump first), 

and (9) jumping off of the maze (i.e., rat leans over the edge of an open arm and proceeds 

head first off of the maze with no apparent attempt to remain on the maze).  Because the 

food-restricted rats were visibly smaller it was not possible to code the behavioural data 

blind to the rats’ group status.     
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Open arm entries were analyzed as a percentage score (open entries/open + closed 

entries).  Time spent on the open arms of the maze was also analyzed as a percentage 

score (open arm time/ closed arm + open arm time).   

An estimation of each animal’s search efficiency was calculated based on the 

number of novel arm entries made in the first four arm entries.  An animal that made four 

novel arm choices in their first four entries received a search efficiency score of 100%, 

whereas an animal that made only three novel arm entries received a score of 75% and so 

on.  This method of estimating search efficiency was based on that used by Timberlake 

and White (1990) in the eight arm radial maze, and by Pecoraro and Dallman (2006) in 

an elevated plus-shaped maze.   

2.1.4 Testing Apparatus: The Shock-Probe Burying Test 

The shock-probe test apparatus consists of a rectangular Plexiglas box (30cm x 

40cm x 40cm) with no cover.  A clean, even layer of wooden chip bedding 

(approximately 3 cm high) was placed in the testing chamber before each testing session.  

The shock-probe was inserted into the testing box through a small hole in one wall 

centered 10 cm from the floor of the box.  The shock-probe consisted of two copper wires 

wrapped around a Plexiglas shock-probe, which delivered an electric current from a 2000 

Volt shock source with an intensity of 2.5mA.  Testing took place in a separate testing 

room containing only the testing apparatus and a video camera.  

Animals were habituated to the testing apparatus for 15 minutes on each of the 

four consecutive days prior to testing.  During habituation animals were brought to the 

testing room in their home cages, placed in the testing apparatus for 15 minutes and 
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allowed to freely explore the testing apparatus.  At this time a rubber cork replaced the 

shock-probe in the hole in the testing chamber.  On testing days, animals were weighted 

at 0900h, but were not given access to food at this time.  Testing took place between 

0930h and 1130h, at the beginning of the dark cycle.  During testing animals were 

brought to the testing room in their home cages.  The rubber cork in the testing apparatus 

was replaced with the shock-probe and the animals were individually placed in the test 

chamber.  Throughout testing the shock-probe was continuously electrified.  Test 

duration began following receipt of the first shock and lasted for fifteen minutes.  The 

average latency to shock following placement in the testing chamber was less than 10 

seconds.  Following completion of testing the bedding was discarded; the test chamber 

was wiped down with water and replaced with a clean layer of bedding.   

Each burying test was captured using a digital camera.  The digital videos were 

later coded, using Noldus software (Noldus Technology, Wageningen, The Netherlands). 

The frequency and total duration of time spent engaged in the following behaviours was 

coded: (1) burying (i.e., moving bedding towards probe using front limbs in a pushing 

motion), (2) stretch attend (i.e., elongated body stretching forward and retraction to 

original position with no forward locomotion), (3) immobility (i.e., total absence of 

movement with the exception of that required for respiration), (4) rearing (i.e., rat 

standing on hind legs with front limbs raised off of bedding), (5) jump (i.e., all four paws 

raised off of bedding), (6) number of shocks (i.e., animals makes contact with probe and 

received a small electric shock).   
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The rats’ reactivity to each shock was determined by assigning a shock reactivity 

score each time an animal received a contact-induced shock using a previously 

established scale: 1 = head flinch (no body movement), 2 = whole body flinch, 3 = whole 

body flinch followed by movement away from the probe, 4 = jump (all four feet in the 

air) following shock and rapid movement away from the probe.  The total shock score 

was determined by adding up all shocks received with their corresponding shock score.  

The mean shock reactivity score for each animal was determined by dividing the shock 

reactivity score by the total number of shocks received.     

2.1.5 Statistical Analysis 

The behavioural data were analyzed using one-way analysis of variance 

(ANOVA) with the between groups variance being treatment (food restricted vs. free fed 

controls).  Separate analysis was performed for data from the plus-maze and shock-probe 

burying tests.  An alpha of p < 0.05 was used as the criterion for statistical analysis.  

2.2 Experiment 2:  

Examination of cFos Induction Associated with Food Restriction Induced Changes 
in Defensive Behaviour in the Elevated Plus-Maze 

2.2.1 Animals 

Experiment 2 followed the same procedures as those outlined in Experiment 1 

with the following exceptions. Subjects were 32 naïve male Wistar rats weighing 250 to 

275 grams at the start of the experiment (Charles River Laboratories, Montreal Quebec).  

Animals were individually housed in clear polycarbonate home cages (45.5 x 24 x 21cm).  

Animals were kept in a temperature- and humidity-controlled environment (21 +/- 1°C), 
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under a 12:12 lighting cycle (lights on at 9:30, light off at 17:30).  Food and water were 

available ad libitum, except where otherwise noted.  All animals were experimentally 

naïve.  Experimental procedures were approved by Queen’s University Animal Care 

Committee according to Canadian Council on Animal Care guidelines.     

2.2.2 Food Restriction Schedule 

Animals were given one week to acclimatize to the home colony before being 

randomly assigned to one of four testing groups; (i) home cage control - free feeding, (ii) 

home cage control - food restricted, (iii) tested in EPM – free feeding, (iv) tested in EPM 

– food restricted.  Food restricted animals were given access to food daily from 9:30 am 

to 11:30 am.  Food deprived animals were not given access to food prior to or following 

testing in the EPM.       

2.2.3 Behavioural Testing 

This experiment followed the EPM procedures outlined above, with the following 

exceptions.  The testing room was now illuminated with both a red light and a 25 watt 

white incandescent bulb.  This change was enacted to reduce the likelihood of high 

baseline levels of open-arm activity from the control, free fed rats (Martinez et al., 2002, 

Pereira et al., 2005).  Animals were not weighed on the day of behavioural testing to 

minimize disruptions in the colony room.  Behavioural testing took place during the first 

quarter of the dark cycle from 9:30 am to 12:30 pm.  Timing of the behavioural testing 

and perfusion was counterbalanced both within and across test days.  Following testing 

animals were placed in their home cage and returned to the colony room. 
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2.2.4 Tissue Collection 

Two hours following the commencement of behavioural testing animals were 

anaesthetized with a ketamine/xylazine cocktail (a total injection of 2.5 mL composed of 

two parts Ketamine [100mg/mL] and one part Xylazine [20mg/mL]).  Home cage control 

animals were anesthetized with the same ketamine/xylazine cocktail immediately 

following removal from the colony room.  The start time for perfusions was counter-

balanced across groups, both within and across test days, according to a Latin square 

design.  Animals were perfused intra-cardially with 0.1M phosphate buffered saline 

(PBS) followed by four percent paraformaldehyde (pH 7.4).  Both solutions were kept on 

ice during perfusions. Brains were stored for 24 hours following perfusion in the four 

percent paraformaldehyde (pH 7.4). After 24 hours the brains were transferred to a 

solution of 30% sucrose in 0.1 M PBS and stored at 4°C for three days.  Brains were then 

removed from solution and stored at -80°C until slicing. A freezing cryostat was used to 

cut coronal sections (40 µm), which were stored in an antifreeze solution (30% ethylene 

glycol and 20% glycerol in PBS) at -20°C until they were processed for 

immunohistochemistry.    

