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THESIS ABSTRACT

Nutrition is an important regulatory environmental factor. Research has
identified a range of beneficial effects of calorie restriction (CR) as well as various CR
induced behavioural changes. Of these, the anxiolytic effects that have been found to be
induced by chronic CR in the rat have significant implications for several psychological
disorders whereby anxiety is a prominent factor. Substance abuse and addiction are
known to be highly comorbid with anxiety and have also been found to be influenced by
anxiogenic states. Therefore, the aim of this research is to explore the consequences of
chronic CR on addiction in the alcohol preferring rat using various behavioural
paradigms; and in addition, to elucidate whether these effects are also observed in
changes in electrophysiological responses within the nucleus accumbens (NAc) in
response to ethanol self-administration. This thesis consists of four experimental
chapters. Two of these chapters explore the effects of CR on two behavioural models of
addiction, the cue-induced reinstatement model and the two-bottle free choice paradigm.
The subsequent two experimental chapters explore the electrophysiological responses in
the NAc in response to the self-administration of ethanol between control and CR
groups, and behavioural changes that occur in response to electrical stimulation of the
NAc. The results obtained in these studies found that the administration of a CR diet in
the alcohol-preferring rat will alter typical behaviour of this rat strain in two behavioural
paradigms of addiction. In addition it was also found that electrophysiological responses
within the NAc as a consequence of ethanol self-administration also differed between
control and CR animals. Taken collectively these results suggest that the beneficial
effects of CR extend to acting as a protective factor against addiction and the
vulnerability to relapse.
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OUTLINE OF THE THESIS

CHAPTER 1
Chapter 1 provides a general framework and introduction to the thesis topic, it explores
the literature and provides the theoretical context for the series of manuscripts presented
in this thesis.

CHAPTER 2
Chapter 2 outlines the rationale and aims for the series of manuscripts that can be found
in Chapters 3 through to 6 of this thesis.

CHAPTER
Chapter 3 presents the first published paper, and is concerned with exploring the
consequences of CR on the anxiogenic state as well as the drug-seeking and relapse
characteristics of male alcohol preferring rats. A cue-induced reinstatement model is
used to measure operant self-administration of 10% ethanol and water, examining—
intake, preference, and relapse behavior.

CHAPTER 4
Chapter 4 presents the second published paper and provides a characterization of
the effects of CR on a two-bottle free choice unlimited access paradigm. This study
examines the effects of CR on intake and preference of 10% ethanol while considering
differences in overall body weight and explores the alcohol deprivation effect of both
control and CR animals.

CHAPTER 5

xix

Chapter 5 explores the effects of CR on the electrophysiological responses within the
nucleus accumbens (NAc) in response to the self-administration of 10% ethanol and
water. It characterizes differences in spike activity within control and CR animals during
lever pressing for 10% ethanol and water and the consumption of 10% ethanol and
water.

CHAPTER 6
Chapter 6 investigates the role of the NAc by electrically stimulating the region and
investigating changes in self-administration as a consequence.

CHAPTER 7
Chapter 7 provides a general discussion of the complete findings presented in the thesis
in light of previous literature. The methodological limitations of the studies and
directions for future research are explored.
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Chapter One
Literature Review

:

2

Introduction

Nutrition is an important regulatory environmental factor that has the ability to
influence the development and behaviour of an organism. Research has explored the
consequences of calorie restriction (CR) and identified a range of both beneficial effects as
well as various CR-induced behavioural changes that occur as a result. Of these, the
anxiolytic effects that have been found to be induced by a chronic CR in the rat may have
great implications for several psychological disorders whereby anxiety is a prominent factor.
Substance abuse and addiction are known to be highly comorbid with anxiety and have also
been found to be influenced by anxiogenic states; therefore the aim of this research is to
examine the effects of calorie restriction on alcohol seeking and relapse behaviour in the
alcohol preferring (iP) rat. Alterations to spike activity within the Nucleus Accumbens (NAc)
in response to alcohol will also be examined, given this is a neuroanatomical site heavily
implicated in the modulation of reward as well as reinforcing addiction to substances of
abuse. This literature review will outline the consequences of chronic calorie restriction on
anxiety, drug-seeking, and relapse-like behaviour in the alcohol preferring rat (iP) strain. In
addition, the role the NAc plays in modulating both addiction and the hedonic impact of
alcohol will also be discussed.

Beneficial Effects of Calorie Restriction on Health and Disease
It has been well established in the research literature that calorie restriction (CR) has
several beneficial effects, with the earliest evidence of the potential benefits of CR being
presented in the 1930’s (McCay, Cromwell, & Maynard, 1935). The age retarding potential
of CR was first found in rats maintained on a ‘stair-step’ model of retarded growth. This
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involved maintaining a constant body weight for a period of weeks; and then allowing
animals to make a slight weight gain through restricting the calorie component of the diet. It
was found that rats fed a reduced caloric but nutrient dense diet, had a maximal life span that
was up to twice as long as their ad libitum fed counterparts (McCay, et al., 1935).
Increases in longevity as a result of CR have also been found to be dependent on the
degree of restriction, with effects being observed with as little as 20% CR and greater CR
regimes resulting in longer lifespans (Hurbert, Laroque, Gilbert, & Keenan, 2000; Nolen,
1972; Ross, 1972). Although not as great, increases in lifespan have also been found in cases
where a CR regime is implemented in older animals (Lipman, Smith, Bronoson, & Blumberg,
1995). These findings were consistently generalized across several subsequent studies and
across a range of species that extended to mice, fish, flies, worms, yeast and nonhuman
primates (Barrows & Kokkonen, 1982; Bodkin, Alexander, Ortmeyer, HJohnson, & Hansen,
2003; Weindruch & Walford, 1988). The modified dietary regimes that have been imposed in
these studies have typically involved an overall reduction in calorie intake to a range of 25-70
percent below the ad libitum level, while maintaining the composition of the diet in terms of
vitamins and nutrients (Weindruch & Walford, 1988). Whilst various interventions have
shown to increase average lifespan, CR is the only factor identified to increase maximal
lifespan by reducing the rate of ageing (Vitousek, Gray, & Grubbs, 2004).
Besides CR being investigated for longevity, research has also identified its effects on
delaying a wide spectrum of diseases in various experimental animal models. These have
included several neuroprotective functions such as inhibiting the development of autoimmune
disease and delaying immunosenescence (Fernandes & Good, 1984; Fernandes, Yunis, &
Good, 1976; Pahlavani, 2000), reducing dopaminergic degeneration in neurodegenerative
models of Parkinson’s (Duan & Mattson, 1999) as well as demonstrating a preservation of

4

age-related declines in cognitive functioning (Ingram, Weindruch, Spangler, Freeman, &
Walford, 1987; Pitsikas, Carli, Fidecka, & Algeri, 1990). These findings further reflect the
diversity in the beneficial effects of CR and the potential implications this dietary
modification has on improving overall wellbeing.

Consequences of Calorie Restriction on Cognition and Behaviour
With research developing in this area, it has also been identified that CR has the
ability to improve cognition by attenuating age-related deficits in learning and memory as
well as motor function in rodents (Ingram, et al., 1987; Means, Higgins, & Fernandez, 1993;
Pitsikas, et al., 1990; J. Stewart, Mitchell, & Kalant, 1989; Wu, Sun, & Liu, 2003). In a study
measuring spatial learning using the Morris water maze, Pitsikas et al. (1990) found that both
aged (24 months) and adult (12 months) animals maintained on a 20% CR diet displayed
improved performance in learning and memory, and further the aged CR group, exhibited a
similar performance to that of the young rats (4 months) group. In comparison to ad libitum
fed counterparts, performance on spatial discrimination tasks (Means, et al., 1993; Pitsikas, et
al., 1990; Wu, et al., 2003), as well as the absence of age associated declines in sensorymotor function, motor coordination and exploratory activities (Ingram, et al., 1987; Pitsikas,
et al., 1990) has also been found to be improved in CR rodents.
Although the beneficial effects of CR in improving cognition have predominantly
focused on aged-animals assessing age-related deficits; a study conducted by Wu, Sun and
Liu (2003) investigated the influence of CR on cognition during development. Using a Y
maze to investigate learning and memory retention, this study found that a CR of 20%
(receiving 80% of the amount consumed by control mice) and 35% (receiving 65% of the
amount consumed by control mice) from the time of weaning for a period of six months,
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yielded similar results. It was found that mice on restricted dietary regimes exhibited
significantly better learning performance in comparison to control ad libitum fed mice (Wu,
et al., 2003).
In addition to improving cognition, research has also identified that CR has a capacity
to influence various behavioural changes. Chronically restricted rats (CR25% and 50%) have
been found to display a more social behavioural phenotype, spending more time engaging in
social interaction and initiating interaction sooner than their weight matched counterparts
(Govic, et al., 2008; Govic, Levay, Kent, & Paolini, 2009). Play behavior has also been found
to be altered in CR animals (Loranca, Torrero, & Salas, 1999). Lorance, Torreo and Salas
(1999) found that in male and female juvenile rats, neonatally calorie restricted, frequency in
play behavior was increased in comparison to control juvenile rats. Research has also
identified that CR has the ability to induce anxiolytic effects, with CR animals displaying a
less anxious phenotype in comparison to ad libitum fed controls as measured in both the
elevated plus maze and open field test (Abbott, et al., 2009; Heiderstadt, McLaughlin,
Wright, Walker, & Gomez-Sanchez, 2000; Inoue, et al., 2004; Levay, Govic, Penman,
Paolini, & Kent, 2007; Levay, et al., 2008).

CR-Induced Anxiolytic-like Effects
The anxiolytic effects induced by CR have been consistently observed using differing
restriction regimes in various behavioural paradigms measuring anxiety-like behaviour. In a
study that maintained male CR rats at 80% of their initial body weight and thus receiving
approximately 40% of the amount consumed by ad libitum fed animals, it was found that
restricted animals exhibited greater exploration and ambulation in the open field after one
week of restriction, which persisted 4 weeks after the initiation of CR (Heiderstadt, et al.,
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2000). A reduced anxiogenic state was also found as a result of CR in the elevated plus maze
(Genn, Tucci, Thomas, Edwards, & File, 2003). Male rats maintained at 85% of the weight of
their free-feeding cohort for 7 days, tested in the elevated plus maze, were found to make a
greater percentage of open arm entries and spent a greater percentage of time in the open
arms compared to controls (Genn, et al., 2003).
Similarly in implementing a CR dietary regime of limited access, changes in anxietylike behaviour were also observed. A study conducted by Inoue et al. (2004) allocated rats to
one of four groups; an ad libitum fed group, an acute food restriction group (given 2-hour
access to food after 22 hours of food deprivation), a group in which access to food was
restricted (2-hour access per day from 9am-11am for a period of 10 days) and a post-recovery
group (after 10 days, a reversion to an ad libitum diet from the restricted access feeding
regimen). Results from testing on the elevated plus maze revealed that all three dietary
restriction groups exhibited increased open arm exploration compared with freely fed rats.
The results from the post-recovery group indicate that the anxiolytic effects of food
restriction persist for days after the normalization of feeding behaviour (Inoue, et al., 2004).
The implementation of a chronic calorie restrictive regime, has also found similar CRinduced anxiolytic effects. In a study conducted by Levay et al. (2007), rats were allocated to
one of four groups; an ad libitum fed control group, a CR25% (rats received 75% of the
amount consumed by control rodents), a CR50% (received 50% of the amount consumed by
controls) and an acute group (rats received 50% of the amount consumed by controls on a
single occasion for a period of three days at the beginning of experimental testing). Rats were
then tested on the elevated plus maze, the open field test, and a modified version of the open
field test comparable to the defensive withdrawal paradigm and the emergence test. It was
found in this study that both the CR25% and CR50% groups made more central zone entries
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and exhibited greater exploration of the central zone, indicative of a reduction in anxiety-like
behaviour, in comparison to the control and acute groups, however these differences were not
found for the elevated plus maze or the modified open field test. This study further identified
that a CR of 25% was sufficient in inducing anxiolytic effects.
In a follow-up study, the anxiolytic effects of CR as well as the effects of CR being
transmitted via olfactory cues was investigated (Abbott, et al., 2009). In this study rats were
allocated into one of four groups; an ad libitum fed control group, a CR25% (as in Levay et
al., 2007), an olfactory-CR group (fed ad libitum and received soiled bedding from the
CR25% group every five days throughout the experiment), and a olfactory-control group (fed
ad libitum and received soiled bedding from the control group as per olfactory-CR). Results
found that decreases in anxiety-like behaviour in the olfactory-CR group was comparable to
that of the CR25% group, with olfactory-CR rats spending more time in the open arms of the
elevated plus maze than olfactory-control rats, suggesting that the effects of CR are also
transmitted via olfactory cues. Differences in anxiety-like behaviour between CR25% rats
and control were approaching significance with the CR25% group appearing to be less
anxious in accordance with previous studies. In the open field test, CR25% rats exhibited
significantly less anxiety-like behaviour, however this was the only group to show this effect
(Abbott, et al., 2009).
Interestingly, the inverse of these effects have been found to occur in studies
investigating the effects of high fat diets as well as animal models of obesity. Recent studies
have found that mice exposed to long-term (12 weeks) high fat diets exhibited increases in
anxiety-associated behaviour, measured in both the elevated plus maze and open field test
(Sharma & Fulton, 2012). Sharma and Fulton (2012) also found in this study that the
consumption of a high fat diet also enhanced responses to acute stressors. Evidence linking

8

obesity with the increased risk of developing depression and anxiety has also been found in
epidemiological studies (Dong, Sanchez, & Price, 2004; Zhao, et al., 2009). Taken
collectively, these findings emphasise the ability of dietary regimes to modulate anxiety-like
behaviour within experimental paradigms.
To date, research has investigated the direct consequence of CR in altering
behavioural states. However, with its ability to induce anxiolytic effects, what is yet to be
explored is how this might impact on behaviours or psychological disorders whereby anxiety
is a contributing factor. CR has the potential to be of great clinical import given that it is a
natural intervention. With addiction being highly comorbid with anxiety (Myrick & Brady,
2003) and relapse typically associated with heightened levels of stress and anxiety (Breese,
Overstreet, & Knapp, 2005; Koob & Le Moal, 2001; Sinha, 2001), CR may act as a
protective factor against the vulnerability to relapse as well as possibly inhibiting drugseeking behavior in general. The effects of a chronic restriction of 25% and its ability to
reduce alcohol-seeking behaviour as well as the incidence of relapse are until this point yet to
be investigated.

Potential Negative CR-Induced Consequences for Drug Abuse
Contrary to what has been suggested, there is evidence indicating that the imposition
of a CR regime can enhance the rewarding effects and increase the acquisition of drugs such
as cocaine (Bell, Stewart, Thompson, & Meisch, 1997; Zheng, Cabeza de Vaca, & Carr,
2012) and alcohol (Soderpalm & Hansen, 1999; R. B. Stewart & Grupp, 1984), and
contribute to the potentiation of amphetamine-induced arousal (Mabry & Campbell, 1975) in
rats. It was found that animals maintained at 80% of free feeding body weight will display a
conditioned place preference for cocaine that is absent in non-restricted groups indicating that
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CR as modulatory factor in the persistence for cocaine acquisition.(Zheng, et al., 2012). The
total duration of the CR regime implemented in this study extended over a 5 week period,
with an initial week of extreme food reduction. Given this effect was not observed in animals
returned to ad libitum feeding the authors suggest that this effect was due to an increased
sensitivity for cocaine in CR Sprague-dawley rats (Zheng, et al., 2012).
Studies have also found that when maintaining Wistar rats at 80% of their free feeding
weight, food restricted rats will also display enhanced acquisition and consume greater
amounts of ethanol compared to their free fed counterparts (Soderpalm & Hansen, 1999; R.
B. Stewart & Grupp, 1984). This effect however, was only observed when low concentrations
of ethanol, ranging from 6-8%, were offered (Soderpalm & Hansen, 1999; R. B. Stewart &
Grupp, 1984). When the concentration of ethanol was increased to 12%, food restricted
animals did not show any increases in consumption (Linseman, 1989). Furthermore, in
investigating the effects of CR on morphine, Fischer rats that were maintained at 86% of free
feeding body weight CR did not display any differences in the stimulus effects of morphine.
In this study it was found that CR did not enhance the potency of morphine (Ukai &
Holtman, 1988) in contrast to what has been suggested to occur as a consequence of CR and
cocaine acquisition (Zheng, et al., 2012).
Of the previously published work investigating the effects of food restriction on the
intake of alcohol, strains of rats used have focused on non-preferring rats (Soderpalm &
Hansen, 1999; R. B. Stewart & Grupp, 1984). These results may therefore be a consequence
of two factors, firstly the restriction regimes varied, and in studies that found an increase in
consumption, the regime itself was unclear or limited to only 14 days of restriction prior to
the exposure of ethanol availability (Soderpalm & Hansen, 1999; R. B. Stewart & Grupp,
1984). Secondly, these effects may be strain specific given that alcohol-preferring rats do not
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consume ethanol for its caloric content (Indiana Alcohol Research Center, 2011) and
therefore increases of consumption in non-preferring Wistar rats may be a result of the
maintenance of previous calorie consumption. Therefore what is important to consider is that
any potential positive effects of CR may be limited to a strain of rat that is firstly predisposed
to addiction, and one that displays a natural vulnerability and predictive traits considered to
be predisposing factors for drug abuse. Furthermore if CR is to be considered as a potential
therapeutic modality for addiction, the effects of CR need to be measured within a strain that
is considered to be an appropriate animal model for studies of addiction.

Animal Models and the Alcohol Preferring (iP) rat

To date, much of the research on altered behavioural states induced by CR dietary
regimes, have not been specific to the strain of rat used. Research that has investigated the
anxiolytic effects of varying degrees of CR, ranging from 25% to 50% restriction, have used
a range of rat strains that consist of outbred Hooded Listers, Wistars and Hooded Wistars
(Abbott, et al., 2009; Heiderstadt, et al., 2000; Inoue, et al., 2004; Levay, et al., 2007; Levay,
et al., 2008; Smart, 1974). Studies have found that in implementing CR dietary regimes
across various strains of rat, results obtained indicate a diminution of anxiety-like behavior
detectable in the elevated plus maze (EPM) as well as the open field test (Abbott, et al., 2009;
Heiderstadt, et al., 2000; Inoue, et al., 2004; Levay, et al., 2007; Levay, et al., 2008; Smart,
1974). However, what is yet to be considered is the ability of CR to mediate anxiogenic states
in rat strains that display a more anxious phenotype prior to any experimental intervention,
and therefore delineating if CR could potentially be of therapeutic benefit.
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The alcohol preferring (iP) rat is a strain that meets criteria as a model of alcoholism,
and also displays a genetic predisposition to anxiety in comparison to their non-alcohol
preferring counterparts (Pandey, Carr, Heilig, Ilveskoski, & Thiele, 2003). To be considered
an appropriate animal model for studies of addiction, animals are required to orally selfadminister ethanol, consume ethanol because of its post-ingestive pharmacological effects
rather than its caloric value or taste, display a motivation to obtain ethanol, show metabolic
and functional tolerance following chronic consumption, and also display characteristics
associated with relapse (Indiana Alcohol Research Center, 2011). Having been considered a
good animal model, the alcohol preferring (iP) rat is commonly used in research involving
the self-administration of ethanol (Adams, Cowen, Short, & Lawrence, 2008; Overstreet,
Knapp, & Breese, 2007; Rodd, et al., 2003) to investigate potential therapeutic approaches to
prevent relapse to substance abuse, whereby anxiety is often a precipitating factor (Breese, et
al., 2005; Sinha, 2001). What is yet to be explored is if CR can reduce anxiety-like behavior
in a strain of rat naturally more anxious and furthermore if CR as a consequence, can alter
characteristics of addiction within a strain genetically vulnerable to acquire an addiction to
alcohol. Therefore given anxiety is considered to be both a predisposing and contributing
factor CR may specifically act as a protective factor against relapse to alcohol.