 In the septal region every sixth section was processed for immunohistochemistry.  

In the hypothalamic and amygdaloid regions every third section was processed for 

immunohistochemistry.  All processing was completed in one immunohistochemistry run 

to preserve consistency in staining.  The tissue was rinsed in PBS (15 minutes x three 

rinses) and quenched with a solution of 0.3% hydrogen peroxide in PBS (30 minutes).  

The tissue was rinsed in PBS (15 minutes x three rinses) and then soaked in blocking 
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solution (4% Normal Goat Serum, 0.04% Triton X-100 and 1% Bovine Serum Albumin 

[BSA]) in PBS for one hour.  Tissue was then incubated for 40 hours at 7°C with a 

primary cFos antibody (1:5000 in 0.02% Triton X-100 and 1% BSA in PBS; Vectastain 

rabbit ABC Elite Kit, Vector Laboratories, Burlingame, CA, USA).  Sections were then 

rinsed in PBS (15 min x three rinses) and incubated with a biotinylated secondary 

antibody (1:1500 in 0.02% Triton X-100 and 1% BSA in PBS; Vector Laboratories) for 

two hours at room temperature.  Slices were rinsed in PBS (15 minutes x three rinses).  

Sections were reacted with avidin-biotin complex (Elite ABC Kit; Vector Laboratories) 

for ninety minutes at room temperature.  Staining was performed using diamino-

benzidine-nickel (Peroxidase Substrate Kit, Vector Laboratories) and stopped in PBS.  

Tissue slices were wet-mounted onto gelatin-coated slides and dehydrated in a series of 

graded alcohol rinses.  Slides were then cover-slipped. 

2.2.5 Quantification 

Quantification of cFos positive nuclei was done using a light microscope (20x 

magnification; Nikon 80i), which was connected to a computer with a Neurolucida image 

analysis system (Microbrightfield, USA).  Counting was conducted manually.  Neuronal 

nuclei positive for cFos were considered those containing a dense ovoid black reaction 

product.  Very small reaction products (< 1 mm by 2 mm) where a cell body could not be 

discerned were not counted.  All counting was done blinded to group assignment and 

behavioural data.  

Regions of interest were identified at low magnification (2x).  Septal regions of 

interest were outlined and positioned according to the atlas of Paxinos and Watson (1986) 
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and Swanson (1996).  Regions of interest in the hypothalamus and amygdala were 

outlined and positioned according to the atlas of Paxinos and Watson (1986) and 

Swanson et al. (2005).  The following regions were selected for analysis: AP +0.70: 

lateral septum rostral (rectangular frame, 2.5 mm2); AP -0.26: lateral septum caudal 

(rectangular frame, 2.0 mm2) and lateral septum ventral (rectangular frame, 1.5 mm2); AP 

-1.80: anterior hypothalamus (rectangular frame, 1.5 mm2) paraventricular nucleus 

(rectangular frame, 0.5 mm2), rostral lateral hypothalamus (rectangular frame, 1.5 mm2), 

anterior central amygdala (square frame, 1.0 mm2), anterior basolateral amygdala (square 

frame, 1.0 mm2) and anterior medial amygdala (square frame, 1.0 mm2); AP -3.14: 

posterior lateral hypothalamus (square frame, 1.0 mm2), dorsomedial hypothalamus 

(square frame, 1.0 mm2), ventromedial hypothalamus (rectangular frame, 0.5 mm2), 

arcuate nucleus (rectangular frame, 0.5 mm2), posterior central amygdala (square frame, 

1.0 mm2), posterior basolateral amygdala (square frame, 1.0 mm2), posterior medial 

amygdala (square frame, 1.0 mm2).     

2.2.6 Statistical Analysis 

Behavioural data from testing in the elevated plus-maze was analyzed using one-

way ANOVA, as described in Experiment 1.  The immunohistochemistry data were 

analyzed using a 2 (feeding condition: free fed vs. food restricted) x 2 (testing condition: 

home cage controls vs. tested) ANOVA (p < 0.05).  Significant interactions were 

followed up using simple main effects analysis.  Preplanned comparisons, using the least 

significant difference test (LSD), were also made comparing cFos profile between free 

fed to food-restricted animals that were tested in the elevated plus-maze.  In a situation 
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where the assumption of homogeneity of variance was violated data was transformed 

using a log10, prior to ANOVA.  If the results did not differ from the ANOVA performed 

with untransformed data scores we reported and depicted the raw data for continuity.   
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Chapter 3 

Results 

3.1 Experiment 1 

3.1.1 Elevated Plus-Maze Test 

As can be seen in Figure 1, food restriction substantively increased rats’ open arm 

activity in the elevated plus-maze.  One-way ANOVA confirmed that relative to free fed 

control rats, food restricted rats made a significantly greater percentage of open arm 

entries (F1,22 = 16.28, p < 0.01) and spent a significantly greater percentage of time on the 

open arms (F1,22 = 14.02, p < 0.01), as displayed in Figure 1.  There were also significant 

group differences in the total number of closed arm entries with the food restricted 

animals making fewer entries into the closed arms relative to non-food restricted rats 

(F1,22 = 8.39, p < 0.01), as displayed in Figure 1.  However, no significant between-group 

difference was found in total arm entries (F1,22 = 1.23, p > 0.05), as displayed in Figure 1, 

suggesting that the effects were not due to changes in general locomotor activity.   

In terms of risk assessment behaviours the food restricted animals showed 

significantly more protected (F1,22 = 4.95, p < 0.05) and unprotected (F1,22 = 5.93, p < 

0.05)  head dips in comparison with the free fed control animals.  By contrast, there were 

no between-group differences in the mean number of stretch attends, either protected 

(F1,22 = 0.00, p > 0.05) or unprotected (F1,22 = 016, p > 0.05), see Figure 2.  

Further examination of exploration patterns in the elevated plus-maze found food 

restricted animals spent a significantly greater amount of time on the far end of the open 



 

 33 

arms in comparison with the free fed control animals (F1,22  = 6.92, p < 0.01), as 

displayed in Figure 3.  A one-way ANOVA found that food restricted animals showed 

significantly greater search efficiency scored in comparison with control animals (F1,22 = 

9.79, p < 0.01), as displayed in Figure 3.  A Chi-squared test for 100 percent search 

efficiency revealed that the distribution between food restricted and non-food restricted 

animals was significant (6.32, p < 0.05).  Chi-squared tests for 75 percent and 50 percent 

search efficiency did not find the distribution to be significant between groups (p > 0.05).   

Body weights were not significantly different between groups prior to food 

restriction (F1,22  = 0.56, p > 0.05), but did differ significantly following food restriction 

(F1,22 = 140.95, p < 0.01), as displayed in Figure 4.  Because the food-restricted animals 

were smaller in size than the free fed animals, a Pearson’s correlation was run to examine 

any possible correlations between weight on the day of testing (day 12) and behaviour in 

the elevated plus-maze test.  Separate correlations were run across the animals within the 

free fed group and within the animals in the food restricted groups.  As displayed in 

Table 1, no significant correlations were found between weight and any significant 

findings reported above (all ps > 0.05).   

3.1.2 The Shock-Probe Burying Test 

All animals made contact with the electrified probe within the first ten seconds of 

the test.  As can be seen in Figure 5, food restriction did not significantly reduce the 

duration of time rats spent burying the electrified probe in the burying test (F1,22 = 1.63, p 

> 0.05).  However, relative to free fed controls, food restricted rats made significantly 

more stretch attend behaviours during testing (F1,22 = 7.23, p < 0.05), as displayed in 
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Figure 5.  Because the data for the number of stretch attends violated the homogeneity of 

variance test, a one-way ANOVA was done using a log 10 transformation of the stretch 

attend data which also yielded significant results (F1,22 = 11.96, p < 0.05).  No significant 

between group differences were found in either duration of immobility (F1,22 = 0.47, p > 

0.05) or duration of rearing (F1,22 = 0.90, p > 0.05), as displayed in Figure 5.  There were 

no significant between group differences found for the total number of shocks received 

(F1,22 = 1.35, p > 0.05) or the mean shock reactivity (F1,22 = 1.02, p > 0.05), as displayed 

in Table 2.  

While coding the behavioural tests, it quickly became apparent that the food-

restricted animals were trying to jump out of the test chamber.  Examining jumping 

behaviour in the shock-probe test was not preplanned, however, the jumping behaviour 

exhibited by animals in the tests was highly unusual and therefore the behaviour was 

analyzed post hoc.  The data for the number of jumps violated the assumption of 

homogeneity of variance.  Thus, this data was analyzed using a Mann-Whitney test.  This 

revealed that food restriction also increased the number of animals that attempted to jump 

out of the testing chamber, p < 0.05, as displayed in Figure 6.  

Body weights were not significantly different between groups prior to food 

restriction (F1,22  = 0.09, p > 0.05), but did differ significantly following food restriction 

(F1,22  = 162.19, p < 0.01), as displayed in Figure 7.  Because the food restricted animals 

were smaller in size than the free fed animals, a Pearson’s correlation was run to examine 

any possible correlations between weight on the day of testing (day 12) and behaviour in 

the shock-probe burying test.  Separate correlations were run across the animals within 
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the free fed group and within the animals in the food restricted groups.  As displayed in 

Table 3, no significant correlations were found between weight and any significant 

findings reported above (all ps > 0.05).  

3.2 Experiment 2 

3.2.1 The Elevated Plus-Maze Test 

As can be seen in Figure 8, food restriction substantively increased rats’ open arm 

activity in the elevated plus-maze.  One-way ANOVA confirmed that relative to free fed 

control rats, food restricted rats made a significantly greater percentage of open arm 

entries (F1,14 = 6.67, p < 0.05), and spent a significantly greater percentage of time on the 

open arms (F1,14 = 10.72, p < 0.01).  One-way ANOVA found no significant difference 

between groups in terms of closed arm entries (F1,14  = 3.77, p > 0.05) or total arm entries 

(F1,14  = 0.18, p > 0.05), suggesting that there was no difference in locomotor activity 

between the free feeding and food restricted groups.   

As displayed in Figure 9, a one-way ANOVA of risk assessment behaviours 

found significant between group differences in unprotected head dips (F1,14  = 10.40, p < 

0.01).  However, no significant between group differences in mean number of protected 

(F1,14 = 2.33, p > 0.05) and unprotected (F1,14  = 1.52, p > 0.05) stretch attends or 

protected head dips (F1,14  = 0.47, p > 0.05).  

Further examination of the exploration patterns in the elevated plus-maze found 

food restricted animals spent a significantly greater amount of time on the end of the 

open arms in comparison with the free fed controls animals (F1,14  = 8.15, p < 0.05), as 
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displayed in Figure 10.  A one-way ANOVA found no significant between group 

difference in search efficiency (F1,14  = 0.18, p > 0.05), as displayed in Figure 10. 

Body weights of free fed controls and food restricted animals did not differ 

significantly prior to food restriction (F1,22  = 1.36, p > 0.05), but did differ significantly 

following food restriction (F1,22  = 158.48, p < 0.01), as displayed in Figure 11.  Because 

the food-restricted animals were smaller in size than the free fed animals, a Pearson’s 

correlation was run to examine any possible correlations between weight on day 11 of 

food restriction and behaviour in the elevated plus-maze test.  Separate correlations were 

run across the animals within the free fed group and within the animals in the food 

restricted groups.   As displayed in Table 4, no significant correlations were found 

between weight and any significant findings reported above (all ps > 0.05).   

3.2.2 cFos Immunoreactivity 

Changes in cFos reactivity in subregions of the lateral septum 

Changes in cFos induction in the lateral septum are depicted in Figure 12.  As 

revealed by the 2x2 ANOVA, testing rats in the elevated plus-maze was associated with a 

significant increase in cFos in the lateral septum rostral (F1,27 = 17.50, p < 0.01) and the 

lateral septum ventral (F1,27 = 10.40, p < 0.01), but not in the lateral septum caudal (F1,27 

= 1.00, p > 0.05).  There were no main effects of feeding or feeding x testing interactions 

in any of the septal subdivisions (see Table 5 for F-values). 

 

Changes in cFos reactivity in subregions of amygdaloid nuclei 
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 Changes in cFos induction in the amygdala are presented in Figure 13.  A 2 x 2 

ANOVA found that elevated plus-maze testing was associated with a significant increase 

in cFos in the posterior basolateral amygdala (F1,28 = 4.41, p < 0.05), the anterior medial 

amygdala (F1,28 = 12.08, p < 0.01) and the posterior medial amygdala (F1,28 = 45.54, p < 

0.01).  There were no main effects of feeding in any of the amygdala subdivision, ps > 

0.05, see Table 5 for ANOVA results.  However, a significant Feeding x Testing 

interaction was found in the anterior basolateral amygdala (F1,28 = 4.28, p < 0.05).  This 

was followed up with pairwise comparisons (using LSD), which indicated that food 

restricted animals showed a significantly greater number of cFos positive cells compared 

to free fed animals in the testing condition but not in the home cage condition.  No 

significant feeding x testing interaction was found in any other amygdala subdivisions, all 

ps > 0.05, as seen in Table 5.   

 

Changes in cFos reactivity in hypothalamic nuclei 

  Figure 14 depicts changes in cFos induction in the hypothalamus.  A 2 x 2 

ANOVA found significant main effects of testing associated with an increase in cFos 

induction in the anterior hypothalamus (F1,28 = 8.69, p < 0.01), rostral lateral 

hypothalamus (F1,28 = 7.62, p < 0.01), paraventricular nucleus (F1,28 = 6.18, p < 0.05), 

dorsomedial hypothalamus (F1,28 = 8.03, p < 0.01) and the posterior lateral hypothalamus 

(F1,28 = 5.48, p < 0.05).  The hypothalamic area contained the only regions of interest to 

show main effects of feeding with increased cFos following food restriction.  This 

included the rostral lateral hypothalamus (F1,28 = 16.45, p < 0.01), the paraventricular 
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nucleus (F1,28 =6.60, p < 0.05), the dorsomedial hypothalamus (F1,28 = 7.15, p < 0.05) and 

the posterior lateral hypothalamus (F1,28 = 14.67, p < 0.01).  No feeding x testing 

interactions were observed in any hypothalamic nuclei (see Table 5 for all F-values).    