Calorie Restriction and Regimens of Restriction
Calorie restriction refers to an overall reduction of the amount of calories consumed
(Mattson, Duan, & Guo, 2003) while maintaining the composition of the diet in terms of
vitamins, minerals, protein, etc in the interest of avoiding undernutrition or malnutrition
(Koubova & Guarente, 2003). Calories are typically measured by the amount of energy
obtained from food and are derived from the metabolism of carbohydrates, lipids, and protein
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into glucose, which is then used as an energy source for cell functioning (Mattson, et al.,
2003). Calorie restriction is often a term used interchangeably with ‘food restriction’, and
‘calorie deprivation’ however, the term ‘food deprivation’ is most commonly inferred when
the level of restriction is quite severe. Regardless of CR being referred to using several
different names, the methods of restriction are consistent in that they involve limiting the
amount of food consumed by animals. It is also important to note that CR animals are
typically compared to sedentary ad libitum fed, and consequently overweight control animals.
Therefore, although this form of control group may not be considered to be ideal, an
alternative is not available given that animals that are fed a controlled dietary regime without
a restriction also result in similar effects as a diet low in calories (Weindruch & Walford,
1988).
Generally, there are three dietary manipulation regimes limiting the amount of
calories consumed by laboratory animals used to examine the effects of CR. The first of these
involves administering a constant level of restriction while maintaining the recommended
dietary allowance (see Table 1.), usually varying from a moderate 25% to a more severe 50%,
which is maintained throughout the experimental period (Abbott, et al., 2009; Govic, et al.,
2009; Levay, et al., 2007). The second implements a limited access regime which allows
experimental animals’ free access to food every other day (Mattson, et al., 2003). The third
manipulation which is occasionally adopted maintains animals at a pre-determined
percentage of weight-matched controls or alternatively pre-determined percentage of the
animal’s initial weight prior to the onset of the CR diet (Genn, et al., 2003). All regimes are
consistent in their ability to alter various physiological measures (Lane, Ingram, & Roth,
1999; Weindruch & Sohal, 1997) as well as their effects on longevity and disease resistance
(Anson, 2004).
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Table 1.
The dietary composition of each feeding regimen and recommended dietary allowance
(RDA) for adult male rats.
Diet
Unit

RDA1

CONTROL

CR25%

CR50%

Protein

g/kg

50

203

152

102

Fat

g/kg

50

31.1

23.3

15.6

Starch

g/kg

-

382

287

191

Calcium

g/kg

5

10

7.5

5

Phosphorous

g/kg

3

6.5

4.9

3.3

Sodium

g/kg

0.5

2.8

2.1

1.4

Chloride

g/kg

0.5

4.8

3.6

2.4

Potassium

g/kg

3.6

7.8

5.9

3.9

Lysine

g/kg

1.1

10.7

8

5.4

Magnesium

g/kg

0.5

1.9

1.4

1

Iron

mg/kg

35

198

149

99

Manganese

mg/kg

10

134

100

67

Zinc

mg/kg

12

198

149

99

Copper

mg/kg

5

18

13.5

9

Iodine

µg/kg

150

1460

1095

730

Selenium

µg/kg

150

577

432

288

Vitamin A

mg/kg

0.7

12.5 IU/g

9.4 IU/g

6.3 IU/g

Vitamin D

mg/kg

0.03

2.8 IU/g

2.1 IU/g

1.4 IU/g

Vitamin E

mg/kg

18

75.5

56.6

37.8

Niacin

mg/kg

15

154.4

115.8

77.2

Vitamin B-6

mg/kg

6

12.7

9.5

6.4

Riboflavin

mg/kg

3

16

12

8

Thiamine

mg/kg

4

19.9

15

10

Vitamin K

mg/kg

1

11.3

8.5

5.7

Folic Acid

mg/kg

1

3.4

2.6

1.7

Biotin

mg/kg

0.2

0.5

0.4

0.3

Vitamin B-12

µg/kg

0.05

0.05

0.04

0.03

1

Institute for Laboratory Animal Research (Nutrient requirements of laboratory animals, 1995)
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Substance Abuse and Addiction

Worldwide, alcohol is one of the most widely abused recreational drugs, and in
Australia alone, an estimated 13% of people have been reported to consume alcohol at levels
of high risk (Australian Bureau of Statistics, 2006). Alcohol abuse increases the risk of heart
and vascular diseases as well as stroke, liver cirrhosis and some forms of cancer, while also
contributing to death and disability through accidents, violence, homicide and suicide (WHO,
2004). Alcohol abuse is a significant problem in today’s society and it is estimated that the
socioeconomic impact associated with alcohol related problems, in Australia alone, is $4.5
billion per annum (Australian Department of Health and Aged Care, 2001) and $167 billion
per annum in the US (National Institute of Alcohol Abuse and Alcoholism, 2004). Although
various therapeutic approaches are available for the treatment of alcoholism, consistently
high rates of relapse into alcohol seeking and other drugs of abuse has been found to occur
(Anton, 2001; Garbutt, West, Carey, Lohr, & Crews, 1999; Kranzler & Van Kirk, 2001;
O'Brien, 2005; Swift, 1999).
As classified in the DSM-IV (American Psychiatric Association, 1994), drug
addiction is a chronically relapsing disorder that is driven by a compulsion to seek a drug and
a lack of control in limiting its intake. Consumption of alcohol therefore persists in disregard
of significant social and interpersonal problems that occur as a result. This behavioural
repertoire impacts a person both physiologically and psychologically, through both the
physical symptoms of withdrawal, and its impact on normal daily functioning. This in turn,
may affect one’s job performance, their ability to maintain parental responsibilities as well as
the maintenance of social relationships (American Psychiatric Association, 1994). Given the
significant negative impact of substance abuse and addiction, and the difficulty to treat the
disorder when considering incidences of relapse as high as 80% (O'Brien, 2005), a
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considerable amount of research has focussed on factors or traits, which may contribute to the
vulnerability of addiction and relapse in an individual.

Impaired Cognition and Impulsivity in Alcoholism
There has been a substantial amount of evidence to suggest that cognitive impairment
is a concomitant of alcoholism and may play a role in drug misuse and addiction (McCrady &
Smith, 1986). Disorders deriving from psychoactive substance use, are typically defined to
consist of a criterion of persisting with the abuse of a substance, despite the harmful
consequences (WHO, 1992). This has led to the assumption that impairments in decisionmaking capabilities may be involved in the development of the disorder. Grant, Contoreggi
and London (2000) administered the Gambling Task test as a means of assessing decisionmaking capabilities of drug-abusers and individuals with no history of drug abuse. This task
was originally developed to assess the impairments of patients with lesions on the
ventromedial prefrontal cortex, who exhibited poor judgment and overall irresponsible
behavior (Bechara, Damasio, Damasio, & Anderson, 1994; Bechara, Damasio, Tranel, &
Anderson, 1998). The participants’ ability to evaluate immediate gains over long-term losses
was assessed and it was found that drug abusers showed an impaired performance on this
task, indicating an addictive-like behavior whereby positively rewarded behaviour is
persisted with despite any adverse consequences (Grant, Contoreggi, & London, 2000).
Cognitive deficits are also considered to be likely to contribute to alcoholism by
increasing drug-seeking behaviour through failures in the mechanisms that control
impulsivity (McCrady & Smith, 1986). Personality traits such as sensation seeking and
impulsivity have been found to show a propensity to predispose an individual to drug abuse
and addiction (Dalley, et al., 2007). Impulsivity is a term that encompasses several
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behaviours that are considered to be poorly conceived, inappropriate, premature, or ones that
frequently result in undesirable outcomes (Hinslie & Shatzky, 1940). It has been found in
recent studies that opiate-dependent individuals (Madden, Petry, Badger, & Bickel, 1997),
cocaine users (Coffey, Gudelski, Saladin, & Brady, 2003), alcohol abusers (Vuchinich, 1998)
and cigarette smokers (Bickel, Odum, & Madden, 1999), all exhibit high preferences for
small immediate rewards over larger delayed rewards, a preference that is typically used as
an indication of impulsivity (Sanchis-Segura & Spanagel, 2006). Various studies assessing
animal behaviour in paradigms that model human characteristics of impulsivity, have found
that high impulsiveness can predict addictive-like behaviour in rats (Belin, Mar, Dalley,
Robbins, & Everitt, 2008; Bowers & Wehner, 2001; Diergaarde, et al., 2008; Logue, Swartz,
& Wehner, 1998). Inbred strains of mice have been shown to consume ethanol in accordance
with their level of impulsivity in paradigms that offer a voluntary free-choice of water and
ethanol that are continuously available in their home cage (Bowers & Wehner, 2001; Logue,
et al., 1998). Strains of inbred mice measured as highly impulsive will consume more
ethanol in comparison to strains that were better able to control their behavioural responding,
and therefore measured as less impulsive (Bowers & Wehner, 2001; Logue, et al., 1998).
Cognitive deficits that occur as a consequence of chronic alcohol consumption, may
also be a significant contributing factor to the incidence of relapse, given that dependence on
alcohol consumption has already been previously established (Fitzhugh, Fitzhugh, & Reitan,
1960, 1965). This is however based on the assumption that there is an absence of cognitive
impairments prior to the onset of alcohol-dependency. This is difficult to determine and
therefore to date, it is still unclear as to the extent to which cognitive impairment contributes
to the onset and maintenance of drug-seeking behavior (Rogers & Robbins, 2001).
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Significance of Anxiety in Substance-Abuse and Relapse
Heightened levels of anxiety are characteristic of several psychological disorders,
however anxiety is also often regarded as a key precipitating factor of relapse to substance
abuse (Breese, et al., 2005; Sinha, 2001). Individuals with anxiety disorders are 2-3 times
more likely to experience a substance abuse disorder in comparison to the general population
(Kendler, Gallagher, Abelson, & Kessler, 1996), and it is often the case that a co-morbidity of
substance abuse and an underlying anxiety disorder exists (Myrick & Brady, 2003). For
example, amongst individuals that experience social anxiety, frequent panic attacks and those
that are traumatized, substance abuse problems are also a common condition (Jacobson,
Southwick, & Kosten, 2001; Katerndahl & P., 1999; Morris, Stewart, & Ham, 2005). This is
often reported to be a result of drugs being used as a form of self-medication to treat the
underlying mood disorder (J. Robinson, Sareen, Cox, & Bolton, 2009).
It has been suggested that ethanol drinking behaviour in the rat has also been
associated with alleviating anxiety (Koob & Le Moal, 2001; Overstreet, et al., 2007). Animal
studies investigating the relationship of anxiety and drug self-administration, have found that
rats with heightened levels of stress and anxiety will increase their responding for alcohol and
hence self-administer more of a drug, in comparison to control animals that are less stressed
and anxious (Koob & Le Moal, 2001; Overstreet, et al., 2007). Studies have also shown that
rats subjected to induced stress prior to being exposed to ethanol will show significantly
higher levels of ethanol intake compared to those not subjected to stressors (Funk, Vohra, &
Lê, 2004; Huot, Thrivikraman, Meaney, & Plotsjy, 2001). The alcohol preferring rat, a strain
of rat with a genetic predisposition to anxiety (Pandey, et al., 2003) and one most
predominantly used in studies involving the self-administration of ethanol (Adams, et al.,
2008; Overstreet, et al., 2007; Rodd-Henricks, et al., 2000), will demonstrate a greater and
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more prolonged alcohol deprivation effect (ADE) when stressed prior to ethanol being
reintroduced for voluntary consumption after a period of deprivation (Overstreet, et al.,
2007). Interestingly, alcohol preferring rats in comparison to their non-alcohol-preferring
counterparts, have also been found to have an increased density of ethanol-sensitive gammaaminobutyric acid (GABA)A receptors. This subtype of the GABA receptor is most
implicated in the involvement of anxiety, and is the primary site whereby benzodiazepines
have their effect (Nemeroff, 2003). These were found to be localised in the frontal cortex and
the ventral pallidum (Chen, Rezvani, Jarrott, & Lawrence, 1997; Kimpel, et al., 2007), an
area that receives projections from the nucleus accumbens (NAc) a significant neural
substrate of the brains reward system (Kelley, 1999). In addition, experimental evidence has
also suggested that a GABAB receptor agonist, also thought to play a critical role in reducing
anxiety (Cryan & Kaupmann, 2004), can suppress a typical ADE post deprivation (Colombo,
et al., 2003; Colombo, Serra, Vacca, Carai, & Gessa, 2006; McBride, Lê, & Noronha, 2002;
Sanchis-Segura & Spanagel, 2006)
Benzodiazepines are predominantly used as a treatment for anxiety disorders as they
act as an anxiolytic drug that potentiates the inhibitory effects of GABA (Shorter, 2005).
GABA is the major inhibitory neurotransmitter in the brain, and is known to regulate other
neurotransmitters such as serotonin (5-HT), dopamine (DA) and norepinephrine (Cowely &
Roy-Byrne, 1991). Agents that modulate the neurotransmission of GABA primarily act on
enhancing its inhibitory effects and in doing so result in anxiolytic effects (Shorter, 2005).
Anxiolytic-like changes in behaviour have been found to occur in both the rat and mouse in
response to acute administration of GABA transporter inhibitors, as measured in the elevated
plus maze (Schmitt, Luddens, & Hiemke, 2002; Theoringer, et al., 2009). Agents that
enhance the inhibitory effects of GABA have not only been found to reduce anxiety (Schmitt,
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et al., 2002; Theoringer, et al., 2009), but have also been found to decrease drug-seeking and
addictive like-behaviours (Brodie, Figueroa, Laska, & Dewey, 2005; Goeders, Clampitt,
Keller, Sharma, & Guerin, 2009).
Previous studies have demonstrated that when administering benzodiazepines to rats,
rats will fail to reinstate to drug self-administration (Brodie, et al., 2005; Goeders, et al.,
2009). Hence, after periods of extinction, rats treated with benzodiazepines are significantly
less likely to resume drug-seeking behavior when reintroduced to an environmental cue
previously paired with the availability of cocaine, further suggesting that their vulnerability to
relapse is reduced (Goeders, et al., 2009). Additionally, when alcohol preferring rats are
injected with gamma-vinyl GABA, a compound used to specifically enhance GABAergic
transmission, ethanol consumption has also been found to decrease (Wegelius, Halonen, &
Korpi, 1999). This compound is suggested to attenuate increases in DA within the NAc,
which is thought to underlie the rewarding and reinforcing properties of drugs of addiction, in
response to methamphetamine, heroin and ethanol (Gerasimov, et al., 1999). A study
conducted by Brodie, Figueroa, Laska and Dewey (2005) also found that out of 18 patients
known to abuse methamphetamine or cocaine, when treated with gamma-vinyl GABA, 16
patients remained abstinent during the last six weeks of a nine-week study. This study further
suggests the involvement of GABA as a means of inhibiting relapse and addiction (Brodie, et
al., 2005) while also providing further support for the notion that anxiety may be involved in
modulating drug-seeking and relapse-like behaviour on both a neurophysiological and
behavioural level.
The research literature suggests that there is a potential relationship linking anxiety
with the vulnerability of drug-abuse as well as protracted abstinence. However whether these
factors are correlated as opposed to causative in nature remains unclear. If in fact behavioural

20

characteristics of anxiety as well as possible neurophysiological traits modulate facets of
addiction consisting of drug-seeking, deprivation effects and relapse-like behaviour,
environmental factors of diet, such as CR, could also potentially influence these effects
through mediating changes in anxiety-like behaviour and improving cognition (Heiderstadt,
et al., 2000; Ingram, et al., 1987; Inoue, et al., 2004; Levay, et al., 2007; Levay, et al., 2008;
Means, et al., 1993; Pitsikas, et al., 1990; Wu, et al., 2003).

Behavioural Models

For many years, researchers have used behavioural paradigms to model human
behavior, and in turn test the success of various experimental interventions that may be of
potential therapeutic import. This thesis will measure behavioural characteristics specific to
anxiety, drug-seeking and relapse, and investigate the induced effects of implementing a CR
dietary regime in mediating these behaviours. The use of an animal model allows researchers
to not only observe alterations in behaviour, but to also determine neuroanatomically where
these changes are deriving from and more specifically if they can directly be stimulated to
produce similar results.

Measurement of Exploratory/Anxiety Behaviour
Exploratory behaviour in behavioural research using animal models, is defined as an
activity that enables the familiarization of an environment (Harro, 1993). In testing such
behaviour, two conflicting phenomena are investigated. The first of such is the assumption
that the testing environment will create a situation that induces anxiety and therefore is
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contingent on the fear associated with neophobia (Harro, 1993), a hesitancy to engage with
novel objects, places or conspecifics (Minor, Dess, Ben-David, & Chang, 1994). The
assumption is that exploratory behaviour measured during behavioural testing is motivated by
an interest in novelty. Therefore, the conflict of both neophobic fear and exploratory drives,
is what results in the behaviour observed in tests of forced exploration such as the elevated
plus maze (EPM) and open field test.

Elevated Plus Maze
The EPM is a behavioural test used to measure anxiety in the rat and has been
physiologically, pharmacologically, and behaviourally validated (Pellow, Chopin, File, &
Briley, 1985). The EPM is an apparatus elevated approximately 50 cm from the ground and
consists of two open arms and two closed arms placed in a cross position, therefore creating
five zones (open arm north, open arm south, closed arm east, closed arm west as well as a
central zone where these arms intersect). Rats are placed in the dimly lit maze on the central
zone facing an open arm and allowed to freely explore the maze for a designated time period
(typically 5 minutes). Commonly observed measures include: latency to enter each zone, the
number of entries into each zone, and the amount of time spent in each zone.
Exploratory/anxiety behaviour that is assessed in this paradigm is based on the latency
to enter the open arms as well as calculations of the percentage of entries and time spent in
the open arms from the total arm entries and the total duration of the test (Harro, 1993). In
addition, an index for locomotor activity is provided by the number of closed arm entries
(Cruz, Frei, & Graeff, 1994). Typical exploratory behaviour in this test favours the closed
arms and therefore indications of anxiety within this paradigm are associated with longer
latencies to enter the open arms, fewer open arm entries, and less open arm investigation
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(Hogg, 1996). This paradigm is commonly used to measure anxiety related behaviour, and as
previously described, several studies have shown anxiolytic drugs can affect these parameters
(Schmitt, et al., 2002; Theoringer, et al., 2009).