 

Planned Pairwise Comparisons  

Planned comparisons in cFos induction were made between both groups of tested 

animals; food restricted and free feeding.  LSD post hoc tests found significant effects in 

three of the structures examined; the anterior basolateral amygdala (p < 0.05), the rostral 

lateral hypothalamus (p < 0.01) and the posterior lateral hypothalamus (p < 0.01).  In 

each case the food restricted animals showed higher levels of cFos at these sites 

following testing in the elevated plus-maze.     
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Figure 1:  Mean (± S.E.M.) percent open arm entries and open arm time (A), and mean 

number of closed arm and total arm entries (B) of free fed (white bars, n = 12) and food 

restricted (grey bars, n =12) animals in Experiment 1   (* p < 0.05).   
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Figure 2:  Mean (± S.E.M.) number of protected and unprotected stretch attends (A) and 

number of protected and unprotected head dips (B) displayed by free fed (white bars, n = 

12) and food restricted animals (grey bars, n = 12) in the elevated plus-maze test in 

Experiment 1 (*p < 0.05). 
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Figure 3: Mean (± S.E.M.) duration of time spent on the end of the open arms (A), and 

search efficiency (B) of free fed (n = 12) and food restricted (n = 12) animals in the 

elevated plus-maze in Experiment 1 (*p < 0.05).   
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Figure 4:  Mean (± S.E.M.) weight on day 1 of food restriction and day 12 of food 

restriction (the day of testing) of free fed (white bars, n = 12) and food restricted (grey 

bars, n = 12) animals tested in the elevated plus-maze test in Experiment 1 (*p < 0.05).   
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Figure 5:  Mean (± S.E.M.) duration of burying (A), number of stretch attends (B), 

duration of immobility (C), and duration of rearing (D) of free fed (n = 12) and food 

restricted ( n = 12) animals in the shock probe-burying test in Experiment 1 (*p < 0.05).   

 

 

 

 

 

 

 

 

 

A B 

C D 

* 



 

 44 

 

 

 

 

 

 

 

 

 

 

 

Figure 6:  Mean (± S.E.M.) number of jumps displayed by free fed (n = 12) and food 

restricted (n = 12) animals in the shock probe-burying test in Experiment 1 (*p < 0.05).   
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Figure 7:  Mean (± S.E.M.) weight on day 1 of food restriction and day 12 of food 

restriction (the day of testing) of free fed (white bars, n = 12) and food restricted (grey 

bars, n = 12) animals tested in the shock probe-burying test in Experiment 1 (*p < 0.05).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

* 



 

 46 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8: Mean (± S.E.M.) percent open arm entries and open arm time (A) and number 

of closed arm and total arm entries (B) of free fed (white bars, n = 8) and food restricted 

(grey bars, n = 8) animals tested in the elevated plus-maze in Experiment 2 (*p < 0.05).    
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Figure 9:  Mean (± S.E.M.) number of protected stretch attends (A) and number of 

protected and unprotected head dips (B) displayed by free fed (white bars, n = 8) and 

food restricted animals (grey bars, n = 8) in the elevated plus-maze test in Experiment 2 

(*p < 0.05).  
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Figure 10:  Mean (± S.E.M.) time on the end of the open arms (A), and search efficiency 

(B) of free fed (n = 8) and food restricted (n = 8) animals tested in the elevated plus-maze 

test in Experiment 2 (*p < 0.05).   
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Figure 11:  Mean (± S.E.M.) weight on day 1 of food restriction and day 11 of food 

restriction (one day prior to testing) of free fed (white bars, n = 8) and food restricted 

(grey bars, n = 8) animals tested in the elevated plus-maze test in Experiment 2 (*p < 

0.05).   
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Figure 12:  Mean (± S.E.M.) number of cFos positive cells in neural regions of interest 

in the lateral septum in free fed (white bars; home cage n = 8, tested n = 7) and food 

restricted (grey bars; n = 8 in each group) animals.  
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Figure 13:  Mean (± S.E.M.) number of cFos positive cells in neural regions of interest in the 

amygdala in free fed (white bars; n = 8/group) and food restricted (grey bars; n = 8/group) 

animals (*p < 0.05 relative to tested controls).  
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Figure 14:  Mean (± S.E.M.) number of cFos positive cells in neural regions of interest 

in the hypothalamus in free fed (white bars; n = 8/group) and food restricted (grey bars; n 

= 8/group) animals (*p < 0.05 relative to tested controls).  
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Figure 15:  Counting frames used for the quantification of cFos positive cells in (A) the 

lateral septum rostral (LSR) and (B) lateral septum ventral (LSV), and lateral septum 

caudal (LSC) (Paxinos and Watson, 1986).  
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Figure 16:  Counting frames used for the quantification of cFos positive cells in the 

anterior (A) and posterior (B) hypothalamic and amygdaloid nuclei (LH = lateral 

hypothalamus, PVN = paraventricular nucleus, AH = anterior hypothalamus, DMH = 

dorsomedial hypothalamus, VHM = ventromedial hypothalamus, ARC = arcuate nucleus, 
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MEA = medial amygdala, CEA = central amygdala, BLA = basolateral amygdala) 

(Paxinos and Watson, 1986).   
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Table 1:  

 

Correlations between weight and behaviours displayed in the elevated plus-maze in 

Experiment 1. 

 

Behaviours 

Free Fed Controls 

r                        p 

Food Restricted  

r                          p 

% open arm entries -.34 0.29 -.23 0.48 

% open arm time  .23 0.47 -.23 0.48 

Closed arm entries -.18 0.30 -.18 0.58 

Head dips protected -.12 0.72 -.27 0.39 

Head dips unprotected  .26 0.42 -.08 0.80 

Time end open arms  .25 0.43 -.10 0.75 
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Table 2:  

 

Mean (± S.E.M.) total number of shocks and shock reactivity in the shock-probe burying 

test for Experiment 1. 

 Free Fed Controls  Food Restricted  

 Mean S.E.M. Mean S.E.M. F1,22 p 

Shock Reactivity 2.17 0.24 2.83 0.52 1.35 0.26 

Shock Number 1.84 0.14 2.06 0.16 1.02 0.32 
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Table 3:  

 

Correlations between weight and behaviours displayed in the shock-probe burying test in 

Experiment 1.   

 

Behaviours 

Free Fed Controls 

r                        p 

Food Restricted 

r                        p                 

Stretch attend -.24 0.45 -.27 0.40 

Number of jumps NA NA  .18 0.58 

Note: NA where all data values were equal to 0.  
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Table 4:  

 

Correlations between weight and behaviours displayed in the elevated plus-maze in 

Experiment 2. 

 

Behaviours 

Free Fed Controls 

r                        p       

Food Restricted 

r                        p 

% open arm entries -.47 0.24 -.22 0.61 

% open arm time -.54 0.17 -.00 0.99 

Head dips unprotected  .60 0.11  .00 0.99 

Time end open arms -.48 0.23 -.15 0.72 
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Table 5:  

 

Results of 2 x 2 ANOVA of testing conditions and interactions in Experiment 2. 

Condition: Feeding  Testing  Feeding x 

Testing 

 

 F (df) p F(df) p F(df) p 

Structure:       

Lateral Septum       

Caudal 0.10 (1,27) 0.76 0.98 (1,27) 0.33 0.46(3,27) 0.50 

Rostral 1.94(1,27) 0.18 17.50(1,27) 0.01 0.43(3,27) 0.52 

Ventral 0.68 (1,27) 0.42 10.39 (1,27) 0.01 1.71(3,27) 0.20 

Amygdala       

Anterior Central 0.36 (1,28) 0.55 0.82 (1,28) 0.37 2.94(3,28) 0.10 

Posterior Central 0.20 (1,28) 0.65 2.99 (1,28) 0.10 0.84(3,28) 0.37 

Anterior Basolateral 3.89 (1,28) 0.06 0.41 (1,28) 0.53 4.28(3,28) 0.05 

Posterior Basolateral 3.08 (1,28) 0.09 4.41 (1,28) 0.05 0.75(3,28) 0.40 

Anterior Medial 1.08 (1,28) 0.31 12.77 (1,28) 0.01 0.09(3,28) 0.77 

Posterior Medial 0.67 (1,28) 0.42 45.54 (1,28) 0.01 0.20(3,28) 0.66 

Hypothalamus       

Anterior 0.28 (1,28) 0.69 8.69 (1,28) 0.01 0.04(3,28) 0.84 

Rostral Lateral 16.50 (1,28) 0.01 7.61 (1,28) 0.01 0.00(3,28) 0.95 

PVN 6.54 (1,28) 0.02 6.18 (1,28) 0.02 0.08(3,28) 0.78 

DMH 7.15 (1,28) 0.01 8.03 (1,28) 0.01 0.01(3,28) 0.91 

VMH 1.00 (1,28) 0.33 1.59 (1,28) 0.22 0.75(3,28) 0.40 

Posterior Lateral 14.64 (1,28) 0.01 5.48 (1,28) 0.03 0.41(3,28) 0.53 

Arcuate Nucleus 2.92 (1,28) 0.10 2.26 (1,28) 0.14 0.12(3,28) 0.74 

Note: Significant results are presented in bolded font.  
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Chapter 4 

Discussion 

The results of this study provide evidence that rats’ current energy demands 

influence their defensive behaviour in two animal models of anxiety.  As observed in 

previous studies, food restricted animals showed a significant increase in open arm 

activity in the elevated plus-maze test (Genn et al., 2003a, Inoue et al., 2004).  Food 

restricted animals showed greater search efficiency and spent a significantly greater 

amount of time on the end of the open arms of the maze, suggesting that the food 

restricted animals conducted a more exhaustive search of the maze.  In the shock-probe 

burying test, food restricted animals did not show any changes in burying behaviour 

compared to the free fed controls, but did show jump-escape behaviour in the testing 

apparatus that was not observed in the free fed controls.  In both tests, food restricted 

animals showed increases in risk assessment behaviours (i.e., head dips and stretch 

attends) suggesting these animals were hyper-vigilant during testing.  Variations in 

behaviour in the elevated plus-maze test were associated with differential patterns of cFos 

expression in food-restricted animals, in comparison with free fed control animals.  

Notably, this pattern of differential cFos expression was restricted to two structures 

known to regulate reward seeking; i.e., the basolateral amygdala and the lateral 

hypothalamus.   
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4.1 Influence of Food Restriction on Defensive Behaviour 

There is some evidence that food restriction induces hyperactivity in rodents, as 

indicated by their home cage activity patterns (Hebebrand et al., 2003, Yokoyama et al., 

2007).  This effect could influence food restriction induced increases in open arm activity 

if food restricted animals are hyperactive and therefore show greater general activity in 

the maze.  However, an increase in the general locomotor activity of food-restricted 

animals was not observed in this study.  No significant differences in the total number of 

arm entries were found between food restricted and free fed animals in experiment 1 or 2, 

suggesting that there were no differences in general locomotor activity between the two 

groups.  In fact, in experiment 1, food restricted animals made significantly fewer closed 

arm entries in comparison with free fed controls.  Thus, the increase in open arm 

exploration displayed by food-restricted rats does not appear secondary to treatment-

induced hyperactivity.   

The increase in open arm exploration shown by food-restricted animals suggests 

that these animals are conducting a more exhaustive search that includes the typically 

avoided open arms of the maze.  When free fed animals do go out on the open arms of the 

maze they typically do so in the first 2-3 min of the test and these animals rarely re-enter 

a previously visited open arm (Holmes and Rodgers, 1998).  Although the specific time 

point that rats made open arm entries was not quantified in the current study, it was clear 

during video coding that food restricted animals repeatedly entered the open arms of the 

maze throughout the entire 5 min testing period.  Under conditions of food scarcity 
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continued exploration of an environment would be adaptive because ignoring any 

potential food sources could be costly.   

The limited amount of time that free fed animals spent exploring the open arms of 

the maze was restricted to the first half of the open arm, the part of the open arm closest 

to the closed arms of the maze.  In comparison with free fed control animals, food 

restricted animals spent an increased amount of time on the far end of the open arms.   

This result suggests that food restricted animals are exploring more of the plus-maze by 

not only spending more time on the open arms of the maze, but also exploring the far 

ends of the open arms.   

The increased search efficiency observed in food restricted animals provides 

further evidence that these animals are engaging in a more exhaustive search of the maze 

when compared with free fed controls.  Food restricted animals were more likely to 

explore a novel arm of the maze during their first four arm entries, in comparison with 

free fed control animals, who were more likely to re-enter a previously explored closed 

arm.  Search efficiency has been used as a measure of unconditioned locomotor search in 

the eight-arm radial maze and an elevated plus-shaped maze entirely enclosed by walls 

(Timberlake and White, 1990, Pecoraro et al., 2006).  Timberlake and White (1990) 

found that food restricted animals placed in an unbaited (no food reward present) radial-

arm maze used a win-shift search strategy; whereby animals search a previously 

unexplored arm before returning to a previously explored arm (even if a food reward had 

been found in the explored arm in previous trials).  The win-shift strategy has been 

deemed a measure of efficient search as it reflects exhaustive exploration of the testing 
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apparatus.  Some author’s have suggested that the win-shift strategy (or spontaneous 

alteration) is a foraging strategy that allows the animal to sample the entire environment 

for food sources (Estes and Schoeffler, 1995).  Therefore, the increased search efficiency 

observed in food restricted animals suggests that under conditions of food scarcity rats 

are engaging in a more exhaustive search of the elevated plus-maze that involves 

searching novel arms of the maze before re-entering previously explored arms.   

Changes in the open arm activity of food restricted animals in the elevated plus-

maze test do not appear to be associated with a reduction in anxiety in these animals.  In 

comparison with control animals, food restricted animals showed significant increases in 

risk assessment behaviours during plus-maze testing (protected and unprotected head 

dips) and shock probe testing (stretch attends).  Risk assessment behaviours, such as head 

dips, have been associated with increased levels of vigilance (Rodgers et al., 1992).  