Open Field Test
The open field test is popular in its use given its simplicity. The open field test
involves the use of a rectangular, square or circular arena, surrounded by a wall
approximately 45 cm high; that is divided into three zones by photocell beams, electrostatic
sensors, or lines drawn on the surface of the floor. Rats are placed in the central zone of a
brightly lit arena under a compartment which is removed at the initiation of the test and are
allowed to freely explore the arena for a designated period of time (typically 10 minutes).
There are several dependent variables that are measured within this paradigm and numerous
underlying constructs that they purportedly measure (Walsh & Cummins, 1976). Measures
that are observed within this paradigm consist of latency to enter each zone, number of
entries into each zone, amount of time spent in each zone, number of rears, amount of time
sniffing, amount of time freezing and overall number of defecations.
Typical exploratory behaviour in this test is in favour of the outer zone near the
perimeter of the arena, also known as thigmotaxis, therefore greater exploration in the centre
zone is an indication of less anxiety. Furthermore, longer latencies to leave the central zone at
the onset of the test are also indicative of high anxiety in this test (Kalueff & Tuohimaa,
2004).
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Measurement of Drug-seeking and Relapse Behaviour
Drug self-administration paradigms have been widely used as a means of
investigating both the behavioural aspects, and the neuroanatomical features associated with
addiction. They have also played a pivotal role in providing important information on factors
associated with the vulnerability of drug-abuse and dependence (Gardner, 2000). The most
commonly used models are that of the cue-induced reinstatement model and the two-bottle
free choice paradigm (Sanchis-Segura & Spanagel, 2006). Both models allow subjects to
freely choose whether to drink or not, and are therefore considered to be good models of
human consumption (Sanchis-Segura & Spanagel, 2006).

Cue-Induced Reinstatement Model
The cue-induced reinstatement model is an operant paradigm of drug selfadministration derived from the theory that drug abuse and relapse is often paired with
environmental cues, and therefore targets the consumption of alcohol paired with an
environmental stimuli. The model itself consists of three phases; conditioning, extinction and
reinstatement. During the conditioning phase of the model (Figure 1), the animal is placed in
an operant chamber daily for a pre-determined period (typically 20 minutes). The presence of
a drug (alcohol) is then paired with an environmental stimulus, such as a light stimulus or
olfactory cue. During this phase of the paradigm the animal can freely self-administer either
ethanol or water by pressing a lever or via a nose poke, allowing for intake to be measured.
Once responding is stable, animals will then progress to the second phase of this model, that
of extinction (Figure 2). This stage of the model involves a period of forced abstinence,
whereby the animal is again tested daily in an operant chamber, however during this phase a
lever press or nose poke does not result in the delivery of ethanol and in addition the paired
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environmental cue is absent. This phase continues until animals stop responding on the once
active lever, which previously resulted in the delivery of the drug. Once responding on the
active lever is extinguished, animals progress to the reinstatement phase. During this last
phase of the model, being reinstatement (Figure 2), the environmental cue that was
previously paired with the presence of the drug is reintroduced when the animal lever presses
or upon a nose poke action, however the drug is still not made available. This stage of the
model measures reinstatement which is comparable to assessing relapse-like behaviour
(Sanchis-Segura & Spanagel, 2006; Shaham, Shalev, Lu, De Wit, & Stewart, 2003).
In comparison to the non-operant models, the operant cue-induced reinstatement
model only allows for limited access to alcohol in a contextual setting (e.g. operant chamber)
and therefore cannot provide specific information regarding non discriminative consumption
of alcohol. However this model is typically used to test various treatments that could
potentially prevent reinstatement and hence relapse. Medications such as naltrexone and
acamprosate have been found to reduce cravings and the incidence of relapse in alcoholics
while also being found to prevent reinstatement to ethanol in rodents trained in this
behavioural paradigm (Bachteler, Economidou, Daynsz, Ciccocioppo, & Spanagel, 2005;
Katner, Magalong, & Weiss, 1999).
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Cue-induced reinstatement of drug-seeking behaviour
CONDITIONING PHASE

Animal is placed in the operant
chamber for 20min
Animal is required
to lever press on a FR3
schedule to self-administer
a reward

x1
x2
x3

x1
x2
x3

FR3 = three consecutive
Lever presses

Cue-light turns on
& 100µl is dispensed
10%
Ethanol

Water

These sessions are repeated daily until the acquisition of self-administration
of 10% ethanol has stabilized (approx 28 days) and a preference for 10%
ethanol is observed.

Reward
s

10% Ethanol
Rewards

Example:
10% ethanol

Water

Figure 1. The above figure depicts the conditioning phase of the cue-induced reinstatement
model. Rats are placed in an operant chamber and learn to self-administer either a water or
alcohol reward. The drug is typically paired with an environmental stimulus, such as a cuelight, which is illuminated on a FR3 schedule.
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Cue-induced reinstatement of drug-seeking behaviour
EXTINCTION PHASE
Animal is placed in the operant chamber for 20min

Animal will press levers

x1
Lever 1 x...

x1
x... Lever 2

Irrespective of the
number of lever presses
no cue-light or reward
delivery will be activated

10%
Ethanol

Water

These sessions are repeated daily until lever pressing on the lever previously paired with the
delivery of 10% ethanol was extinguished (approx 20 sessions).

Lever Presses

Example:

Cue-induced reinstatement of drug-seeking behaviour
REINSTATEMENT PHASE
Animal is placed in the operant chamber for 20min

Lever 1

Animal will press levers

x1
x2
x3

x1
x2
x3

FR3 = three consecutive
Lever presses

10%
Ethanol

Cue-light turns on but
no reward is dispensed

Lever 2

Water

These sessions measure cue-induced relapse. Typical behaviour observed in this phase as a
consequence of the reintroduction of the visual cue, involves an increase in lever pressing on the
lever previously paired with the delivery of 10% ethanol

Figure 2. The above figure depicts the extinction and reinstatement phases of the cue-induced
reinstatement model. Rats are placed in an operant chamber during extinction, and allowed to
lever press, however during this phase, lever pressing does not activate the cue-light nor does
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it result in the delivery of a reward. The reinstatement phase reintroduces the cue-light on a
FR3 schedule without the delivery of a reward.

Two-Bottle Free Choice Paradigm
In comparison to an operant model, the two-bottle free choice paradigm provides 24
hr ad libitum access to alcohol as well as water within the animals’ home cage. In addition to
modeling characteristics of addiction and relapse, it is an informative model to investigate
differences in intake relative to factors such as weight. This paradigm is also commonly used
in investigating a specific characteristic of relapse-like behaviour, being that of the ADE.
This effect refers to the transient increase in alcohol intake after a period of forced
abstinence, which models aspects of relapse episodes that are not accounted for in the cueinduced reinstatement model but that are also key characteristics of addiction (SanchisSegura & Spanagel, 2006). An ADE is commonly inferred to be a result of two factors; a
means of reducing anxiogenic withdrawal symptoms (Valdez & Koob, 2004) or the result of
the establishment of a tolerance to a drug (A. J. Roberts, Heyser, Cole, Griffin, & Koob,
2000).
Similarly to the cue-induced reinstatement model, this paradigm also involves three
phases; acquisition, deprivation and reintroduction (Figure 3). During the acquisition phase,
animals are allowed 24 hr ad libitum access within their home cage to both water and ethanol
for a pre-determined period, or until drinking is stable (typically 3-4 weeks). Animals then
progress to the deprivation phase of the paradigm whereby they undergo a period of forced
abstinence whereby the ethanol is removed from their home cage. Following deprivation
(typically animals are deprived for 3-4 weeks), ethanol is reintroduced to their home cage and
again, animals are allowed to freely self-administer both ethanol and water. It is at this time
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point that the ADE is measured, comparing intake following deprivation with intake during a
predetermined period pre-deprivation.
This behavioural paradigm is also used in studies that are investigating voluntary
long-term access to a drug, followed by various periods of forced abstinence. This model
allows the animal to freely self-administer alcohol after periods of protracted abstinence,
similarly to what is seen in humans where the ADE has also been found to occur (Larimer,
Palmer, & Marlatt, 1999). Medications that are currently being used to treat alcoholism have
also been found to effectively reduce the ADE in rodent animal models (Spanagel &
Zieglgansberger, 1997) and therefore provides further support for the use of this model for
measuring a phenomenon in rodents that is similar to what can be observed in humans.
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Two-Bottle Free Choice Paradigm
ACQUISITION PHASE
Bottle 1

Bottle 2
10%
Ethanol

Water

Animals are given unlimited access to both bottles
in their home cage
Bottles are weighed daily
to measure intake and
preference

Animals are given daily unlimited access to both 10% ethanol and water within their
home cage until drinking behaviour is stabilized (approx 28 days).

Two-Bottle Free Choice Paradigm
DEPRIVATION PHASE
Bottle 1
Bottle 1 containing 10%
10%
Ethanol

ethanol is removed

Bottle 2
Water

Animals undergo deprivation and are only given
access to water in their home cage
Animals are given daily unlimited access to water only during the forced deprivation
(approx 28 days).

Two-Bottle Free Choice Paradigm
REINTRODUCTION PHASE
Bottle 1
10%
Ethanol

Bottle 1 containing 10%
ethanol is reintroduced
to the animals
home cage

Bottle 2
Water

Animals are given unlimited access to both bottles
in their home cage
Bottles are weighed daily
to measure the animals alcohol
deprivation effect (ADE)

Animals are given daily unlimited access to both 10% ethanol and water within their
home cage. Typical relapse behaviour involves a pronounced increase in ethanol
consumption following a period of abstinence.

Figure 3. The above figure depicts the two-bottle free choice paradigm. During acquisition,
rats are left in their home cage and are given 24 hr access to both water and alcohol before
the deprivation phase which limits access to water only. Alcohol is then reintroduced during
the reintroduction phase.
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From Behaviour to the Neurological Underpinnings of Addiction

For decades behavioural research using animal models has identified behavioural
traits and predictive factors characteristic of several psychological disorders. In the context of
substance abuse and addiction, these have included identifying precipitating factors such as
anxiety. What’s more, in using such models, researchers have been able to further investigate
this disorder and identify specific neuroanatomical sites and pathways that cement an
addiction to a substance of abuse. Although considered a disorder itself, not all users develop
a problem with abuse and addiction. Therefore there is an initial translation of a drug as being
perceived as ‘pleasurable’ versus ‘aversive’.

Hedonia and the Hedonic Impact of Drugs of Abuse
Hedonsim has been defined as the ‘pursuit of pleasure’ whereby hedonia itself, is
often discussed in terms of three sub-components. The first of these is like, being the pleasure
component of a reward; secondly in terms of wanting, being the motivation for obtaining the
reward; and lastly that of learning, being the associations of the reward and the ability to
predict future rewards (Berridge & Kringelbach, 2011). The culmination of these hedonic
drives is what subsequently allows the subject to arrive at a pleasurable state. The subject not
only likes the reward but also has a motivational drive to obtain it, as well as having the
learnt ability to do so. Specific neuroanatomical sites have been implicated in generating this
pleasurable state and are known as ‘hedonic hotspots’, depicted in Figure 4.
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Hedonic ‘Hotspots’
The pleasure causation hedonic hotspots, as shown below in Figure 4, have been
found to play a significant role in magnifying the incentive motivation and hedonic liking
sensory pleasure, of a reward (Baldo & Kelley, 2007; Pecina & Berridge, 2010; Smith,
Tindell, Aldridge, & Berridge, 2009). The primary hedonic hotspots consist of the nucleus
accumbens (NAc), situated towards the bottom front of the brain; the ventral pallidum, a
primary output of the NAc (Heimer & Wilson, 1975) located near the hypothalamus at the
bottom center of the forebrain; and the parabrachial nucleus, situated above the pons in the
deep brainstem region. Though considered to be separate neuroanatomical sites, research has
suggested that they act together as a network to amplify core pleasure reactions (Smith &
Berridge, 2007; Smith, Berridge, & Aldridge, 2011).
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Nucleus
Accumbens

Ventral
Pallidum

Parabrachial
Nucleus

Hedonic Hotspots

Figure 4. Neuranatomic sites known as hedonic hotspots are depicted above and consist of
the Nucleus Accumbens, the Ventral Pallidum and the Parabrachial Nucleus. Template
modified from Paxinos and Watson (2007).

Enhanced liking has been observed in studies utilizing brain manipulations within the
NAc to amplify hedonic impact (S. J. Cooper, 1983; Pecina & Berridge, 2005). The NAc,
considered to be a major hedonic hotspot (Berridge & Kringelbach, 2011), is where mu
opioid signaling is thought to generate increases in liking reactions (Pecina & Berridge,
2005). Research has found that in microinjecting a mu opioid agonist within this neural
substrate, liking reactions elicited in response to sucrose was dramatically increased (Pecina
& Berridge, 2005; Smith & Berridge, 2007). In addition, a mu opioid agonist can also reduce
and occasionally abolish the aversive reactions and disliking of quinine (Pecina, 2008). This
effect was also found in the ventral pallidum, whereby the action of mu opioid agonists also
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enhanced the responses typically associated with the like of sucrose (Smith & Berridge, 2005,
2007). Neural activation of the NAc has also been observed in several human studies,
whereby the presentation of stimuli thought to evoke liking and wanting was measured
(Breiter, et al., 1997; J. C. Cooper & Knutson, 2008). Using various neuroimaging
techniques, activation of the NAc was found to occur during experimental tasks such as ones
that result in the anticipation of monetary gain (J. C. Cooper & Knutson, 2008); the
consumption of foods considered to be highly pleasant (Breiter, et al., 1997), and even
listening to classical music (Menon & Levitin, 2005).
In addition to the hedonic drive of like, the motivational drive of wanting has also
been suggested to be of significant import, especially in considering models of addiction.
Whilst it is logical to assume that the motivational drive of wanting a reward is the result of
initial liking, researchers have suggested that wanting can be independent and therefore in
cases of addiction, is dissociable from liking neurobiologically. In terms of addiction to
substances of abuse, it is thought that the motivational drive of wanting a drug is a more
irrational one driven by the mesolimbic dopamine system (T. E. Robinson & Berridge, 2003,
2008). Therefore, it is possible for drug abusers with an addiction to display a compulsive
wanting for a drug without necessarily liking it (T. E. Robinson & Berridge, 1993, 2003,
2008). In studies whereby microinjections of amphetamines were administered directly into
the NAc, consequently increasing dopamine, rats have failed to increase hedonic liking of
sucrose rewards yet display increases in wanting (Wyvell & Berridge, 2000). The
motivational drive of wanting sucrose rewards was also amplified in hyperdopaminergic
mutant mice. This was found across several motivational tests without altering the perceived
typical hedonic liking found in response to sweet rewards (Cagniard, Balsam, Brunner, &
Zhuang, 2005; Pecina, Cagniard, Berridge, Aldridge, & Zhuang, 2003). Conversely, research
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has also found that the suppression of endogenous dopamine transmission results in a
reduction of wanting without altering hedonic liking (Berridge, 2007; Leyton, 2009).
Although it is suggested that the motivational drive of wanting a drug can act
independently of liking it, and as such mediate addiction, there is also research that implicates
perceived liking as necessary for initial self-administration of drugs of abuse. Therefore, if a
hedonic subcomponent such as liking of a reward lacks, the hedonic impact of that reward
may potentially diminish.

Drug Liking, Dopamine, and the Possible Consequences of CR
There is a wealth of literature implicating the involvement of DA in the development
of addiction given its role in modulating the behavioural responses in reward motivation
(Fidiger, 1978; Tisch, Silberstein, Limousin-Dowsey, & Jahanshahi, 2004; Wise, 1978, 2004;
Wise & Bozarth, 1987; Wong, Naini, Rousset, & Brasic, 2003) and mediating the rewarding
properties of drugs such as alcohol (Fowler & Volkow, 1998). However it has also been
suggested that the association of drug liking, may be dependent upon dopamine 2 receptor
(D2R) availability (Volkow, et al., 2002; Volkow, et al., 1999).
A study conducted on non-drug abusing individuals, identified that men with low
D2R availability were found to rate the effects of Ritalin as being pleasant, however in
contrast, subjects with high D2R availability were found to perceive the psychostimulants
effects as aversive (Volkow, et al., 1999). The work conducted by Volkow et al., (1999)
suggested that D2R availability is involved in controlling the degree of perceived liking of a
psychostimulant drug. The inverse correlation between D2R availability, and liking, a major
subcomponent of what constitutes hedonic impact; may also decrease the motivational drive
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required to establish and maintain an addiction. Studies using rodents, monkeys and humans
have also identified that reduced D2R availability is a predisposing trait to drug abuse as well
as addiction (Morgan, et al., 2002; Nader, et al., 2006; Thanos, et al., 2001; Volkow, Fowler,
Wang, Baler, & Telang, 2009). The chronic exposure of drugs such as cocaine (Nader, et al.,
2006) and alcohol (Volkow, et al., 2006), have also shown to be involved in reducing D2R
availability as a result of their abuse. These alterations may explain the maintenance of selfadministration, given that the inverse is true when D2R activity is enhanced with D2R
activity within the NAc specifically, a major hedonic hotspot (Berridge & Kringelbach,
2011), being found to reduce the degree of self-administration of alcohol (Thanos, et al.,
2001).
With the availability of D2R posing a significant factor in both liking, and drug
addiction in general, factors that influence such availability outside of chronic exposure to
drugs, is also of clinical import. Interestingly there is evidence to suggest that a CR dietary
regime may have an effect on the availability of D2R receptors. The number of D2Rs as well
as the functional coupling of dopamine and D2R, has been found to be increased in CR
animals (Carr, Tsimberg, Berman, & Yamamoto, 2003; Thanos, Michaelides, Piyis, Wang, &
Volkow, 2008). Similarly this has also been identified in humans (Steele, et al., 2012). For
example, it was found that obese patients whom had undergone gastric bypass surgery, and as
a result were forced to reduce their food intake, also showed increases in D2R (Steele, et al.,
2012). The ability of CR to increase longevity and alter various behavioural states, also
appears to extend to attenuating age-associated declines of D2R in the striatum of CR rodents
(Roth, Ingram, & Joseph, 1984). It has also been found that decreased DA neuronal function
in the striatum and NAc resulting from age is also improved by CR (Diao, Bickford, Stevens,
Cline, & Gerhart, 1997).
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With research identifying that the effects of CR extend to improving DA neuronal
functioning and increasing D2R (Carr, et al., 2003; Diao, et al., 1997; Thanos, et al., 2008),
what is yet to be explored is if the implementation of such a regime can extend its benefits
behaviourally to a model of addiction. If CR animals are maintaining a higher availability of
D2R there is also a possibility that the hedonic impact of alcohol is consequently being
altered. Hence, CR animals may display an absence of addictive traits or altered drug liking
in the form of a lack of preference or reduced consumption compared to control animals
whereby both factors are expected to be prominent. Alternatively, if the chronic exposure of
alcohol decreases D2R availability (Volkow, et al., 2006), a CR regime may inhibit this
decline and therefore prevent the maintenance of self-administration or relapse behaviour.
Whilst research has suggested that D2Rs play an important role as a predisposing trait
and to some extent involved in mediating self-administration, there are several other neural
mechanisms and systems that have been identified as key modulators for the maintenance and
development of addiction.

The Neural Mechanisms Involved in Modulating Addiction

There is an abundance of research literature derived from both human and animal
studies, that have suggested a common circuitry in the brain’s limbic system whereby all
drugs of abuse converge (Di Chiara, et al., 2004; Koob & Le Moal, 2001; Nestler, 2001;
Volkow, Fowler, Wang, & Swanson, 2004; Wise, 2004). The critical involvement of the
release of DA, within the mesolimbic dopamine system, in drug reinforcement and in the
modulation of behavioural responses associated with reward motivation, is one that has been
strongly supported and dates back to the 1970’s (Fidiger, 1978; Tisch, et al., 2004; Wise,
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1978, 2004; Wise & Bozarth, 1987). As depicted in Figure 5; the mesolimbic dopamine
system consists of dopaminergic pathways that originate in the ventral tegmental area (VTA)
of the midbrain, and project to the limbic-system via the NAc, the amygdala, hippocampus
and the medial prefrontal cortex (PFC).

PFC

NAc
VTA

VP
AMG

Projections of the DA system
Afferents
system to the NAc
Efferents
the
NAc from the NAc

Figure 5. Depicts part of the mesolimbic dopamine system. The dotted red lines
indicate the afferents to the NAc, from the PFC and AMG (amygdala). The red solid lines
depict projections of the mesolimbic DA system that originate in the VTA and
project to the NAc and the PFC. The blue lines represent the efferents from the NAc to both
VP and VTA. Template modified from Paxinos and Watson (2007).
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Extensive research has identified that several drugs of abuse will result in the release
of DA, ranging from heroin, methamphetamine, cocaine, nicotine and ethanol (Weiss,
Lorang, Bloom, & Koob, 1993; Weiss, Markou, Lorang, & Koob, 1992). The propensity of
extracellular DA elevations in the NAc is however contingent on the drug. For example, the
self-administration of cocaine intravenously will result in an increase in extracellular DA of
200% (Weiss, et al., 1992), compared to a 20% increase induced by ethanol (Doyon, et al.,
2003). It is predominantly these rapid increases in mesolimbic DA that is consequently
believed to be responsible for mediating the rewarding and reinforcing properties of drugs of
abuse. It has been further suggested that ethanol enhances the release of DA within the NAc
by increasing the firing rate of dopaminergic neurons that are located in the VTA (Brodie,
Shefner, & Dunwiddie, 1990). The GABAergic interneurons located in the VTA, are
considered to be primarily involved in the inhibitory regulation of DA neurons (Steffensen,
Svingos, Pickel, & Henriksen, 1998). Therefore as previously discussed, it is not surprising
that pharmacological manipulations of GABA has been found to induce significant
alterations in drug-seeking and addictive-like behaviours resulting in reductions of ethanol
consumption (Wegelius, et al., 1999) through its ability to attenuate increases in DA within
the NAc.
The NAc is the central structure in the anatomical framework of the mesolimbic
system. It receives an abundance of afferents from the prelimbic cortex (Pennartz,
Groenewegen, & Lopez Da Silva, 1994), amygdala (McDonald, 1991), hippocampal
formation (Kelley & Domesick, 1982), and the VTA (Zahm & Heimer, 1990). In turn the
NAc projects to the ventral pallidum. The NAc has been strongly implicated as a
neuroanatomical site that plays a crucial role in the modulation of neurotransmitters such as
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DA (Allin, Russell, Lamm, & Taljaard, 1988) and is therefore heavily implicated in
modulating addiction.

The Nucleus Accumbens
The ability to successfully obtain a reward from the environment involves a complex
level of processing that requires analysing reward related information, and mediating it into
goal-directed behaviours (Carelli, 2002). The NAc is a significant neural substrate of the
brains reward system, and is thought to play an important role during goal-directed
behaviours for natural reinforcement (food and water) (Kelley, 1999) and drug addiction
(Koob & Le Moal, 2001; Steketee, Sorg, & Kalivas, 1992). The NAc is considered to be a
major terminal area for dopaminergic neurons and a key projectory site within the limibic
circuitry (Nestler, 2005; Pierce & Kumaresan, 2006; Swanson, 1982); depicted in Figure 6.
The NAc is comprised of two sub regions that consist of the shell (NAcs) and the core
(NAcc). It has been suggested that these sub regions may be involved in mediating different
aspects of what underlies addiction (Chiara, 2002; Corbit, Muir, & Balleine, 2001), with the
NAcs being implicated in strengthening incentive stimulus-drug associations, and the NAcc
suggested to play a key role in the process of sensitization to drug-induced stimulation
(Chiara, 2002). Research has suggested that activation of both NAcc and NAcs occurs in
response to the consumption of alcoholic solutions (Porrino, Whitlow, & Samson, 1998;
Porrino, Williams-Hemby, Whitlow, Bowen, & Samson, 1998; D. L. Robinson & Carelli,
2008).
Studies using excitotoxic lesions of the NAc have directly implicated its involvement
in the modulation of drug-seeking behaviour. It was found that in lesioning the entirety of the
NAc, acquisition of cocaine self-administration (D. C. Roberts, Koob, Klonoff, & Fibiger,
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1980) as well as the acquisition of ethanol consumption in alcohol preferring rats (Ikemoto,
McBride, Murphy, Lumeng, & Li, 1997) was abolished. Similarly, a study conducted by
Wang, Luo, Ge, Fu and Han (2002) investigating the effects of lesioning on drug priming and
the reactivation of extinguished conditioned place preference of morphine, yielded similar
results. In this study it was found that rats previously trained in a model of morphine-induced
conditioned place preference, failed to reinstate to morphine after a period of abstinence
when lesions were placed either at the VTA or NAc (Wang, Luo, Ge, & Han, 2002). This
further emphasises the significance of the NAc in mediating both the initiation and
maintenance of addictive traits.
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PFC
MDT
AMG

NAc

VP

HC

VTA

Figure 6. The figure above depicts the limbic circuitry with black arrows indicating
GABAergic pathways from the nucleus accumbens (NAc) to the ventral pallidum (VP) and
mediodorsal thalamus (MDT); red arrows indicating dopaminergic pathways from the ventral
tegmental area (VTA) to the hippocampus (HC), amygdala (AMG), prefrontal cortex (PFC)
and the NAc, and blue arrows depict the glutamatergic pathways.

The Neurophysiological Responses of the NAc
The functioning of a specific neuroanatomical site can be explored using scientific
techniques that allow for neurophysiological responses to be measured. Neurophysiology can
be used to provide the connection between cellular and behavioural events. However, the
ability to comprehensively understand how neurons mediate behavioural events requires the
investigation of neuronal activity in the conscious and behaving animal.
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Electrophysiological Recordings and Stimulation
The electrophysiological recordings obtained from conscious behaving animals,
requires the surgical implantation of a recoding/stimulation electrode. In brief, surgery of
these animals consists of anaesthetising the animal and placing it into a stereotaxic frame. A
midline incision is then made to reveal the animals’ skull whereby a hole is drilled into the
skull to enable access to the surface of the brain. Using sterotaxic coordinates, an electrode is
inserted into the brain. Dental cement is then used to secure the placement of the electrode to
the skull of the animal. The wound is sutured and the animal is allowed typically 5-7 days
recovery prior to any behavioural testing. This technique of electrode implantation is
commonly used in studies whereby electrophysiological responses within a neural substrate
are being measured relative to behavioural tasks (Chang, Janak, & Woodward, 2000; Chang,
Paris, Sawyer, Kirillov, & Woodward, 1996; Henderson, et al., 2010; Janak, Chang, &
Woodward, 1999; Knapp, Tozier, Pak, Circaulo, & Kornetsky, 2009).
Upon the recovery of the animal, either a wireless head stage or tethered cable is
attached to the electrodes connector that was cemented to the animals head during
implantation. Animals will then undergo various behavioural testing, whereby
electrophysiological data is collected relative to specific behavioural events and analysed
accordingly. Alternatively for stimulation protocols, equipment is used to deliver electrical
deep brain stimulation (DBS) to specific regions that are targeted by the implanted electrodes.
The administration of DBS occurs at varying intensities and durations, at specific time points
typically determined by predetermined behavioural events.
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Investigating the Involvement of the NAc in Addiction: Electrophysiological Recordings and
Deep Brain Stimulation
Studies that have employed electrophysiological techniques have provided significant
evidence in support of a key involvement of the mesocorticolimbic neuronal circuits in
modulating addiction (Chang, et al., 2000; Chang, et al., 1996; Henderson, et al., 2010; Janak,
et al., 1999; Knapp, et al., 2009). These neural responses observed within the NAc during
drug administration have also been found to be specifically correlated with drug intake. For
example, phasic alterations in spike activity within the NAc have been found to be greater in
response to cocaine (Carelli, Ijames, & Crumling, 2000; Deadwyler, Hayashizaki, Cheer, &
Hampson, 2004) and ethanol, in comparison to water (D. L. Robinson & Carelli, 2008);
suggesting that heightened activity associated with drugs of abuse contribute to the
transduction of accumbal-mediated drug effects, and further to their addiction.
Ccorrelated neuronal firing between the medial PFC and the NAc has also been found
to be specifically associated with the performance of behavioural sequences required to
obtain infusions of cocaine, suggesting that these areas participate in the control of cocaine
self-administration (Carelli, et al., 2000; Chang, et al., 2000). Anticipatory responses of
cocaine self-administration were also observed within the NAc, with phasic alterations in
neural spike activity being present in 50% of NAc neurons, both before and after lever
pressing for cocaine (Chang, et al., 1996). Populations of neurons in the NAc have been
implicated in playing a crucial role in linking conditioned and unconditioned internal and
external stimuli, and also with the motor plans required to execute ethanol-seeking behaviour
(Janak, et al., 1999). Taken collectively, these studies suggest that a manipulation of this
structure has the potential to alleviate the risk of relapse in addiction or abolish addiction to
drugs of abuse.
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Increases in activity within the NAc are thought to be influenced by the
neuromodulation of rapid DA signaling (Nicola, Surmeier, & Malenka, 2000; O'Donnell,
Greene, Pabello, Lewis, & Grace, 1999; Pennartz, et al., 1994). Although DA release cannot
be measured during electrophysiological recordings, it has been found that increases in DA
release in response to drug administration are found to display the same temporal resolution
afforded by alterations in neuronal firing observed in electrophysiological recordings
(Wightman & Robinson, 2002) and further, display synchronization with reward related cues
and reward-seeking behaviours (Carelli, 2004; Saleem & Deadwyler, 2000). Increases in DA
in response to a drug are also thought to vary and be dependent upon, a vulnerability or
predisposition for additive traits (Bustamante, Quintanilla, Tampier, Gonzalez-Lira, & Israel,
2008; Cloninger, 1987). For example, it has been found that the release of DA following
ethanol exposure is greatest in strains of rat that are alcohol-preferring in comparison to nonpreferring strains, suggesting relative differences in the reinforcing properties of ethanol in
animals that are predisposed to alcohol-seeking behavior (Bustamante, et al., 2008;
Cloninger, 1987).
The technique of electrical DBS is hypothesized to result in similar activation of
neural circuits that are typically observed in response to natural rewards and drugs of abuse
(Wise, 1996). Specifically to activation occurring within the NAc, all drugs of abuse are
thought to increase activity as well as the release of DA within this region (Breiter, et al.,
1997; Drevets, et al., 2001; Nestler, 2001). Studies that have explored the functionality of the
NAc relative to drug-seeking and reward related behavior, have identified the sub regions
NAcs and NAcc as possibly being involved in modulating different facets of addictive
behaviours (Chiara, 2002; Corbit, et al., 2001). Lesioning these sub regions independently
have resulted in behavioural outcomes in support of this view (Corbit, et al., 2001). However,
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electrophysiological and brain metabolism studies have also found that activation within both
the NAcc and NAcs, is increased when animals are consuming alcoholic solutions (Porrino,
Whitlow, et al., 1998; Porrino, Williams-Hemby, et al., 1998; D. L. Robinson & Carelli,
2008). Furthermore, studies that have individually stimulated both core and shell sub-regions
of the NAc, failed to demonstrate differential effects on alcohol consumption (Knapp, et al.,
2009). Therefore, irrespective of functionality, activation of both sub-regions of the NAc are
necessary to result in a composite model of addiction.
The administration of DBS within the NAc was recently found to result in a reduction
of consumption and preference for 10% ethanol, in the alcohol preferring rat (Henderson, et
al., 2010). In this study DBS was continuously administered at an intensity of 200 µA for
either 1hr or 24hr testing periods to assess effects on established alcohol consumption as well
as following alcohol deprivation. Similarly, marked reductions in 10% ethanol consumption
were also found in a study that administered DBS continuously across various intensities,
ranging from 0 - 150 µA for a 30 minute session (Knapp, et al., 2009). Both studies observed
beneficial effects following continuous DBS at high intensities either prior to, or throughout
access to 10% ethanol (Henderson, et al., 2010; Knapp, et al., 2009). However, the potential
for DBS at a low intensity to be a reward replacement within the context of drug selfadministration was not clearly delineated within these studies. Therefore what remains to be
explored is the ability for acute self-administered DBS to alter the reward value of a neutral
reward such as water, and the consequences of this on previously established ethanol intake
and preference.
Furthermore, it is yet to be investigated how the neuronal firing patterns within the
NAc may be altered in response to natural environmental manipulations, such as diet. As
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discussed earlier, there is evidence to suggest that the effects of CR may contribute to
changes within the DA system (Carr, et al., 2003; Diao, et al., 1997; Thanos, et al., 2008),
and more specifically changes in DA receptor density, that are also implicated as being
involved in reducing a liking for drugs of abuse (Volkow, et al., 2002; Volkow, et al., 1999).
Therefore, it is interesting to consider if this manipulation can also alter neuronal firing
patterns within the NAc that have been specifically associated with the rewarding effects of
ethanol self-administration (Janak, et al., 1999).

Summary and Conclusion
The beneficial effects of calorie restriction, notably its effects on health, longevity,
and altering anxiogenic states, have been well established in the literature. The comorbidity
of anxiety and addiction as well as relapse was discussed. Importantly, it was also noted that
to date studies have also identified the success in altering both seeking and relapse behaviour
using pharmacological manipulations, typically those used to treat anxiety disorders.
However it is yet to be explored if CR-induced anxiolytic effects can also yield similar results
in altering addiction in a strain of rat that is predisposed to display addictive traits.
Given the significant socioeconomic burden and the detriment to health that addiction
poses, the rewarding properties of drugs of abuse have been extensively explored.
Precipitating factors as well as key neuroanatomical sites have implicated the mesolimbic
system and specifically the NAc as being essential in both the establishment and maintenance
of addiction. These sites have become the target of many therapeutic approaches, however to
date, CR as a potential natural manipulation of these systems is yet to be explored. A
systematic investigation of CR is required to clearly elucidate the impact of the anxiolytic
effects induced by CR, in the context of addiction; as well as the possibility of CR altering
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the hedonic impact of ethanol and consequently the neuronal firing of the NAc in response to
the self-administration of this drug. Therefore the general aims of this thesis are to elucidate
the effects of CR on addiction and the electrophysiological responses of the NAc in the
alcohol-preferring (iP) rat. These are outlined in detail in chapter two.
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Chapter Two
Rationale and Aims of Thesis
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Aims and Hypotheses

The anti-aging action of CR and wide reaching beneficial effects on overall
health are well established in the research literature (Fernandes, Yunis, & Good, 1976;
Ingram, Weindruch, Spangler, Freeman, & Walford, 1987; McCay, Cromwell, &
Maynard, 1935). The effects of CR have also been found to extend to inducing
behavioural changes in the rat, whereby anxiolytic effects have been measured in both
the EPM and open field (Abbott, et al., 2009; Heiderstadt, McLaughlin, Wright, Walker,
& Gomez-Sanchez, 2000; Inoue, et al., 2004; Levay, Govic, Penman, Paolini, & Kent,
2007; Levay, et al., 2008). The CR-induced changes in anxiety-like behaviour have been
observed in the rodent administered between a 25% and 50% restriction for a period of
4-weeks, indicating that CR25% is sufficient to elicit the response (Levay, Govic,
Penman, Paolini, & Kent, 2007). Outside of CR inducing anxiolytic like behavioural
changes, the consequent alterations of behavior mediated by CRs anxiolytic effects are
poorly elucidated.
Anxiety is often inferred as a key precipitating factor of relapse to substance
abuse (Breese, Overstreet, & Knapp, 2005; Sinha, 2001), with a co-morbidity of
substance abuse and an underlying anxiety disorder typically being found (Myrick &
Brady, 2003). Research has shown that rodents with heightened levels of stress and
anxiety will increase the self-administration of alcohol compared to animals that are less
anxious (Koob & Le Moal, 2001; Overstreet, Knapp, & Breese, 2007). It has also been
found that the administration of anxiolytic drugs will have the converse effect, with
animals decreasing ethanol consumption (Wegelius, Halonen, & Korpi, 1999) and
further failing to display relapse behavior in a cue induced model of reinstatement
(Goeders, Clampitt, Keller, Sharma, & Guerin, 2009).
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It is therefore the focus of this thesis to identify the potential implication of a
25% calorie restricted diet (CR25%) in altering drug-seeking and relapse-like behaviour
in the alcohol preferring (iP) rat, through its capacity to influence anxiolytic-like
behavioural changes and possibly alter the reward propensity of ethanol. This study will
aim to investigate the effects of CR25% in behavioural paradigms that measure both
drug-seeking and relapse-like behaviour using the cue-induced reinstatement model and
the two-bottle free choice paradigm. It is hypothesized that given the anxiolytic-like
effects of CR25%, rats administered this dietary regime will exhibit reduced drugseeking and relapse-like behaviour in comparison to their ad libitum fed counterparts,
not dissimilar to the effects observed as a result of the administration of benzodiazapines
(Goeders, et al., 2009; Wegelius, et al., 1999).
This thesis will also aim to elucidate the effects of CR25% on the
electrophysiological responses in the NAc, a neural substrate heavily implicated in
addiction (Koob & Le Moal, 2001). This will be investigated via neurophysiology
whereby an electrode will be implanted into the NAc and recordings will be taken from
a conscious rat during behavioural testing. Spike activity in response to the selfadministration of both drug rewards (10% ethanol) and natural rewards (water) will be
measured. This technique will allow spike activity and changes in firing rate within the
NAc to be assessed relative to specific behavioural events. It is expected that firing
patterns of the CR25% animals will be different to those of control rodents in both
behavioural paradigms. The effects of electrical deep brain stimulation (DBS) of the
NAc will also be investigated to further elucidate its involvement in drug selfadministration and preference from a drug reward versus a natural reward.
Given that drug addiction is considered a chronically relapsing disorder with
incidences of relapse as high as 80% (O'Brien, 2005), the potential positive effects of
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CR as a natural intervention to such a disorder holds substantial theoretical and clinical
import.