Some research has suggested that risk assessment behaviours made in the plus-maze are a 

highly sensitive measure of animals’ level of vigilance and anxiety during testing 

(Rodgers et al, 1992). This suggests that although food restricted animals spent more time 

exploring the open arms of the maze, they were none-the-less hyper-vigilant throughout 

testing. Consistent with this, observational field studies have shown that animals foraging 

in high-risk environments show increased levels of risk assessment behaviour.  For 

example, animals foraging in an open environment frequently break from foraging 

behaviour to scan the environment for potential predators (Holmes, 1984, Kavaliers and 

Choleris, 2001).   
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The results of testing in a second animal model of anxiety, the shock-probe 

burying test, provide further evidence that food restriction does not induce global 

reductions in anxiety behaviour.  If food restriction did decrease anxiety we would expect 

to see a reduction in burying behaviour in food restricted animals.  However, in 

comparison with free fed control animals, food restricted animals did not show any 

changes in burying behaviour.  It is important to note that other researchers have found 

opposing results.  Davis et al. (1981) reported food-restriction induced decreases in 

burying behaviour in a modified burying test.  However, there are important differences 

between the protocol used by Davis et al. (1981) and that used in the current study.  This 

includes differences in strain, age, duration of food restriction (12 vs. 14 days), pretest 

habituation schedules (15min for four consecutive days prior to testing vs. a single 4hr 

session 48hrs prior to testing) and behavioural coding.  Most notably, Davis et al. (1981) 

used a flashbulb as a noxious stimulus in place of an electrified shock probe.  Previous 

research conducted by Davis et al. (1980) found that rats spend more time burying an 

electrified shock probe then they will spend burying a flashbulb.  It is possible that food 

restricted animals altered their defensive behaviour  (i.e., reduced burying) in the 

presence of a less noxious stimulus (i.e., flashbulb) to allow for energy conservation.  

However, as we reported in the current study, in the presence of a more intense noxious 

stimulus (i.e., electrified probe) food restricted animals did not display a reduction in 

burying behaviour in comparison with free fed controls.  It is possible that a more intense 

noxious stimulus presents a more immediate threat, and therefore elicits burying 

behaviour regardless of a rodent’s current energy demands.  In addition, by quantifying a 
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single defensive behaviour (burying) during testing, Davis et al. (1981) examined a 

limited defensive profile.  Rodents may display a wide variety of defensive behaviours 

during testing and most behaviours cannot be displayed simultaneously.  Therefore, a 

reduction in burying behaviour cannot be attributed to a reduction in anxiety if rodents 

are engaging in other defensive behaviours, such as stretch attends, during testing.    

Food restricted animals did show an increase in jump-escape behaviour during 

shock-probe testing that was not observed in free fed animals.  Notably, others have since 

observed selective food-restriction induced increases in jump-escape behaviour in the 

shock-probe burying test (Burnett and Menard, personal communication).  Jump-escape 

behaviour typically accompanies flight responses and has been deemed a defensive 

behaviour (Markham et al., 2006).  Markham et al., 2006 observed that post-

amphetamine treatment induced increases in jump-escape behaviour in the flight test and 

forced contact test.  The authors concluded that the jump-escape behaviour they observed 

was a high-intensity flight response.  Therefore, the increased jumping behaviour 

observed in food-restricted animals suggests an increase in defensive behaviours, rather 

than a reduction in anxiety, in food-restricted animals.   

In summary, the behavioural results suggest that food restriction did not induce a 

reduction in anxiety the elevated plus-maze or shock probe burying tests. Although 

increases in open arm exploration are typically associated with a reduction in anxiety, the 

increased vigilance of food restricted animals in both the elevated plus-maze and shock-

probe burying tests suggest that these animals are still exhibiting defensive behaviours 

during testing.  Several studies have reported increased vigilance in animals foraging in 
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high-risk environments (Lima, 1998, Thorson et al., 1998, Jones and Dayan, 2000).  

Food-restriction induced increases in open-arm activity may be associated with changes 

in exploratory/foraging behaviour.  Under conditions of food scarcity rodents may 

expand their foraging range to include normally avoided areas (Caraco et al., 1980, 

Coleman et al., 2005).  Therefore, the pattern of results suggests that food restricted 

animals remain aware of the potential threat associated with exploring/foraging on the 

open arms of the maze, but risk exploring the open arms to increase their foraging range 

and potentially satisfy energy demands.   

4.2 Influence of Food-Restriction and Testing on Neuronal Activation Patterns  

Both food restriction and testing in the elevated plus-maze elicited distinct 

patterns of neuronal activation, as indicated by cFos immunoreactivity.  A significant 

effect of testing on cFos expression was observed in the lateral septum rostral, lateral 

septum ventral, anterior medial amygdala, posterior medial amygdala, anterior 

hypothalamus, rostral lateral hypothalamus, paraventricular nucleus, dorsomedial 

hypothalamus and posterior lateral hypothalamus.  A significant effect of feeding on cFos 

expression was observed in the rostral lateral hypothalamus, paraventricular nucleus, 

dorsomedial hypothalamus and posterior lateral hypothalamus.  An interaction effect of 

feeding and testing was observed only in the anterior basolateral amygdala.   

The increased cFos expression we observed in the lateral septum rostral and 

lateral septum ventral following testing in the elevated plus-maze is consistent with 

previous cFos activity mapping studies showing increased cFos positive cells in the 

lateral septum following exposure to a novel environment (e.g. elevated plus-maze or 
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open field) or environments previously paired with shock (Beck et al., 1995, Duncan et 

al., 1996, Emmert et al., 1999).  The findings also accord with substantive evidence 

implicating the lateral septum in behavioural defense regulation; i.e., lesions or 

pharmacological inhibition of the lateral septum have anxiolytic like effects across a wide 

variety of animal models of anxiety (Treit and Pesold, 1990, Pesold and Treit, 1996, 

Ouagazzal et al., 1999, Treit and Menard, 2000).  Notably, increased cFos expression was 

observed in all tested animals, regardless of their feeding schedule, in nuclei associated 

with the expression of defensive behaviour.  In addition to the lateral septum, increased 

cFos expression was also observed in animals tested in the elevated plus-maze in other 

nuclei implicated in the regulation of defensive behaviour, including the medial 

amygdala, posterior basolateral amygdala, anterior hypothalamus and the paraventricular 

nucleus (Canteras et al., 1988, Samanes and Davis, 1992, Hakvoort Schwerdtfeger and 

Menard, 2008).  This finding provides further support that food-restriction does not 

reduce anxiety during testing in the elevated plus-maze.   More specifically, if the food 

restricted and free fed animals differed in their levels of anxiety then we might expect 

that they would similarly show differences in cFos induction in brain regions that 

regulate anxiety (Mongeau et al., 2003, Menard et al., 2004).  Clearly, such a pattern was 

not observed in the current study. 

We observed increased cFos expression in several hypothalamic nuclei following 

chronic food restriction, and these increases were seen regardless of testing history. 

Notably, these food restriction-induced increases in cFos positive cells were observed 

only in hypothalamic nuclei that are widely associated with feeding behaviour, such as 
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the lateral hypothalamus (rostral and posterior), paraventricular nucleus and dorsomedial 

hypothalamus (Gold, 1973, Elmquist et al., 1999, Bi, 2007).  Carr et al. (1998) measured 

cFos expression in food-restricted animals following 14 days of restricted food access 

(one 10g meal per day given at 1600h).  They observed increased cFos induction in food-

restricted animals in several nuclei including the lateral hypothalamus (rostral and 

posterior), paraventricular nucleus and dorsomedial hypothalamus.  Carr et al. (1998) also 

observed increased cFos expression in the food-restricted animals in the lateral septum 

and arcuate nucleus.  In the current study we did not observe effects of food restriction on 

cFos expression in these structures.  The different patterns of cFos expression observed 

by Carr et al. (1998) may be due to differences in the time at which animals were 

sacrificed.  Carr et al. (1998) sacrificed animals three hours prior to their daily mealtime, 

whereas in the current study animals were sacrificed approximately two hours following 

the time they normally received food access. The dorsomedial hypothalamus has been 

implicated in physiological and behavioural circadian rhythms that are entrained to daily 

periods of food availability.  Gooley et al. (2006) observed that increased cFos induction 

in the dorsomedial hypothalamus was greatest during scheduled meal times.  Therefore, 

the current findings are consistent with previous research implicating these hypothalamic 

nuclei in the regulation of feeding behaviour. 

The only areas where tested food restricted animals differed from tested free fed 

animals were the lateral hypothalamus and the basolateral amygdala.  Interestingly, both 

of these structures have been implicated in appetitive behaviour, including reward-

seeking responses (Gallistel et al., 1981, Cazala et al., 1987, Kantak et al., 2002).  An 
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effect of both feeding regime and testing in the elevated plus-maze was observed in the 

lateral hypothalamus.  Although there was no testing by feeding interaction at this site, 

preplanned comparisons revealed that tested food-restricted animals showed greater cFos 

induction, in comparison with tested free fed animals, in both the rostral and posterior 

lateral hypothalamus.  The lateral hypothalamus produces the neuropeptide orexin, which 

has been heavily implicated in the regulation of reward-motivated behaviours (DiLeone 

et al., 2003, Harris et al., 2007).   Several authors have proposed that orexin neurons in 

the LH are activated by consummatory rewards such as food and drugs (e.g., Bingham et 

al., 2006, Ganjavi and Shapiro, 2007), and likely play a role in reward-seeking behavior 

(Harris et al., 2007).   The role of the lateral hypothalamus in reward seeking and 

motivated behaviour is closely associated with the role of this nucleus in locomotion.  

Work by Lammers (1988) found that electrical stimulation of the lateral hypothalamus 

induced locomotor activity that closely resembled rodents’ natural exploratory behaviour 

(locomotion accompanied by periods of sniffing, rearing and scanning).  An animal 

seeking food requires locomotive motivation to bring them in contact with rewards 

(Sinnamon, 1993).  The increased cFos expression observed in the lateral hypothalamus 

of tested food-restricted animals provides support for the hypothesis that food-restricted 

animals are expanding their foraging range to include normally avoided areas, such as the 

open arms of the plus-maze, to increase the likelihood that they will come in contact with 

a food reward.   

   An interaction effect of feeding and testing on cFos expression was observed 

only in the anterior basolateral amygdala.  At this site, only the food-restricted animals 
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tested in the elevated plus-maze showed increased cFos expression.  Prior studies have 

implicated the basolateral amygdala in rats’ open arm avoidance (Green and Vale, 1992, 

Pesold and Treit, 1995, Zangrossi and Graeff, 1994).  Interestingly, the amygdala has 

been widely implicated in the processing of reward stimuli (Baxter and Murray, 1997, 

Davis and Whalen, 2001).  Current research has implicated the basolateral amygdala in 

the regulation of sustained performance in the absence of primary reward (Everitt et al., 

1989, Simmons and Niell, 1999).  Sustained performance with no primary reward is 

closely tied to the food-restriction induced increases in open arm exploration observed in 

the current study.   In the elevated plus-maze, food restricted animals were not rewarded 

for entering an open-arm but, unlike free fed rats, the food restricted rats continued to re-

visit the open arms of the maze.   Neural activity in the basolateral amygdala may allow 

the potential for finding a food reward sufficient to sustain exploration in the absence of 

any primary reward.  Such a process would be adaptive in the wild.  In particular, when 

an animal increases their foraging range following conditions of food scarcity they are 

increasing their area of exploration with no guarantee that they will find a food reward.  

If they then avoided revisiting previously explored territory they might miss potential 

food sources.  

Jochman et al. (2005) found that pre-administration of the CRF1 receptor 

antagonist into the basolateral amygdala blocked stress-induced (i.e., exposure to a 

predator, ferret) decreases in feeding behaviour.  The results suggest that basolateral 

amygdala may integrate information about potential threat (i.e., presence of a predator) 

with appetitive behaviour (i.e., food seeking and/or consumption).  In the present study 



 

 73 

food-restricted animals altered their defensive behaviour in the plus-maze test, potentially 

reflecting a change in appetitive (i.e., food seeking) behaviour.  The increase in cFos 

expression observed in the basolateral amygdala in tested, food-restricted animals 

provides further support for the role of this nucleus in integrating the competing demands 

of behaviours associated with defense and feeding.     

Recent research also suggests a role for the basolateral amygdala in regulating 

context-dependent behavioural transitions between high and low fear states (Herry et al., 

2008).  Herry et al. (2008) implicated the basolateral amygdala in animals’ ability to 

transition between context appropriate behavioral responses, using a fear-conditioning 

paradigm.  In this test, rats displayed conditioned freezing in response to a tone 

(conditioned stimulus – CS) that had previously been paired with shock.  Repeated 

exposure to the CS alone resulted in the extinction of conditioned freezing (i.e., after 

extinction the CS no longer elicited freezing).  However, presenting the CS in a different 

context resulted in rapid recovery of conditioned freezing, a process known as fear 

renewal.  Herry et al. (2008) found that infusions of muscimol, a GABAA receptor 

agonist, into the basolateral amygdala blocked the extinction of freezing behaviour.  In 

addition, infusions of muscimol into the basolateral amygdala following extinction 

blocked the renewal of freezing behaviour when the rats were placed in a different 

context and presented with the CS.  By contrast, muscimol infusions had no effect on 

retrieval of conditioned freezing in rats that did not receive extinction training and were 

presented with the CS one week following initial fear conditioning.  Together, these 

findings suggest that the basolateral amygdala does not influence the expression of 
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conditioned fear, per se.  Instead, it appears that, under certain conditions, activity in the 

basolateral amygdala regulates rapid transitions between high and low fear states.  The 

authors further suggest that such a switch may support transitions between exploratory 

and defensive behaviours that are fundamental to survival.  Such a pattern is consistent 

with the high levels of open arm exploration interspersed with bouts of vigilance/risk-

assessment behaviour displayed by the food-restricted rats in the elevated plus-maze.   

It is not clear why a testing X feeding interaction was observed in the anterior but 

not the posterior basolateral amygdala. The basolateral amygdala sends projections to 

several areas associated with reward-motivated behaviour, including the mesoaccumbens 

dopamine system (i.e., ventral tegmental area to nucleus accumbens), the lateral 

hypothalamus, the central nucleus of the amygdala, the prefrontal cortex and the striatum 

(McDonald et al., 1991, Kantak et al., 2002, Petrovich et al., 2002, Simmons et al., 2007).  

Recently, several studies have found structural and functional dissociations between the 

anterior and posterior basolateral amygdala that could account for the findings of the 

current study (Groenwegen et al., 1990, McDonald et al., 1991, McDonald et al., 1996,  

Kantak et al., 2002,).  The anterior basolateral amygdala is connected with the lateral 

prefrontal cortex (dorsal agranular insular region), the lateral striatum and the nucleus 

accumbens core, while the posterior basolateral amygdala is connected with the medial 

prefrontal cortex, the medial striatum and the nucleus accumbens shell (medial nucleus 

accumbens) (Groenwegen et al., 1990, McDonald et al., 1991, Kantak et al., 2002).  