To address these issues, the current thesis has the following aims:
1. To determine if CR25% can induce anxiolytic effects in the alcohol preferring
(iP) rat (Chapter 3 and 4).
2. To characterize the effects of chronic CR25% on operant self-administration of
10% ethanol in a model of cue-induced reinstatement (Chapter 3).
3. To characterize the effects of chronic CR25% on a two-bottle free choice
unlimited access paradigm (Chapter 4).
4. To explore the consequence of chronic CR25% on the electrophysiological spike
activity of the NAc in response to the self-administration of 10% ethanol and
water rewards (Chapter 5).
5. To explore the consequences of DBS within the NAc on the self-administration
of a water versus ethanol (Chapter 6).
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Chapter Three
The Effects of Calorie Restriction on
a Cue-Induced Reinstatement
Model of Relapse

78

Abstract
Calorie restriction (CR) is well established in the research literature to have
several beneficial effects on health and has also been found to induce anxiolytic effects
in the rat. Heightened levels of stress and anxiety are often regarded as key precipitating
factors of relapse to substance abuse and alcohol addiction. In this study, the potential
implication of a 25% CR diet in altering drug-seeking and relapse like behaviour
through its capacity to influence anxiolytic-like behavioural changes was investigated.
Anxiety was assessed in all rats with the elevated plus maze (EPM) and open field test
prior to being trained to operantly self-administer either 10% ethanol, or water.
Differences were found between the groups in the percentage of open arm/total arm
duration and open arm/total arm entries in the EPM, demonstrating the anxiolytic effects
of CR25%. Both control and CR25% groups showed preference for alcohol vs. water,
however, controls responded more for alcohol during the conditioning phase than the
CR25% group. Controls exhibited an alcohol deprivation-effect (ADE) post abstinence,
and a cue-induced reinstatement of alcohol-seeking post extinction however the CR25%
did not. These results demonstrate that the anxiolytic effects of CR25% reduces operant
responding for ethanol and inhibits relapse behaviour. Taken collectively, the results of
this study suggest that in line with past research a CR25% dietary regime can induce
anxiolytic effects in the alcohol preferring (iP) rat. Furthermore, it also reduces the
intake of ethanol and inhibits the ADE and cue-induced relapse that is characteristic of
addiction in this strain.
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Introduction
Calorie restriction (CR) has been well established in the research literature for its
capacity to prolong maximal life span and decrease morbidity (McCay, Cromwell, &
Maynard, 1935). Modified dietary regimes, that typically involve an overall reduction in
calorie intake to a range of 25-70% below the ad libitum level, have been found to
increase maximal life-span up to 65% in the rat (Weindruch & Walford, 1988). Besides
CR being investigated for longevity, its effects have also been found to extend to
delaying a wide spectrum of diseases in various experimental animal models. These
benefits have ranged from inhibiting the development of life shortening autoimmune
disease (Fernandes, Yunis, & Good, 1976), attenuating age-associated declines in
psychomotor and spatial memory tasks (Ingram, Weindruch, Spangler, Freeman, &
Walford, 1987) and reducing degeneration of dopaminergic neurons in
neurodegenerative models of Parkinson’s (Duan & Mattson, 1999). Given the diversity
of the beneficial effects of CR, it is clear that dietary modifications of this kind have
great implications for potentially improving overall wellbeing.
Implementation of a CR dietary regime has the ability to influence various
behavioural changes in the rodent which suggests that CR could potentially play an
important role in several psychological disorders, where factors such as cognition, social
behaviour and anxiety-like behaviour are prominent. Dietary restrictions ranging from
25-50% have been shown to improve cognition by attenuating age-related deficits in
learning and memory (Ingram, et al., 1987; Means, Higgins, & Fernandez, 1993;
Pitsikas, Carli, Fidecka, & Algeri, 1990; Wu, Sun, & Liu, 2003), alter sexual behaviour
as well as increase social activity (Govic, et al., 2008a, 2008b; Govic, Levay, Kent, &
Paolini, 2009) and reduce anxiety behaviour in the rat (Abbott, et al., 2009; Heiderstadt,
McLaughlin, Wright, Walker, & Gomez-Sanchez, 2000; Inoue, et al., 2004; Levay,
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Govic, Penman, Paolini, & Kent, 2007; Levay, et al., 2008). More specifically, calorie
restricted groups that have consisted of intermittent restriction; involving limited daily
access to food, and continuous restriction; whereby rats were maintained at 85% of their
initial body weight, have shown reduced anxiety in the elevated plus maze (EPM)
(Inoue, et al., 2004). With limited access to food, it was found that CR animals exhibited
increased open arm exploration compared with freely fed rats, with a post-recovery
group (reversion to free feeding post a restricted access feeding regimen) also showing
anxiolytic effects that persisted for days after the normalization of feeding behaviour
(Inoue, et al., 2004). Male rats that were maintained at 85% of the weight of their freefeeding cohort during continuous CR for a period of 7 days made a greater percentage of
open arm entries and spent a greater percentage of time in the open arms compared to
controls (Genn, Tucci, Thomas, Edwards, & File, 2003).
Diminishing anxiety-like behaviour in rats on a CR dietary regimen has also been
measured in the open field test. CR rats maintained at 80% of their initial body weight
and thus receiving approximately 40% of the amount consumed by ad libitum fed
animals, exhibited greater exploration and ambulation in the open field after one week of
restriction, which persisted 4 weeks after the initiation of CR (Heiderstadt, et al., 2000).
Similarly, a study conducted by Levay, et al., also found that both CR25% and CR50%
groups (rats receiving 75% or 50% of the amount consumed by control rodents) made
more central zone entries and exhibited greater exploration of the central zone,
indicative of a reduction in anxiety-like behaviour in comparison to the control group.
Given the anxiolytic-like effects of CR (Abbott, et al., 2009; Genn, et al., 2003;
Heiderstadt, et al., 2000; Inoue, et al., 2004; Levay, et al., 2007; Levay, et al., 2008), it is
interesting to consider the possible implications this effect may have on other behaviours
whereby anxiety is a prominent contributing factor.
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Heightened levels of stress and anxiety have been identified as key precipitating
factors for relapse to substance abuse (Breese, Overstreet, & Knapp, 2005; Sinha, 2001).
It has been found that rats with elevated levels of stress and anxiety will increase their
responding for alcohol and hence, self-administer more of a drug, in comparison to
control animals that are less stressed and anxious (Koob & Le Moal, 2001; Overstreet,
Knapp, & Breese, 2007). In the alcohol-preferring rat (iP), a strain of rat most
predominantly used in behavioural paradigms involving the self-administration of
ethanol (Adams, Cowen, Short, & Lawrence, 2008; Overstreet, et al., 2007; RoddHenricks, et al., 2000), rats will also demonstrate a greater and more prolonged alcohol
deprivation effect (ADE) when stressed prior to ethanol being reintroduced for voluntary
consumption after a period of forced deprivation (Overstreet, et al., 2007). Human
studies have also found that individuals with anxiety disorders are 2-3 times more likely
to experience a substance use disorder in comparison to the general population (Kendler,
Gallagher, Abelson, & Kessler, 1996). Furthermore, it is also often the case, that a comorbidity of substance abuse and an underlying anxiety disorder exists (Myrick &
Brady, 2003).
Whilst various therapeutic approaches are available for the treatment of
alcoholism, it is considered a chronic disorder with consistently high rates of relapse
being found to occur (Anton, 2001; Garbutt, West, Carey, Lohr, & Crews, 1999;
Kranzler & Van Kirk, 2001; O'Brien, 2005; Swift, 1999). With this possible causal
relationship linking anxiety with the abuse of and relapse to alcohol, CR may also
potentially act as a protective factor against the vulnerability to relapse as well as
possibly inhibiting drug-seeking behaviour in general. The anxiolytic-like behavioural
changes found to occur as a result of CR (Abbott, et al., 2009; Genn, et al., 2003;
Heiderstadt, et al., 2000; Inoue, et al., 2004; Levay, et al., 2007; Levay, et al., 2008) not
only have clinical implications for a number of psychological disorders, but have
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specific implications for addiction. Therefore, considering the implications anxiety has
in contributing to a vulnerability to relapse, the aim of this study was to investigate the
effects of a 25% CR and its ability to reduce alcohol-seeking behaviour as well as the
incidence of relapse in the alcohol-preferring (iP) rat.

Materials and Method
Animals
Twenty-two 5-week-old male alcohol preferring (iP) rats were procured from the
Howard Florey Institute, Melbourne University; and were allowed two weeks to
acclimate to the animal facility prior to the commencement of experimentation. Animals
were housed in individual plastic cages (30 x 50 x 15cm) in the same room, maintained
at 22°C ± 1°C on a reverse 12:12h light/dark cycle with lights off at 1000 h. Water and
standard rodent chow (Barastoc) were available ad libitum for the 2-week acclimation
period and all animal care and experimentation were conducted in accordance with the
protocol of the La Trobe University Animal Ethics Committee, Approval Number AEC
09-07-H.
Dietary regime
Following the 2-week acclimation period, rats were allocated to one of two
groups consisting of control or calorie restricted dietary regime. Control group rats were
fed ad libitum and calorie restriction (CR25%) rats received 75% of the amount
consumed by controls, approximately 19-22g daily. Food was provided between 08:00
and 10:00 h daily.
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The CR period began after the 2-week acclimation period and continued for 4
weeks prior to behavioural testing and throughout the duration of the study. Daily intake
was determined on a weekly basis and CR intake was calculated accordingly. The
dietary regime employed involved an overall reduction in calorie intake while
maintaining a sufficient composition of diet in terms of daily intake of vitamins,
minerals, protein, etc. Dietary composition of the food administered in both control and
CR is summarised in Levay et al., (2007).

Procedure
Behavioural measures
After 4-weeks of CR, behavioural testing to measure anxiety was conducted on
all rats. Previous research investigating the anxiolytic effects of CR have found that 4
weeks of restriction at this level is sufficient to elicit anxiolytic effects (Levay, et al.,
2007; Levay, et al., 2008). All behavioural testing was conducted between 12p.m. and
4p.m., a minimum of 2h after lights off and the presentation of food to the CR25%
group. It is expected that during this timeframe both CR25% and control animals would
have consumed the majority of their daily food intake (Agabio, et al., 1996), hence
minimizing any effects of absorptive status on the self-administration of ethanol.
Open field test
Rats were placed in a brightly lit circular arena made of aluminium,
approximately 1.2m in radius with a surrounding wall 45 cm high. A camera was
mounted above the arena and recorded behaviour. Ethovision video tracking software
(Noldus, SDR Clinical Tech, Middle Cove, NSW, Australia) was later used to track the
behaviour and record data. The arena was divided into three zones of concentric circles
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consisting of a central zone, middle zone, and outer zone. Rats were placed in the central
zone of the arena under a compartment which was removed at the initiation of the test.
Over a 10 min period, the latency to enter each zone, the number of entries in each zone
and the duration of time spent in each zone was recorded.
Exploratory behaviour in this paradigm favours the outer zone and therefore
exploration of the central zone is an indication of less anxiety. Latency to leave the
central zone at the initiation of the test however is indicative of high anxiety (Kalueff &
Tuohimaa, 2004). Anxiety-related indices were measured based on the number of entries
made into the central and middle zones, percentage of total time in these zones (minus
the latency to leave the central zone at the initiation of the test) and the latency to leave
the central zone.
Elevated Plus Maze
Rats were placed in a dimly lit maze consisting of two opposing open arms and
two opposing closed arms situated in a cross position elevated approximately 50cm from
the floor. The maze consisted of five zones; two open, two closed, and a central zone
where the arms intersected. Each arm of the apparatus was 44 cm long and 12 cm wide,
with the sides of the closed arms 12 cm high. A camera was mounted above the maze
and recorded behaviour. Ethovision video tracking software (Noldus, SDR Clinical
Tech, Middle Cove, NSW, Australia) was later used to track the behaviour and record
data. Rats were placed in the central platform facing the open arm and were allowed to
explore freely for a 5 min period. The latency to enter each zone as well as the number
of entries and duration in each zone was recorded. An entry into an arm was considered
when a rat placed all four paws into an arm, whilst an arm exit was defined as two paws
onto the central platform.
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Exploratory behaviour that is typical in this paradigm favours the closed arms
(Hogg, 1996). Therefore, the number of open arm entries, ratios of open arm to total arm
entries, open arm duration and the open arm duration to total arm duration were
calculated for each group of animals as a measure of anxiety-related behaviour.
Locomotor activity was also measured as distance travelled in cms throughout the test.
The elevated plus maze has been comprehensively validated for use with rats (Pellow,
Chopin, File, & Briley, 1985).
Operant self-administration training – sucrose fading procedure:
Behavioural testing for this study was conducted in operant self-administration
conditioning chambers (Med Associates Inc., USA) that were contained within a soundattenuated ventilated box. The chamber was fitted with two retractable response levers
on each side panel of the chamber. Responses at the appropriate lever activated a syringe
pump that delivered a ~100µl drop of fluid into a fluid receptacle. A chamber light and
stimulus light were also fitted to the self-administration chamber to initiate conditioned
stimuli. A computer connected to the chambers running Med Associates – MED-PC IV
software, controlled the delivery of fluids, presentation of stimuli and recorded data.
Rats underwent a sucrose fading procedure which involved an initial overnight
16hr training session whereby rats were required to lever-press on a fixed ratio
requirement of 2 (FR2; i.e. rats are required to press the lever two times to receive the
reward) for either water or 5% sucrose/5% ethanol solution; with food also made
available. The following day rats underwent a 20 min session of self-administering,
responding again for either water or 5% sucrose/5% ethanol solution. This continued for
four consecutive daily sessions on a FR3 schedule, while also counterbalancing the
ethanol paired lever throughout sessions to avoid place preference. These training

86

sessions were followed by a further three consecutive days of 20 min sessions, whereby
sucrose was reduced to 2.5% in a 10% ethanol solution. Consequent sessions consisted
of the rat operantly responding for either water or 10% ethanol and were constituent of
the conditioning phase of the model.
Cue-induced reinstatement model of alcohol seeking behaviour: conditioning phase
At the completion of the sucrose fading and training procedure, animals were
able to discriminate between the availability of ethanol and water. Rats responded for a
10% ethanol solution under a FR3 schedule for a 20 min time-period. The availability of
ethanol was paired with a stimulus light which acted as an environmental cue and was
activated (for 1 sec) after every FR3 response. At the end of each session the total
ethanol and water responses and rewards were recorded (both for the 20 min time-period
and at 5 min intervals within the session), and the difference in fluid in the ethanol
reservoir, between the beginning and end of the session were recorded to ensure correct
calibration of the delivery system. The acquisition of stable ethanol self-administration
continued over approximately 4-5 weeks.
Forced abstinence
Once ethanol self-administration was stable, rats underwent a period of forced
abstinence. During this period rats remained in their home cages and were not exposed
to any operant sessions for four weeks. On the fifth week, rats were re-introduced to
daily 20 min sessions of self-administration for both water and 10% ethanol so that the
effect of alcohol deprivation could be observed. These sessions continued until
responding returned to normal. The acquisition of responses was recorded over 10
sessions of operant responding for both CR25% and control groups.
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Extinction
Following normal operant responding, rats were subjected to extinction training.
During extinction the light stimulus that was previously paired with delivery of a reward
was removed, and neither water nor ethanol was delivered subsequent to a lever press.
Extinction sessions of 20 min continued until a significant decline in lever presses was
observed, this was repeated daily over approximately 3 weeks.
Reinstatement
Following extinction rats then underwent reinstatement. During this phase cues
that were previously paired with the delivery of a reward were re-introduced. This
involved reprogramming the software such that the stimulus light was activated after
every FR3 response, although there was no delivery of a reward into the receptacle. This
phase of testing represents a model that is comparable to cue-induced relapse in humans.
Statistical analysis
Statistical analysis was performed using GraphPad Prism 5.00 which was also
used to create all graphs. All data is expressed as the mean ± SEM and was analysed
using t-tests, one-way or two-way ANOVA with appropriate post-hoc tests depending on
the experimental conditions. For all statistical calculations significance was considered
at a value of p ≤ 0.05.

Rats were required to meet a criterion of 75% preference for ethanol during the
conditioning phase or they were excluded from statistical analyses.
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Results
Effect of CR on body weight
Body weights of rats were measured immediately prior to testing once a week
throughout the experimental period. The body weight of the CR25% group showed
attenuated weight gain compared to control across the experimental period, but not
weight loss (Table 1).
At baseline body weight measurements, there was no significant difference
between control and CR25% groups (p = 0.450). After the initial 4-week calorie
restriction period, CR25% rats weighed significantly less than controls t (20) = 2959, p =
0.0078. During all testing phases the CR25% group maintained a lower body weight
than that of control group (Table 1).
Table 1.
Mean ± SEM body weight (g) for control and CR25% groups across testing phases.
Testing phases

Control

CR25%

Baseline (control n = 11, CR25% n = 11)

285 ± 6.9

277 ±7.0

Initial CR period (4 weeks prior to
behavioural testing)
(control n = 11, CR25% n = 11)**

319 ± 6.7

292 ± 6.0

Conditioning (4 weeks)
(control n = 9, CR25% n = 9)**

428 ± 10.1

355 ± 6.7

Forced deprivation (4 weeks)
(control n = 8, CR25% n = 9)***

459 ± 11.4

381 ± 7.8

Re-conditioning (2 weeks)
(control n = 8, CR25% n = 9)***

469 ±11.0

396 ± 7.0

Extinction (3 weeks)
(control n = 8, CR25% n = 9)***

476 ± 11.6

400 ± 12.6

Reinstatement (1 week)
(control n = 8, CR25% n = 9)***

481 ± 11.1

401 ± 6.3

** A significant difference between Control and CR25% groups at p ≤ 0.01,
*** A significant difference between Control and CR25% groups at p ≤ 0.0001.
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Elevated plus maze
No differences in locomotor activity were found between groups as measured by
cms travelled. A t-test comparing the number of open arm entries [t (20) = 2.688, p =
0.014; Fig. 1a] and the ratio of open arm to total arm entries [t (20) = 4.067, p = 0.0006;
Fig. 1b] revealed a significant effect for the CR25% group. Similarly the CR25% were
also found to spend more time in the open arms [t (20) = 3.549, p = 0.002; Fig. 1c] and
have a greater ratio of open arm duration to total arm duration [t (20) = 3.010, p = 0.007;
Fig. 1d] compared to controls.
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Figure 1. Mean (± SEM) of (a) total arm entries of the elevated plus maze for the control
(n=11) and CR25% (n=11) groups, (b) open arm to total arm to total arms entries ratio
(%) for the control (n=11) and CR25% groups, (c) total duration of time spent in the
open arms for the control (n=11) and CR25% (n=11) groups, (d) open arms to total arms
duration ratio (%) for the control (n=11) and CR25% groups (n=11).* denotes a
significant difference from the control group at p<0.05, ** denotes a significant
difference from the control group at p<0.01, *** denotes a significant difference from
the control group at p<0.001.