Kantak et al. (2002) found dissociable effects of lidocaine inactivation of the anterior and 

posterior basolateral amygdala on drug-seeking behaviour during reinstatement or 
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maintenance of drug taking.  Inactivation of the anterior basolateral amygdala blocked 

reinstatement of drug-seeking behaviour when cocaine-associated cues were presented, 

and no priming injection of cocaine was given.  In contrast, inactivation of the posterior 

basolateral amygdala reduced drug-seeking behaviour during maintenance testing (i.e., 

animals were receiving regular cocaine delivery paired with drug-delivery cues).  The 

results of this study suggest that the anterior and posterior basolateral amygdala exert 

dissociable effects on reward-motivated behaviours.  In light of this research, the results 

of the current study provide further support for the distinct influence of the anterior and 

posterior basolateral amygdala on reward-motivated behaviour.   

4.3 Limitations and Implications 

cFos was an ideal technique for the purposes of this study; to conduct a  

preliminary investigation of the neural regions and circuits involved in regulating food-

restriction induced increases in open arm activity.  None-the-less, this technique is not 

without limitations.  For example, I did not sample from a series of slices throughout 

entire structures, but instead took single slices as representations of a structure.   

Although this method of sampling is standard throughout immunohistochemical 

literature, the use of another method, such as stereology, would have allowed for analysis 

based on an entire structure.  However, the current study consisted of preliminary work 

examining the potential involvement of several nuclei.  Therefore, sampling in a large 

number of nuclei using a technique such as stereology would have been too time 

consuming.  Future studies conducting further analysis of the involvement of structures 

identified in the study could benefit from using a technique such as stereology. 
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It should also be noted that cFos activation is not always synonymous with neural 

activity.  It is possible that the immunohistochemical technique used in this study did not 

detect all the changes in neural activation that occurred following either feeding regime 

or testing in the elevated plus-maze.  Changes in cFos immunoreactivity may also be 

correlated with changes in processes other than the behaviours measured in the current 

study, such as changes in neuroendocrine activity.  Several of the structures where cFos 

immunoreactivity was observed in the study, including the lateral septum ventral and 

paraventricular nucleus, are known to regulate neuroendocrine activity (Dobrakovova et 

al., 1982, Saphier and Feldman, 1987).  In addition, the cFos technique used in this study 

does not specify if all cells showing cFos immunoreactivity are neuronal cells.  Future 

studies could use a second antibody specific to neurons to ensure that all quantified cFos 

positive cells are neuronal cells.     

4.4 Future Research  

Chronic food restriction is a potent physiological and emotional stressor 

associated with significant increases in plasma corticosterone (Stewart et al., 1988, 

Yoshihara et al., 1996, Overton et al., 2004).  Animals placed on a partial food restriction 

regime (i.e., access to food for two hours per day), with food available during the first 

hours of the light cycle, show peak levels of corticosterone prior to daily food access 

(Krieger et al., 1974, Moberg et al., 1975, Belda et al., 2005).  In the current study 

animals were tested during the time in which they regularly received daily food access.  

Therefore, the animals were tested when their corticosterone levels were highest.  

Additional research has shown that the effects of food-restriction on foraging behaviour 
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can be mimicked in free fed animals treated with corticosterone (Angelier et al., 2007).  

Further research based on the results of the current study could examine the role that 

food-restriction induced increases in corticosterone plays in changes in defensive and 

exploratory (foraging) behaviour by giving animals injections of a glucocorticoid 

receptor antagonist prior to testing in the elevated plus-maze.  Alternatively, animals 

could be adrenalectomized and given corticosterone replacement prior to food restriction 

and testing in the elevated plus-maze.  This replacement procedure would return 

corticosterone to basal levels while blocking food-restriction induced increases in 

corticosterone.  

In addition to pre-feeding peaks in plasma corticosterone, rodents on a restricted 

feeding schedule also show food-anticipatory activity, which is characterized by 

increased wakefulness, locomotor activity and body temperature prior to the presentation 

of food (Bolles and Stokes, 1965, Kreiger, 1974, Gooley et al., 2005).  In the current 

study animals were tested in the elevated plus-maze when they normally received their 

access to food (between 0900h and 1100h).   Thus, their food-anticipatory locomotor 

activity would likely have been high at the time of testing.  Therefore, it is possible that 

rats’ behaviour in the elevated plus-maze was influenced by food-entrainable circadian 

rhythms in plasma corticosteroid levels and food-anticipatory activity.  Future studies 

could test animals in the afternoon, several hours after their daily food availability, to 

assess the possible influence of food-entrainable circadian rhythms on behaviour.      

Future research could also address the role of corticotropin-releasing factor (CRF) 

in food-restriction induced increases in open arm activity.  Jochman et al. (2005) found 
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that infusions of CRF into the basolateral amygdala decreased feeding behaviour.  They 

also found that exposure to a natural predator (i.e., a ferret) mimicked the effects of CRF 

infusions into the basolateral amygdala, and the predator-exposure induced decreases in 

feeding behaviour could be blocked by pre-stress administration of CRF1 receptor 

antagonist.  Those results suggest that CRF in the basolateral amygdala mediates the 

impact of external threats on appetitive behaviour.  It seems possible that the reverse 

could also be the case.  More specifically, animals’ current energy demands may 

influence CRF levels in the basolateral amygdala.  Although speculative, this possibility 

is supported by previous research showing food restriction-induced decreases in CRF 

mRNA in the hypothalamus and central amygdala (Lindblom et al., 2005, Timofeeva et 

al., 1997).  It would be interesting to examine whether food-restriction similarly changes 

levels of CRF in the basolateral amygdala.  Future studies could use in situ hybridization 

to examine levels of CRF mRNA at this site.  It would also be interesting to examine the 

influence of CRF in the basolateral amygdala on rodents’ behaviour in the elevated plus-

maze test.  Infusion studies targeting the basolateral amygdala could provide further 

insight into the involvement of this structure in food-deprivation induced changes in 

rodent defensive behaviour.  If reduced CRF levels at this site are involved in food-

restriction induced changes in defensive behaviour then infusions of CRF into the 

basolateral amygdala of food-restricted animals may block food-restriction induced 

increases in open arm exploration.    
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4.5 Summary and Conclusions 

This study replicated earlier findings that animals placed on a restricted feeding 

schedule show increased open arm activity in the elevated plus-maze test.  We tested 

food-restricted animals in the shock-probe burying test to examine whether food 

restriction induced global reductions in defensive behaviour across multiple animal 

models of anxiety.  We found no changes in burying behaviour in the shock probe-

burying test.  However, in both the elevated plus-maze test and shock probe-burying tests 

food restricted animals displayed significantly more risk assessment behaviours in 

comparison with the free fed control animals.  Therefore, the results suggest that food 

restricted animals are not experiencing a reduction in anxiety.  A more likely explanation 

of food-restriction induced changes in open arm exploration is that these animals were 

willing to risk exploring the open arms of the maze in order to expand their foraging 

range and potentially satisfy their energy demands.   

An analysis of the effects of testing and feeding regime on cFos expression 

revealed expected increases in cFos expression in neural areas implicated in the 

regulation of feeding (i.e., lateral hypothalamus, paraventricular nucleus, dorsomedial 

hypothalamus) and/or defensive behaviour (i.e., lateral septum rostral and ventral, 

basolateral amygdala, medial amygdala, anterior hypothalamus, lateral hypothalamus and 

paraventricular nucleus).  An interaction effect of feeding and testing was observed in the 

anterior basolateral amygdala.  This structure may be integrating the competing demands 

of safety requirements (e.g., avoiding open areas where predation risk is higher) and 
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current energy demands (e.g., foraging in normally avoided areas under conditions of 

food scarcity).   
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