Open field test
No significant differences were found between Control and CR25% groups in the
open field test for any of the variables during the full 10mins of the test (Table 2).
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Table 2.
Mean ± SEM latency to leave, entries and duration in zones of the open field test for
Control and CR25% groups.
Behavioural Variables

Control ( n = 11)

CR25% ( n = 11)

p

13.2 ± 2.52

14.6 ± 3.74

NS

Centre/middle zone entries (%)

19.0 ± 3.87

18.1 ± 3.86

NS

Centre/middle zone duration (%)

7.9 ± 1.17

9.1 ± 2.57

NS

Outer zone duration (%)

91.5 ± 1.26

90.1 ± 2.61

NS

Latency to leave centre zone
(sec)

NS; not significant

Cue-induced reinstatement model of alcohol seeking behaviour
A two-way ANOVA revealed a main effect for group across sessions during the
conditioning phase [F (1, 19) = 4.795, p = 0.0437; Fig. 2]. Both control [t (182) = 18.99,
p< 0.0001] and CR25% [t (182) = 13.22, p< 0.0001] groups exhibited a preference for
10% v/v ethanol over water. The mean self-administration of ethanol rewards during the
conditioning phase were significantly greater for controls than the CR25% group [t (364)
= 5.080, p < 0.0001] with no difference in self-administration of water between groups
being found [t (364) = 1.844, p = 0.0660; Fig. 3].
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Figure 2. Mean (± SEM) 10% ethanol rewards for each session of the conditioning
phase of the model for both the control (n=9) and the CR25% (n=9) groups. * denotes a
significant difference from the control group at p<0.05.
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Figure 3. Mean (± SEM) rewards during the conditioning phase of the model for both
10% ethanol and water for the control (n=9) and the CR25% (n=9) groups. ** denotes a
significant difference at p<0.0001.
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Following a period of 4weeks forced-abstinence, a paired t-test showed that
controls significantly increased their mean self-administration of 10% v/v ethanol [t (53)
= 5.793, p< 0.0001; Fig. 4] compared with pre-forced abstinence. The CR25% group did
not exhibit an increase in ethanol self-administration post forced abstinence [t (66) =
1.541, p = 0.1282] and an unpaired t-test found that CR25% administered less 10%
ethanol during this phase of testing than controls [t (168) = 8.615, p< 0.0001; Fig. 4].
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Figure 4. Mean (± SEM) 10% ethanol rewards during the conditioning phase pre vs.
post 4 weeks forced abstinence for both control (n=9) and the CR25% (n=9) groups. **
denotes a significant difference at p<0.0001.

During the extinction phase of the model both controls and CR25% extinguished
their responding on the previously alcohol-paired lever (Fig. 5a). At reinstatement a
paired t-test showed that controls significantly increased their responding, in response to
the cue, in comparison to the last session of extinction [t (7) = 2.899, p = 0.0230]. This
effect was not evident in the CR25% group [t (8) = 1.820, p = 0.1063] (Fig. 5b). An
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unpaired t-test found no significant differences for extinction [t (15) = 0.7306, p =
0.4763] or reinstatement [t (15) = 1.538, p = 0.1448] between groups (Fig. 5b).
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Figure 5. Mean (± SEM) of (a) lever presses during the extinction phase of the model
for control (n=8) and CR25% (n=9) groups, (b) lever presses for the last session of the
extinction phase and a session of reinstatement for the control (n=8) and CR25% (n=9)
groups. *denotes a significant difference at p<0.05.

Discussion
The main findings of the present study suggest that the administration of a
moderate calorie restriction of 25% may, in addition to altering anxiety-like behaviour,

95

also play a role in inhibiting drug-seeking and relapse-like behaviour. The CR25% group
exhibited anxiolytic-like behaviour in the elevated plus maze (EPM); however this was
not reflected in the open field test. During the conditioning phase of the cue-induced
reinstatement model, the CR25% group self-administered significantly less ethanol
rewards than the control group. Typical relapse behaviour was also altered in the
CR25% group. Following a 4-week forced deprivation period, the CR25% failed to
exhibit an alcohol deprivation effect (ADE). This was also found during the
reinstatement phase whereby the CR25% group did not show cue-induced relapse
behaviour. These results indicate that the CR25% group did not show typical responding
to ethanol nor did they display characteristics of addiction and relapse present in control
animals.
The diminution in anxiety-like behaviour that was observed in the CR25% group
was similar to what has been found in past studies (Abbott, et al., 2009; Genn, et al.,
2003; Heiderstadt, et al., 2000; Inoue, et al., 2004; Levay, et al., 2007; Levay, et al.,
2008). In contrast to their ad libitum fed counterparts, the CR25% group made more
entries and spent more time in the open arms of the EPM. These anxiolytic-like
behavioural changes that were exhibited in the CR25% group were not attributable to
possible increases in locomotor activity, given that distance travelled (measured in cms)
and overall entries made in the EPM did not differ between groups. Reduced anxietylike behaviour in CR rats have also been found in social interaction tests that are not
dependent on exploratory behaviour nor affected by locomotor activity (Govic, et al.,
2009). The anxiolytic behavioural effects in the CR25% group were not successful in
altering typical behaviour in the open field test; however this could potentially be
attributable to strain specific differences, given that the effects of CR have not, to our
knowledge, been tested in the alcohol-preferring (iP) rat strain.
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Research that has investigated the anxiolytic effects of varying degrees of CR,
ranging from 25% to 50% restriction, have used rat strains that consist of outbred
Hooded Listers, Wistars and Hooded Wistars (Abbott, et al., 2009; Heiderstadt, et al.,
2000; Inoue, et al., 2004; Levay, et al., 2007; Levay, et al., 2008; Smart, 1974).
Researchers have identified that restricted dietary regimes on Hooded Lister and Wistar
strains induced anxiolytic behaviour in the EPM; with the CR groups exhibiting
behaviours characteristic of a less anxious animal in this test. However, alterations to
anxiety-like behaviour as a result of CR were not measured in the open field test (Genn,
et al., 2003; Inoue, et al., 2004). Further studies that have used the open field test to
depict the anxiolytic effects of CR used the Hooded Wistar strain, finding that a
diminution of anxiety-like behaviour was detectable in the open field test with CR25%
and CR50% groups but not in the EPM (Abbott, et al., 2009; Levay, et al., 2007).
With the diminution of anxiety-like behaviours in the EPM, the selfadministration of ethanol during conditioning phases was also altered in the CR25%
group, who self- administered less ethanol rewards compared to controls. It has been
suggested that ethanol drinking behaviour in the rat is associated with alleviating anxiety
(Koob & Le Moal, 2001; Overstreet, et al., 2007). Rats with heightened levels of stress
and anxiety will increase their responding for alcohol and therefore self-administer more
of a drug in comparison to animals that are less stressed and anxious (Koob & Le Moal,
2001; Overstreet, et al., 2007). Studies have also shown that rats subjected to induced
stress prior to being exposed to ethanol will show significantly higher levels of ethanol
intake compared to those not subjected to stressors (Funk, Vohra, & Lê, 2004; Huot,
Thrivikraman, Meaney, & Plotsjy, 2001). It has also been found that these elevations in
alcohol intake can be reversed with the treatment of serotonin reuptake inhibitors, a class
of compounds typically used as antidepressants (Huot, et al., 2001). These studies
indicate how anxiety can influence ethanol intake, and potentially mediate the amount
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consumed. Therefore, the differences in self-administered ethanol rewards during the
conditioning phase may be attributable to the induced anxiolytic state as a result of
calorie restriction. It could also be argued that these effects are a result of the significant
difference in body weight between the groups. The CR25% group weighed significantly
less during this phase of testing; therefore it is possible that this group is selfadministering enough ethanol rewards to be achieving the same blood alcohol level as
the control group. This argument, although justified, does not explain the absence of an
ADE and cue-induced relapse in the CR25% group; behavioural characteristics of
addiction and relapse typically observed during the post-deprivation or reinstatement
phases.
Given alcohol addiction is considered a chronically relapsing disorder; much
research has been dedicated into outlining key behaviours that specifically characterise
relapse-like behaviour in an animal model of addiction. The ADE is characterised by a
pronounced increase in alcohol consumption following a period of forced alcohol
deprivation (Sinclaire & Senter, 1967) and has been validated across several studies
(Holter, Linthorst, & Spanagel, 2000; Rodd, et al., 2003; Spanagel & Holter, 2000). The
control group displayed an ADE that translates to typical relapse behaviour in this
model. The CR25% rats, however, did not deviate from their baseline ethanol intake
during operant sessions, 4-weeks post forced abstinence. The absence of an ADE in this
group suggests that CR25% rats are not vulnerable to an increase in the reinforcing value
of alcohol post deprivation and therefore do not exhibit relapse behaviour in this
paradigm. Experimental evidence has suggested that a GABAB receptor agonist, thought
to play a critical role in reducing anxiety (Cryan & Kaupmann, 2004), can suppress a
typical ADE post deprivation (Colombo, et al., 2003; Colombo, Serra, Vacca, Carai, &
Gessa, 2006; McBride, Lê, & Noronha, 2002; Sanchis-Segura & Spanagel, 2006). These
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findings could provide support for the theory that CR may be mediating alcohol
consumption and inhibiting an ADE through its anxiolytic effects.
When groups were returned to normal responding post deprivation, they
underwent an extinction phase to assess their vulnerability to cue-induced relapse. This
aspect of the model assesses a characteristic of addiction that is associated with
environmental cues modulating relapse in drug addicted individuals (Sanchis-Segura &
Spanagel, 2006). During this phase of testing, responses on a lever previously paired
with both an environmental cue, and the availability of ethanol, were measured when
only the cue was reintroduced. Control animals showed a significant increase in
responses upon the reintroduction of a cue in comparison to the last session of the
extinction phase where the cue was not present, displaying typical cue-induced relapse
to alcohol. Similarly to what was found post deprivation, the CR25% group did not
reinstate to the reintroduction of the cue, suggesting that they did not show a
vulnerability to relapse. This finding is not dissimilar to what has been found in rats that
have been treated with benzodiazepines (Goeders, Clampitt, Keller, Sharma, & Guerin,
2009), a drug predominantly used to clinically treat anxiety disorders. Therefore, this
further emphasises the possibility that the anxiolytic effects of CR could be attributing to
these results. However, given the specific mechanisms to which CR is mediating these
anxiolytic effects are still unclear, it may be that CR is reducing the rewarding properties
of alcohol.
It has been established in the literature that several neurotransmitters are
involved in the development of an addiction to ethanol (Wong, Naini, Rousset, & Brasic,
2003). However, of these, dopamine is thought to be most prominently involved in
mediating the rewarding properties of alcohol (Fowler & Volkow, 1998), and more
specifically it has been suggested that the dopamine 2 receptors (D2R) play an important
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role. Research has identified that D2R availability can be a predisposing trait to drug
abuse as well as addiction (Nader, et al., 2006). A study conducted on non-drug abusing
individuals, found that men with low D2R availability rated the effects of Ritalin as
being pleasant, whereas those subjects with high D2R availability found the
psychostimulant to be aversive (Volkow, et al., 1999). Similarly, a study conducted with
monkeys found that low D2R availability was a predisposing trait to cocaine selfadministration. It was also found that cocaine exposure resulted in decreases in D2R
availability (Nader, et al., 2006). Interestingly, there is also evidence to suggest that CR
dietary regimes may have an effect on the availability of these receptors. Analyses of
D2R in the striatum of CR rodents, have found an attenuation of age-associated declines
(Roth, Ingram, & Joseph, 1984). It has also been found that decreased DA neuronal
function in the striatum and nucleus accumbens resulting from age is also improved by
CR (Diao, Bickford, Stevens, Cline, & Gerhart, 1997). Therefore, it may be the case that
CR animals are maintaining a higher availability of D2R and are not finding ethanol as
rewarding; hence they display an absence of addictive traits. Alternatively, if ethanol
exposure is in fact decreasing D2R availability similarly to that of cocaine exposure
(Nader, et al., 2006), it may be that CR is inhibiting this decline and this may therefore
explain why addictive traits are only being observed in control animals.
Taken collectively, results of this study suggest that in line with past research a
CR25% dietary regime can induce anxiolytic effects in the alcohol-preferring (iP) rat
strain. Furthermore, it also reduces the intake of ethanol and inhibits the ADE and cueinduced relapse that is characteristic of addiction in this strain of rat. Although anxiety
has been widely accepted to be a modulating and influential factor in drug abuse and the
vulnerability to relapse, it is unclear as to whether the effects found in this study are
directly attributable to CR reducing anxiety in the CR25% group, or if CR is having
another effect that is influencing ethanol intake and relapse behaviour. Future directions

100

should aim to investigate possible effects of CR on other behavioural traits theorised to
be predictive of drug abuse as well as investigating the effects of CR on reward
pathways of the brain.

101

References

Abbott, J. D., Kent, S., Levay, E. A., Tucker, R. V., Penman, J., Tammer, A. H., et al.
(2009). The effects of calorie restriction olfactory cues on conspecific anxietylike behaviour. Behavioural Brain Research, 201, 305-310.
Adams, C. L., Cowen, M. S., Short, J. L., & Lawrence, A. J. (2008). Combined
antagonism of glutamate mGlu5 and adenosine A2A receptors interact to regulate
alcohol-seeking in rats. International Journal of Neuropsychopharmacology, 11,
229-241.
Agabio, R., Cortis, G., Fadda, F., Gessa, G. L., Lobina, C., Reali, R., et al. (1996).
Circadian drinking pattern of sardinian alcohol-preferring rats. Alcohol &
Alcoholism, 31(4), 385-388.
Anton, R. F. (2001). Pharmacological approaches to the management of alcoholism.
Journal of Clinical Psychiatry, 62(Suppl. 20), 11-17.
Breese, G. R., Overstreet, D. H., & Knapp, D. J. (2005). Conceptual framework for the
etiology of alcoholism: a "kindling"/ stress hypothesis. Psychopharmacology,
178, 367-380.
Colombo, G., Serra, S., Brunetti, G., Vacca, G., Carai, M. A. M., & Gessa, G. L. (2003).
Supression by baclofen of alcohol deprivation effect in Sardinian alcoholpreferring (sP) rats. Drug and Alcohol Dependance, 70, 105-108.
Colombo, G., Serra, S., Vacca, G., Carai, M. A. M., & Gessa, G. L. (2006). Baclofeninduced supression of alcohol deprivation effect in Sardinian alcohol-preferring
(sP) rats exposed to different alcohol concentrations. European Journal of
Pharmacology, 550, 123-126.

102

Cryan, J. F., & Kaupmann, K. (2004). Don't worry 'B' happy!: a role for GABA(B)
receptors in anxiety and depression. Trends in Pharmacological Sciences, 26, 3643.
Diao, L. H., Bickford, P. C., Stevens, J. O., Cline, E. J., & Gerhart, G. A. (1997). Caloric
restriction enhances evoked DA overfflow in striatum and nucleus accumbens of
aged Fisher 344 rats. Brain Research, 763, 276-280.
Duan, W., & Mattson, M. P. (1999). Dietary restriction and 2-deoxyglucose
administration improve behavioral outcome and reduce degeneration of
dopaminergic neurons in models of Parkinson's disease. Journal of Neuroscience
Research, 57, 195-206.
Fernandes, G., Yunis, E. J., & Good, R. A. (1976). Suppression of adenocarcinoma by
the immunological consequences of calorie restriction. Nature, 263, 504-507.
Fowler, J. S., & Volkow, N. D. (1998). PET imaging studies in drug abuse. Journal of
Toxicology. Clinical Toxicology, 36(3), 163-174.
Funk, D., Vohra, S., & Lê, A. D. (2004). Influence of stressors on the rewarding effects
of alcohol in wistar rats: studies with alcohol deprivation and place conditioning.
Psychopharmacology, 176, 82-87.
Garbutt, J. C., West, S. L., Carey, T. S., Lohr, K. N., & Crews, F. T. (1999).
Pharmacological treatment of alcohol dependence: a review of the evidence.
Journal of the American Medical Association, 218, 1318-1325.
Genn, R. F., Tucci, S. A., Thomas, A., Edwards, J. E., & File, S. E. (2003). Ageassociated sex differences in response to food deprivation in two animal tests of
anxiety. Neuroscience Biobehavioural Review, 27(1-2), 155-161.
Goeders, N. E., Clampitt, D. M., Keller, C., Sharma, M., & Guerin, G. F. (2009).
Alprazolam and oxazepam block the cue-induced reinstatement of extinguished
cocaine in seeking rats. Psychopharmacology, 201, 581-588.

103

Govic, A., Levay, E. A., Hazi, A., Penman, J., Kent, S., & Paolini, A. G. (2008a).
Alterations in male sexual behaviour, attractiveness and testosterone levels
induced by an adult-onset calorie restriction regimen. Behavioural Brain
Research, 190(1), 140-146.
Govic, A., Levay, E. A., Hazi, A., Penman, J., Kent, S., & Paolini, A. G. (2008b).
Testosterone, Social and Sexual Behavior of Perinatally and Lifelong Calorie
Restricted Offspring. Physiology & Behaviour, 94, 581-585.
Govic, A., Levay, E. A., Kent, S., & Paolini, A. G. (2009). The social behavior of male
rats administered an adult-onset calorie restriction regimen. Physiology &
Behaviour.
Heiderstadt, K. M., McLaughlin, R. M., Wright, D. C., Walker, S. E., & GomezSanchez, C. E. (2000). The effect of chronic food and water restriction on openfield behaviour and serum corticosterone levels in rats. Lab Anim, 34(1), 20-28.
Hogg, S. (1996). A review of the validity and variability of the elevated plus-maze as an
animal model of anxiety. Pharmacology Biochemistry and Behavior, 54(1), 2130.
Holter, S. M., Linthorst, A. C., & Spanagel, R. (2000). Withdrawal symptoms in a longterm model of voluntary alcohol drinking in Wistar rats. Pharmacology
Biochemistry and Behavior, 66, 143-151.
Huot, R. L., Thrivikraman, K. V., Meaney, M. J., & Plotsjy, P. M. (2001). Development
of adult ethanol preference and anxiety as a consequence of neonatal maternal
seperation in Long Evans rats and reversal with antidepressant treatment.
Psychopharmacology, 158, 366-373.
Ingram, D. K., Weindruch, R., Spangler, E. L., Freeman, J. R., & Walford, R. L. (1987).
Dietary restriction benefits learning and motor performance of aged mice.
Journal of Gerontology, 42, 78-81.

104

Inoue, K., Zorrilla, E. P., Tabarin, A., Valdez, G. R., Iwasaki, S., Kiriike, N., et al.
(2004). Reduction of anxiety after restricted feeding in the rat: implication for
eating disorders. Biological Psychiatry, 55, 1075-1081.
Kalueff, A., & Tuohimaa, P. (2004). Experimental modeling of anxiety and depression.
Act Neurobilogiae Experimentalis, 64, 439-448.
Kendler, K. S., Gallagher, T. J., Abelson, J. M., & Kessler, R. C. (1996). Lifetime
prevalence, demographic risk factors, and diagnostic validity of nonaffective
psychosis as assessed in a US community sample Archives of General
Psychiatry, 53, 1022-1031.
Koob, G. F., & Le Moal, M. (2001). Drug addiction, dysregulation of reward, and
allostasis. Neuropsychopharmacology, 24(2), 97-129.
Kranzler, H. R., & Van Kirk, J. (2001). Efficacy of naltrexone and acamprosate for
alcoholism treatment: a meta-analysis. Alcoholism: Clinical and Experimental
Research(25).
Levay, E. A., Govic, A., Penman, J., Paolini, A. G., & Kent, S. (2007). Effects of adultonset calorie restriction on anxiety-like behavior in rats. Physiology and
Behavior, 92, 889-896.
Levay, E. A., Paolini, A. G., Govic, A., Hazi, A., Penman, J., & Kent, S. (2008).
Anxiety-like behaviour in adult rats perinatally exposed to maternal calorie
restriction. Behavioural Brain Research, 191(2), 164-172.
McBride, W. J., Lê, A. D., & Noronha, A. (2002). Central nervous system mechanisms
in alcohol relapse. Alcoholism: Clinical and Experimental Research, 26, 280286.
McCay, C. M., Cromwell, M. F., & Maynard, L. A. (1935). The effect of retarded
growth upon the length of life span and upon the ultimate body size. Journal of
Nutrition, 10, 63-79.

105

Means, L. W., Higgins, J. L., & Fernandez, T. J. (1993). Mid-life onset of dietary
restriction extend life and prolongs cognitive functioning. Physiol Behav, 54(3),
503-508.
Myrick, H., & Brady, K. T. (2003). Editorial review: Current review of the comorbidity
of affective, anxiety, and substance use disorders. Current Opinion in Psychiatry.
Nader, M. A., Morgan, D., Gage, H. D., Nader, S. H., Calhoun, T. L., Buchheimer, N., et
al. (2006). PET imaging of dopamine D2 receptors during chronic cocaine selfadministration in monkeys. Nature Neuroscience, 9(8), 1050-1056.
O'Brien, C. P. (2005). Anticraving medications for relapse prevention: a possible new
class of psychoactive medications. American Journal of Psychiatry, 162, 14231431.
Overstreet, D. H., Knapp, D. J., & Breese, G. R. (2007). Drug challenges reveal
differences in mediation of stress facilitation of voluntary alcohol drinking and
withdrawal-induced anxiety in Alcohol-Preferring P Rats. Alcoholism: Clinical
and Experimental Research, 31(9), 1473-1481.
Pellow, S., Chopin, P., File, S. E., & Briley, M. (1985). Validation of open:closed arm
entries in an elevated plus-maze as a measure of anxiety in the rat. Journal of
Neuroscience Methods, 14(3), 149-167.
Pitsikas, N., Carli, M., Fidecka, S., & Algeri, S. (1990). Effect of life-long hypocaloric
diet on age-related changes in motor and cognitive behaviour in a rat population.
Neurobiology of Aging, 11, 417-423.
Rodd-Henricks, Z. A., McKinzie, D. L., Edmundson, V. E., Dagon, C. L., Murphy, J.
M., McBide, W. J., et al. (2000). Effects of 5-HT3 receptor antagonists on daily
alcohol intake under acquisition maintenance, and relapse conditions in alcoholpreferring (P) rats. Alcoholism: Clinical and Experimental Research, 21, 73-85.

106

Rodd, Z. A., Bell, R. L., Kuc, K. A., Murphy, J. M., Lumeng, L., Li, T. K., et al. (2003).
Effects of repeated alcohol deprivations on operant ethanol self-administration
by alcohol-preferring (P) rats. Neuropsychopharmacology, 28, 1614-1621.
Roth, G. S., Ingram, D. K., & Joseph, J. A. (1984). Delayed loss of striatal dopamine
receptors during aging of dietarily restricted rats. Brain Research, 300, 27-32.
Sanchis-Segura, C., & Spanagel, R. (2006). Behavioural assessment of drug
reinforcement and addictive features in rodents: an overview. Addiction Biology,
11, 2-38.
Sinclaire, J. D., & Senter, R. J. (1967). Increased preference for ethanol in rats following
alcohol deprivation. Psychonomic Science, 8, 11-12.
Sinha, R. (2001). How does stress increase risk of drug abuse and relapse?
Psychopharmacology, 158, 343-359.
Smart, J. L. (1974). Activity and exploratory behaviour of adult offspring of
undernourished mother rats. Developmental Psychobiology, 7, 315-321.
Spanagel, R., & Holter, S. M. (2000). Pharmacological validation of a new animal model
of alcoholism. Journal of Neural Transmision, 107, 669-680.
Swift, R. M. (1999). Drug therapy for alcohol dependence. New England Journal of
Medicine, 340, 1482-1490.
Volkow, N. D., Wong, G. J., Fowler, J. S., Logan, J., Gatley, S. J., Gifford, A., et al.
(1999). Prediction of reinforcing responses to psychostimulants in humans by
brain dopamine D2 Receptor Levels. American Journal of Psychiatry, 156(9),
156-159.
Weindruch, R., & Walford, R. L. (1988). The retardation of aging and disease by
dietary restriction. Springfield, IL: Charles C Thomas Publisher.

107

Wong, D. F., Naini, A., Rousset, O. G., & Brasic, J. R. (2003). Positron emission
tomography -- a tool for identifying the effects of alcohol dependence in the
brain. Alcohol Research & Health, 27(2), 161-173.
Wu, A., Sun, X., & Liu, Y. (2003). Effects of caloric restriction on cognition and
behavior in developing mice Neuroscience Letters, 339, 166-168.

108

Chapter Four
The Effects of Calorie Restriction on
a Two-Bottle Free Choice
Paradigm
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Abstract

Among its many beneficial effects, calorie restriction (CR) has also been found
to reduce anxiety related behavior in the rodent. With heightened levels of stress and
anxiety implicated as a key precipitating factor of relapse and alcohol addiction, it was
found that a 25% CR in addition to inducing anxiolytic effects also had the capacity to
reduce intake of alcohol and inhibit relapse within a model of operant selfadministration. The aim of this study was to investigate if a 25% CR would also display
similar effects in a two-bottle free choice paradigm in the alcohol preferring (iP) rat,
whereby 24 hr ad libitum access to both 10% ethanol and water is provided. All animals
were initially tested on the elevated plus maze (EPM) and open field test prior to
commencing the two-bottle free choice paradigm. Differences between control and
CR25% animals demonstrated the anxiolytic effects of CR, with the CR25% group
displaying greater percentage of open arm/total arm duration and open arm/total arm
entries in the EPM. During the acquisition phase of the paradigm, CR25% animals
showed a reduced intake of 10% ethanol in mls/kg, in comparison to the control group.
Whilst control animals displayed a strong preference for 10% ethanol, the CR25% group
consumed both 10% ethanol and water equally with no differences found in total fluid
intake between groups. Similarly, this was the case following forced deprivation. In
addition to reduced intake and lack of preference for 10% ethanol, CR 25% animals
unlike controls failed to display a typical alcohol deprivation effect following
abstinence. Taken collectively the results of this study suggest that CR may act as a
protective factor against addiction and relapse in the alcohol preferring (iP) rat. In
addition, given CR25% animals did not display a preference for 10% ethanol; results
also suggest that CR may be altering the hedonic impact of ethanol within this group.
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Introduction
Calorie restriction (CR) has long been known to result in several beneficial
effects that have extended to increasing maximal life-span (McCay, Cromwell, &
Maynard, 1935) and delaying a spectrum of diseases, ranging from autoimmune diseases
(Fernandes, Yunis, & Good, 1976) to neurodegenerative models of Parkinson’s (Duan &
Mattson, 1999). In addition to improving overall well-being, a dietary restriction of 2550% has also been found to alter behavioural states in rodents that have included
changes in social and sexual behavior (Govic, et al., 2008a, 2008b; Govic, Levay, Kent,
& Paolini, 2009) as well as inducing anxiolytic states (Guccione, Penman, Paolini, &
Djouma, 2012; Levay, Govic, Penman, Paolini, & Kent, 2007; Levay, et al., 2008) .
Anxiety is considered to be highly co morbid with the addiction to alcohol
(Burns & Teesson, 2002; Kendler, Gallagher, Abelson, & Kessler, 1996) and is often
thought to be an integral factor for relapse (Koob, 2003). Studies have identified that
animals exposed to stress will exhibit greater alcohol deprivation effects (ADE)
compared to non-stressed counterparts (Overstreet, Knapp, & Breese, 2007) and overall,
rats with elevated stress and anxiety will self-administer more of a drug than animals
that are less stressed and anxious (Koob & Le Moal, 2001). Pharmacological
interventions using compounds that have been found to clinically treat anxiety disorders,
have also been successful in altering intake and relapse behaviour in rats (Colombo, et
al., 2003; Colombo, Serra, Vacca, Carai, & Gessa, 2006; Goeders, Clampitt, Keller,
Sharma, & Guerin, 2009; Huot, Thrivikraman, Meaney, & Plotsjy, 2001; McBride, Lê,
& Noronha, 2002). It has been identified in these studies, that compounds such as
serotonin reuptake inhibitors and GABAB receptor agonists, can reduce the amount of
ethanol consumed (Huot, et al., 2001) and suppress an ADE (Colombo, et al., 2003;
Colombo, et al., 2006; Huot, et al., 2001), while benzodiazepines were also found to
block cue-induced reinstatement to cocaine (Goeders, et al., 2009). These forms of
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intervention have produced results that are not dissimilar to what has been found to
occur in response to a 25% caloric restriction (CR25%) in alcohol-preferring (iP) rats
(Guccione, et al., 2012). This study found that in addition to CR25% resulting in a
diminution of anxiety-like behavior, the CR25% group self-administered less ethanol
rewards and failed to display an ADE or cue-induced relapse within an operant paradigm
(Guccione, et al., 2012).
Two models of addiction are typically used to model addictive traits and relapse
like behavior in rodents; these consist of operant procedures and non-operant choice
paradigms. Both models allow subjects to freely choose whether to drink or not, and are
therefore considered to be good models of human consumption (Sanchis-Segura &
Spanagel, 2006). Operant paradigms allow for reward-reinforced behaviour to be
measured, and can also determine the ability of drug-associated cues to provoke relapse
following both deprivation periods or extinction sessions (Shaham, Shalev, Lu, De Wit,
& Stewart, 2003). In comparison to the non-operant two-bottle free choice paradigm, the
operant cue-induced reinstatement model only allows for limited access to alcohol in a
contextual setting (e.g. operant chamber) and therefore cannot provide specific
information regarding non discriminative consumption of alcohol. Comparatively, the
two-bottle free choice paradigm provides 24 hr ad libitum access to alcohol as well as
water. Therefore in addition to modeling characteristics of addiction and relapse, is an
informative model to investigate differences in intake relative to factors such as weight,
which is an important variable when considering calorie restricted groups.
Alcohol addiction is considered to be a chronic disorder with rates of relapse as
high as 80%; and within Australia alone, a reported 13% of the population are
consuming alcohol at levels considered to be high risk (Australian Bureau of Statistics,
2006). Given the implication this has on society, the importance of investigating novel
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treatments for addiction and relapse to the abuse of alcohol is prominent. Calorie
restriction among its many beneficial effects has also been found to mediate changes
within an operant model of addiction, suggesting that it may serve as a protective factor
against relapse (Guccione, et al., 2012). Given the implications CR poses in a paradigm
modeled on limited access to alcohol, the aim of this study is to investigate the effects of
CR25% on a non-operant two-bottle free choice paradigm that provides 24 hr access to
10% ethanol and water. This study will investigate these effects in the alcohol preferring
(iP) rat. The alcohol preferring (iP) rat is selectively bred to meet the criteria as a model
of alcoholism, this requires animals to orally self-administer ethanol, consume ethanol
because of its post-ingestive pharmacological effects rather than its caloric value or
taste, display a motivation to obtain ethanol, show metabolic and functional tolerance
following chronic consumption, and also display characteristics associated with relapse
("Indiana Alcohol Research Center," 2011). An additional aim of this study is to further
elucidate that predicted differences in intake during acquisition as well as post
deprivation between control and CR25% animals, are not attributable to differences in
weight between the groups.

Materials and Method
Animals
Thirty-seven 5-week old male alcohol preferring (iP) rats were procured from the
breeding colony at the Howard Florey Institute, University of Melbourne. Parental stock
had been previously obtained from Professor T. K. Li (while at Indiana University,
Indianapolis, IN). Animals were allowed two weeks to acclimate to the animal facility
prior to the commencement of experimentation. All animals were tested on the elevated
plus maze and open field. A subgroup of 18 animals (control n=9, CR25% n = 9) were
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then randomly selected to undergo the two-bottle free choice paradigm; the remaining 19
animals were transferred to other projects to undergo different experimentation. Animals
were housed in individual plastic cages (30 x 50 x 15cm) in the same room, maintained
at 22°C ± 1°C on a reverse 12:12h light/dark cycle with lights off at 10:00 h. Water and
standard rodent chow (Barastoc) were available ad libitum for the two week acclimation
period and all animal care and experimentation were conducted in accordance with the
protocol of the La Trobe University Animal Ethics Committee, Approval Number AEC
10-59.
Dietary Regime
Following the 2 week acclimation period, rats were randomly allocated to one of
two groups consisting of control or a calorie restricted dietary regime. Control group rats
were fed ad libitum and calorie restriction (CR25%) rats received 75% of the amount
consumed by controls, approximately 19-22g daily. Food was provided between, but not
limited to 09:00 and 10:00h daily. Animals were weighed weekly.
The CR period began after the two week acclimation period and continued for
four weeks prior to behavioural testing and throughout the duration of the study. Daily
intake was determined on a weekly basis and CR intake was calculated accordingly. The
dietary regime employed involved an overall reduction in calorie intake while
maintaining a sufficient composition of diet in terms of daily intake of vitamins,
minerals, protein, etc. Dietary composition of the food administered in both control and
CR is summarised in Levay et al., (2007).
Procedure
Behavioural Measures: After four weeks of CR, behavioural testing to measure
anxiety was conducted on all rats. Previous research investigating the anxiolytic effects
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of CR have found that four-weeks of restriction at this level is sufficient to elicit
anxiolytic effects (Guccione, et al., 2012; Levay, et al., 2007; Levay, et al., 2008). All
behavioural testing was conducted between 12pm and 4pm, a minimum of two hours
after lights off and the presentation of food to the CR25% group.
Elevated Plus Maze
Rats were placed in a dimly lit maze consisting of two opposing open arms and
two opposing closed arms situated in a cross position elevated approximately 50cm from
the floor. The maze consisted of five zones; two open, two closed, and a central zone
where the arms intersected. Each arm of the apparatus was 44 cm long and 12 cm wide,
with the sides of the closed arms 12 cm high. A camera was mounted above the maze
and recorded behaviour. Ethovision video tracking software (Noldus, SDR Clinical
Te.ch, Middle Cove, NSW, Australia) was later used to track the behaviour and record
data. Rats were placed in the central platform facing the open arm and were allowed to
explore freely for a 5 min period. The latency to enter each zone as well as the number
of entries and duration in each zone was recorded. An entry into an arm was considered
when a rat placed all four paws into an arm, whilst an arm exit was defined as two paws
onto the central platform.
Exploratory behaviour that is typical in this paradigm favours the closed arms
(Hogg, 1996). Therefore, the number of open arm entries, ratios of open arm to total arm
entries, open arm duration and the open arm duration to total arm duration were
calculated for each group of animals as a measure of anxiety-related behaviour.
Locomotor activity was also measured as distance travelled in cms throughout the test.
The elevated plus maze has been comprehensively validated for use with rats (Pellow,
Chopin, File, & Briley, 1985).
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Open Field Test
Rats were placed in a brightly lit circular arena made of aluminium,
approximately 1.2m in radius with a surrounding wall 45 cm high. A camera was
mounted above the arena and recorded behaviour. Ethovision video tracking software
(Noldus, SDR Clinical Tech, Middle Cove, NSW, Australia) was later used to track the
behaviour and record data. The arena was divided into three zones of concentric circles
consisting of a central zone, middle zone, and outer zone. Rats were placed in the central
zone of the arena under a compartment which was removed at the initiation of the test.
Over a 10 min period, the latency to enter each zone, the number of entries in each zone
and the duration of time spent in each zone was recorded.
Exploratory behaviour in this paradigm favours the outer zone and therefore
exploration of the central zone is an indication of less anxiety. Latency to leave the
central zone at the initiation of the test however is indicative of high anxiety (Kalueff &
Tuohimaa, 2004). Anxiety-related indices were measured based on the number of entries
made into the central and middle zones, percentage of total time in these zones (minus
the latency to leave the central zone at the initiation of the test) and the latency to leave
the central zone.
Two-Bottle Free Choice Paradigm
During the initial ethanol acquisition period control and CR25% animals
received continuous access to 10% ethanol and water in their home cages for 5 weeks.
This commenced a day after anxiety-like behaviour was measured in the EPM and open
field test. Intake of 10% ethanol, water and preference for 10% ethanol, was calculated
over 28 days when consumption had stabilised. Both 10% ethanol and water bottles were
weighed daily and the position of both bottles was changed randomly at 10:00h to
control for position bias. Following the ethanol acquisition period ethanol was removed
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from all home cages at 10:00h for a period of 4 weeks. Post a 4 week forced deprivation
period, 10% ethanol was reintroduced to all animals home cages whereby again intake of
both 10% ethanol and water was measured daily for a period of 7 days to observe
alcohol deprivation effects. Intake post deprivation was compared to baseline
measurements of intake which consisted of the mean intake of 10% ethanol 7 days prior
to deprivation.
Statistical Analysis
Statistical analysis was performed using GraphPad Prism 5.00 and was also used
to create all graphs. All data is expressed as the mean ± SEM and was analysed using
both paired and unpaired t-tests. One-way or two-way repeated measures ANOVA with
Bonferroni post-hoc tests were also used. For all statistical calculations, significance was
considered at a value of p ≤ 0.05.

Control animals that did not display an initial preference for 10% ethanol (< 50%
after the first two weeks of exposure to 10% ethanol) were excluded from both
acquisition and alcohol deprivation data sets (n=2). This exclusion criterion is based
upon the expected consumption ratio of 2:1 10% ethanol to water, for the alcohol
preferring rat strain ("Indiana Alcohol Research Center," 2011). In addition, calorie
restricted animals that did not consume their entire restricted ration of food (n=1), were
also excluded as they were considered not to be restricted animals.
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Results
Effect of CR on body weight
Body weights of rats were measured immediately prior to feeding once a week
throughout the experimental period. A two-way repeated measures ANOVA revealed a
main effect for group over the duration of the experiment [F (1, 16) = 24.44, p = 0.0001;
Fig. 1]. Bonferoini post hoc analyses revealed no significant difference between control
and CR25% groups during the two week acclimation period (p = > 0.05). Following two
weeks into the calorie restriction period, CR25% rats weighed significantly less than
controls (p = < 0.05). During all testing phases the CR25% group maintained a lower
body weight than that of control group; Figure 1.
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Figure 1.Mean (± SEM) body weight for control (n=9) and CR25% (n=9) groups across
testing periods.* denotes a significant difference from the control group at p<0.05, **
denotes a significant difference from the control group at p<0.01, *** denotes a
significant difference from the control group at p<0.001.
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Elevated plus maze
Locomotor activity measured in cms travelled was not found to be significantly
different between the control and CR25% groups. A t-test comparing the number of
open arm entries [t (35) = 2.203, p = 0.0342; Fig. 1a] and the ratio of open arm to total
arm entries [t (35) = 2.901, p = 0.0064; Fig.1b] revealed a significant effect for group,
with CR25% animals making more open arm entries than that of controls. Similarly the
CR25% group demonstrated greater time spent in the open arms [t (35) = 2.205, p =
0.0342; Fig. 1c] and were also found to have a greater ratio of open arm duration to total
arm duration [t (35) = 2.189, p = 0.0353; Fig. 1d].
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Figure 2. Mean (± SEM) of (a) total arm entries of the elevated plus maze for the
control (n=18) and CR25% (n=19) groups, (b) open arm to total arm to total arms entries
ratio (%) for the control (n=18) and CR25% (n=19) groups, (c) total duration of time
spent in the open arms for the control (n=18) and CR25% (n=19) groups, (d) open arms
to total arms duration ratio (%) for the control (n=18) and CR25% groups (n=19).*
denotes a significant difference from the control group at p<0.05, ** denotes a
significant difference from the control group at p<0.01.

Open field test
No significant differences were found between control and CR25% groups in the
open field test for any of the variables during the full 10mins of the test (Table 1).
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Table 1.
Mean ± SEM latency to leave, entries and duration in zones of the open field test for
Control and CR25% groups.
Behavioural Variables

Control ( n = 20)

CR25% ( n = 20)

P

12.4 ± 1.75

12.6 ± 2.49

NS

Centre/Middle zone entries

23.0 ± 3.30

21.0 ± 2.93

NS

Centre/Middle zone duration (%)

8.4 ± 1.06

9.60 ± 1.57

NS

Outer zone duration (%)

90.5 ± 1.07

89.2 ± 1.68

NS

Latency to leave center zone
(sec)

NS; not significant

Ethanol Acquisition
The mean daily intake of 10% ethanol and water (mls/kg) for control animals
was analysed using a two-way repeated measures ANOVA and revealed a significant
interaction effect [F (27, 12) = 2.807, p < 0.0001] as well as a main effect for fluid
intake (mls/kg) [F (1, 12) = 13.70, p = 0.0030; Fig 3a], with control animals consuming
more 10% ethanol in comparison to water. Similarly, a two-way repeated measures
ANOVA also revealed a significant interaction effect of fluid intake (mls/kg) over 28
days of acquisition in CR25% animals [F (27, 14) = 3.514, p < 0.0001], however no
main effect for fluid intake was found in this group [F (1, 14) = 0.0687, p = 0.7971; Fig
3b].
Overall, intake of 10% ethanol (mls/kg) was significantly greater in control
animals compared to the CR25% group [t (418) = 4.326, p < 0.0001; Fig 3c]. However
the CR25% group displayed a greater intake of water in comparison to control animals [t
(418) = 12.19, p < 0.0001; Fig 3c]. Whilst the control group showed a significant
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preference for 10% ethanol over water [t (195) = 12.59, p < 0.0001], the CR25% animals
did not [t (223) = 0.9201, p = 0.3585; Fig 3c]. A main effect between groups for daily
preference of 10% ethanol over water, was also observed with control animals
displaying a higher preference for 10% ethanol compared to the CR25% group [F (1, 27)
= 75.95, p < 0.0001; Fig 3d]. No differences in total fluid intake were found between
groups during acquisition phase of the paradigm.
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Figure 3.Mean (± SEM) of (a) daily intake of both 10% ethanol and water in mls/kg
over 28 days of acquisition for the control group (n= 7), (b) daily intake of both 10%
ethanol and water in mls/kg for CR25% animals (n=8), (c) intake of both 10% ethanol
and water in mls/kg during acquisition for the control (n= 7) and CR25% (n= 8) groups,
(d) daily preference (%) of 10% ethanol for the control (n=7) and CR25% (n=8) groups.
*** denotes a significant difference from the control group at p<0.0001.
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Alcohol Deprivation Effect
The mean intake of 10% ethanol (mls/kg) significantly increased from the predeprivation baseline (7 days mean intake prior to deprivation) in control animals after a
period of forced deprivation [t (48) = 2.453, p = 0.0179]. However this was not seen in
the CR25% group, with CR25% animals significantly reducing their intake of 10%
ethanol from the pre-deprivation baseline following four weeks deprivation [t (55) =
4.473, p < 0.0001; Fig 4a]. A two-way ANOVA also revealed a main effect between
groups [F (1, 91) = 23.06, p < 0.0001] and across time [F (6, 91) = 2.888, p = 0.0127;
Fig 4b] for the daily intake of 10% (mls/kg) ethanol post deprivation, with the control
animals consuming more ethanol. Similar to what was found during acquisition, the
control group displayed a significant preference for 10% ethanol over water post
deprivation [t (48) = 7.750, p < 0.0001]. In contrast, the CR25% group did not display a
preference for ethanol [t (55) = 0.8361, p = 0.4067; Fig 4c]. Control animals consumed
more 10% ethanol (mls/kg) upon its reintroduction post deprivation than the CR25%
group [t (103) = 4.546, p < 0.0001], however the CR25% group consumed more water
than that of controls [t (103) = 7.257, p < 0.0001; Fig 4c]. No differences in total fluid
intake were found between CR25% and control animals following the forced deprivation
period.
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Figure 4. Mean (± SEM) of (a) intake of 10% ethanol in mls/kg pre and 7 days post
deprivation for the control (n= 7) and CR25% (n= 8) groups, (b) daily intake of 10%
ethanol in mls/kg post deprivation for control animals (n=7) and CR25% (n= 8) groups,
(c) intake of both 10% ethanol and water in mls/kg 7 days post deprivation for the
control (n= 7) and CR25% (n= 8). * denotes a significant difference at p<0.05, ***
denotes a significant difference at p<0.0001.

Discussion
The present findings indicate that in addition to expected anxiolytic effects, a
moderate chronic calorie restriction of 25% can also alter ethanol consumption as well
as diminish both preference for ethanol, and an ADE in a two-bottle free choice
paradigm. As expected, differences between the control and CR25% groups in the
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elevated plus maze (EPM) suggested anxiolytic effects within the CR group; however
this effect was not found in the open field test. Throughout all phases of the paradigm
(initial CR25% period, acquisition of ethanol, deprivation, and the reintroduction of
ethanol) CR25% animals maintained significantly reduced body weights in comparison
to ad libitum fed controls. During the 28 day acquisition phase of the two-bottle free
choice paradigm, CR25% animals displayed a reduced consumption of 10% ethanol in
comparison to the control group. This reduction in intake however was not observable
over the last 7 days of this phase, whereby CR25% animals reached an equivalent mean
intake of 10% ethanol which was comparable to that of controls. It was also found that
unlike controls, the CR25% group did not display a preference for 10% ethanol.
Following a period of 4-weeks forced deprivation, control animals markedly
increased their intake of 10% ethanol from the pre-deprivation baseline (7 day mean
intake pre-deprivation), displaying a typical ADE that persisted over a period of seven
days. This effect however, was not found in the CR25% group. CR25% animals
significantly reduced their intake of 10% ethanol from the pre-deprivation baseline, post
abstinence. Similarly to the acquisition phase, control animals continued to show a
strong preference for 10% ethanol over water however no preference for 10% ethanol
was observed in the CR25% group. These differences in intake as well as preference
between control and CR25% groups were consistently observed in both mls, and mls/kg
consumed.
The diminution of anxiety related behaviours observed on the EPM was not
dissimilar to what has been found in several studies that have investigated the anxiolytic
effects of restricted caloric dietary regimes (Genn, Tucci, Thomas, Edwards, & File,
2003; Guccione, et al., 2012; Inoue, et al., 2004). However, the implementation of a
CR25% dietary regime in this study was not successful in altering typical behaviour in
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the open field test. CR-induced anxiolytic effects are commonly observed in the EPM,
however studies that have measured anxiety-related behaviour using this paradigm have
not included the open field test (Genn, et al., 2003; Inoue, et al., 2004). Researchers that
have used both behavioural paradigms to measure the anxiolytic effects of CR have
found reduced anxiety-related behaviour in the open field test; however these effects
have not extended to modifying typical behaviour in the EPM (Abbott, et al., 2009;
Levay, et al., 2007). Given the diversity of rat strain used across these studies, the lack
of consistently observing anxiolytic effects of CR across paradigms may be attributable
to strain specific differences.
Anxiety is often implicated as a mediator for the abuse of alcohol as well as
relapse (Koob, 2003; Overstreet, et al., 2007) and in our recently published study we
identified that a caloric restriction of 25% in the alcohol preferring rat can, in addition to
inducing anxiolytic effects, also inhibit relapse like behaviour and reduce the number of
self-administered ethanol rewards in an operant conditioning model (Guccione, et al.,
2012). A reduction in ethanol consumption during acquisition in the CR25% group was
also found in the present study. The amount of 10% ethanol consumed was markedly
reduced within the restricted group when calculated relative to differences in weight.
These results are in conflict to what has been previously published when investigating
the effects of food restriction on the intake of alcohol in non-preferring rats (Soderpalm
& Hansen, 1999; Stewart & Grupp, 1984). These studies have found that when
maintaining Wistar rats at 80% of their free feeding weight, food restricted rats
consumed greater amounts of ethanol compared to their free fed counterparts. This effect
however, was only observed when low concentrations of ethanol, ranging from 6-8%,
were offered (Soderpalm & Hansen, 1999; Stewart & Grupp, 1984). When the
concentration of ethanol was increased to 12% food restricted animals did not show any
increases in consumption (Linseman, 1989). These results may be a consequence of two
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factors, firstly the restriction regimes varied, and in studies that found an increase in
consumption, the regime itself was unclear or limited to only 14 days of restriction prior
to the exposure of ethanol availability (Soderpalm & Hansen, 1999; Stewart & Grupp,
1984). Secondly, these effects may be strain specific given that alcohol-preferring rats
do not consume ethanol for its caloric content ("Indiana Alcohol Research Center,"
2011) increases in the consumption of ethanol in non-preferring Wistar rats, may be a
result of calorie compensation.
The overall reduction in intake of 10% ethanol found in the CR25% group over
the total 28 days of acquisition was not attributable to differences in overall body
weight. The possibility that CR25% animals were consuming less ethanol yet still
obtaining equal blood alcohol levels to that of controls cannot be confirmed and is a
limitation of this study. The last 7 days of the acquisition period found CR25% animals
consuming equivalent amounts of 10% ethanol to that of the ad libitum fed counterparts
and therefore it is possible that the CR25% group may be achieving higher blood alcohol
levels, given their reduced body weight, relative to controls. It is interesting however
that this exposure to alcohol consumption was not sufficient to elicit an ADE in this
group, given that CR25% animals markedly reduced their intake post deprivation.
In addition to reduced ethanol consumption, CR25% animals also failed to
display typical relapse behaviour. An acute withdrawal from alcohol following chronic
exposure typically results in a pronounced increase in intake upon its reintroduction,
known as an ADE, a characteristic measure of relapse in models of addiction (SanchisSegura & Spanagel, 2006). An ADE is commonly inferred to be a result of two factors; a
means of reducing anxiogenic withdrawal symptoms (Valdez & Koob, 2004) or the
result of the establishment of a tolerance to a drug (Roberts, Heyser, Cole, Griffin, &
Koob, 2000). In this study, control animals displayed typical relapse behaviour in the
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form of an ADE demonstrating a pronounced increase in intake of 10% ethanol. In
contrast the CR25% group reduced their consumption of 10% ethanol following a period
of forced deprivation. Self-administering ethanol following a period of abstinence is
thought to be a means of alleviating withdrawal associated anxiety (Valdez & Koob,
2004), given that it is typically found that anxiety related behaviour in alcohol preferring
rats will increase during withdrawal periods (Kampov-Polevoy, Mathews, Gause,
Morrow, & Overstreet, 2000). With CR-induced anxiolytic effects being observed
within the restricted group, an ADE may be being suppressed as a result of calorie
restriction also reducing anxiety associated with the withdrawal from alcohol during
deprivation.
Although this result was consistent with what was observed in our previous study
using a limited access operant model (Guccione, et al., 2012), it is important to consider
that this may be attributable to reduced alcohol experience prior to deprivation. The
CR25% group consumed less 10% ethanol over the 28 day acquisition period. Previous
research investigating ADEs in alcohol preferring rats has found that the duration of
previous exposure to 10% ethanol will impact the expression of an ADE (Bell, et al.,
2008). However following several re-exposure intervals post deprivation, researchers did
not find any occurrence of a decrease in consumption from baseline intake (Bell, et al.,
2008). The CR25% group displayed a significant reduction in ethanol intake following
deprivation which is unlike what has been found in cases where previous exposure to
10% ethanol were unsuccessful in resulting in the expression of an ADE (Bell, et al.,
2008). Therefore a future direction of this work would be to implement the CR regime
during abstinence to delineate the effects of CR25% on this characteristic of relapse
behaviour.
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Interestingly, in contrast to what was found in an operant model of alcohol selfadministration (Guccione, et al., 2012), CR25% animals did not show a preference for
10% ethanol over water in both acquisition or post-deprivation phases. This result
however may have not been revealed in the previous study due to the experimental
design, whereby access to 10% ethanol was limited and therefore preference is expected
to be higher (Sanchis-Segura & Spanagel, 2006). In light of the CR25% group not
showing a preference for 10% ethanol, the absence of an ADE may be attributable to
effects of calorie restriction beyond those associated with reducing anxiety. In fact,
CR25% animals also showed differences in water consumption during both the
acquisition and deprivation phases, with the CR25% group consuming more water than
that of controls. Given that there were no differences in total fluid intake between
control and CR25% groups, results suggest that calorie restriction may be potentially
mediating consumption through altering the hedonic impact of 10% ethanol in CR25%
animals.
Hedonia is often discussed in terms of like, being the pleasure component or
hedonic impact of a reward; and in terms of wanting being the motivation for obtaining
the reward (Berridge & Kringelbach, 2011). It is suggested from these results, that both
factors associated with hedonia may be impacted within the CR25% group. A lack of
preference for ethanol together with an increased consumption of water within the
CR25% group, suggests that CR25% animals do not display a like for 10% ethanol when
compared to control animals. In addition, an indication of motivation within this
paradigm can be drawn from both the ADE within a group as well as how persistent an
elevation in ethanol consumption post deprivation is, upon the reintroduction of ethanol.
Therefore the absence of an ADE in the CR25% group may be attributable to a lack of
motivation for obtaining the reward given that their wanting of ethanol may be altered.
This is also observed in the 7 days following deprivation, whereby control animals
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maintain an elevated consumption of 10% ethanol in comparison to CR25% animals
which show an initial spike in intake, followed by a return to intake at a pre-deprivation
level. These patterns of initial consumption as well as the absence of relapse within the
CR25% group, suggests that calorie restriction may also have the ability to reduce the
hedonic impact of ethanol (the lack of pleasure, liking or the lack of wanting) (Berridge
& Kringelbach, 2011) in the alcohol preferring rat, a strain that naturally prefers alcohol
(Bell, Rodd, Lumeng, Murphy, & McBride, 2006).
The association of drug liking has been suggested to be dependent upon
dopamine 2 receptor (D2R) availability (Volkow, et al., 2002; Volkow, et al., 1999). It
has been found that D2R availability inversely correlates with the degree of perceived
liking of a drug (Volkow, et al., 2002; Volkow, et al., 1999) as well as the degree of selfadministration of alcohol (Thanos, et al., 2001). In addition, D2R activity within the
nucleus accumbens, an area considered to be a major hedonic hotspot (Berridge &
Kringelbach, 2011), has also been found to prevent somatic signs of withdrawal in
opiate dependent animals (Harris & Aston-Jones, 1994). Interestingly, the number of
D2Rs as well as the functional coupling of dopamine and D2R, has been found to be
increased in food restricted animals (Carr, Tsimberg, Berman, & Yamamoto, 2003;
Thanos, Michaelides, Piyis, Wang, & Volkow, 2008). Similarly, obese patients that
undergo gastric bypass surgery, and as a result are forced to reduce their food intake,
also show increases in D2R (Steele, et al., 2012). The reduction of 10% ethanol intake as
well as the inhibition of preference and relapse to alcohol observed in the CR25% group
may therefore be a consequence of alterations in D2R coupling and availability, being
mediated by a restricted dietary regime. If this is in fact occurring within these animals,
it is not surprising that the CR25% group is displaying altered drug liking in the form of
a lack of preference for alcohol as well as a reduced consumption.
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Taken collectively, results obtained in this study provide further support that a
moderate calorie restriction of 25% can inhibit relapse, in the form of an ADE, and
reduce intake of 10% ethanol in the alcohol preferring rat. Intake of 10% ethanol within
a two-bottle free choice paradigm was found to be significantly reduced in the CR25%
group, irrespective of differences in weight. This study also identified that CR25%
animals, when given 24 hr access to both 10% ethanol and water, will consume more
water than control animals and do not display a preference 10% ethanol. These findings
suggest that in addition to calorie restriction resulting in anxiolytic effects; it is also
likely that caloric restriction is reducing the hedonic impact of ethanol as a reward in the
alcohol preferring rat. Future research should aim at investigating the effects of calorie
restriction on hedonic hotspots linked with addiction in the alcohol-preferring rat.
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Chapter Five
The Effects of Calorie Restriction on
the Electrophysiological Responses
of the Nucleus Accumbens (NAc) in
Response to Ethanol vs. Water
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Abstract

Calorie restriction (CR) has been found to have many beneficial effects on
overall health and well-being, however more recently it has also been found to have
potential therapeutic implications in the treatment of addiction in the alcohol preferring
rat. Research has found that the implementation of a 25% chronic CR can reduce ethanol
consumption, and diminish preference as well as relapse in both operant and non-operant
paradigms. Results from these studies have suggested that CR may be involved in
altering the reward propensity of 10% ethanol in these animals. Electrophysiological
responses within the NAc, a neuroanatomical site heavily implicated for its involvement
in the pathogenesis of drug dependence and reward processing, have provided further
support for this CR-induced effect. Results obtained in this study found CR25% animals
did not display a preference for ethanol self-administration and further neuronal spike
activity associated with the consumption of 10% ethanol did not differ to that of water.
The responses observed in CR25% animals were in contrast to what was found in
controls, with spike activity being significantly greater in response to 10% ethanol to
that of water. Further, the CR25% group showed increased neural activation in response
to water consumption to that of the control group. The findings of this study suggest that
CR also has the ability to alter neural activation within the NAc in response to 10%
ethanol and water rewards. This in turn may be attributable to the potentially beneficial
behavioural alterations found in the CR25% group and further may pose as a future
therapeutic modality for the treatment of addiction.
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Introduction
The beneficial effects of calorie restriction (CR) have long been established
within the literature, and these include its ability to increase longevity as well as delay a
wide spectrum of diseases, ranging from autoimmune to neurodegenerative disorders
(Fernandes & Good, 1984; Fernandes, Venkatraman, Turturro, Attwood, & Hart, 1997;
Hurbert, Laroque, Gilbert, & Keenan, 2000; McCay, Cromwell, & Maynard, 1935;
Pahlavani, 2000). In addition, studies have also identified the ability of CR to induce
various behavioural effects which have consisted of altering anxiogenic states (Govic,
Levay, Kent, & Paolini, 2009; Inoue, et al., 2004; Levay, Govic, Penman, Paolini, &
Kent, 2007) and more recently its ability to alter addictive traits in the alcohol preferring
rat (Guccione, Djouma, Penman, & Paolini, 2012; Guccione, Penman, Paolini, &
Djouma, 2012), a strain with a genetic predisposition for heightened anxiety (Pandey,
Carr, Heilig, Ilveskoski, & Thiele, 2003).
The chronic administration of a 25% CR dietary regime, found CR-induced
anxiolytic effects in the alcohol preferring rat, and saw the CR group reduce selfadministration of 10% ethanol rewards as well as an inhibition of cue-induced relapse
within an operant paradigm (Guccione, Penman, et al., 2012). In an unlimited access
two-bottle free choice paradigm, chronic CR of 25% was also found to alter the intake of
10% ethanol as well as relapse-like behaviour, with CR animals failing to display a
preference for 10% ethanol as well as an alcohol deprivation effect in comparison to
controls, irrespective of differences in weight (Guccione, Djouma, et al., 2012). Given
the lack of typical acquisition of ethanol consumption and relapse behaviour within these
paradigms, CR in addition to altering anxiogenic profiles may also alter the rewarding
properties and therefore the hedonic impact of 10% ethanol; consequently acting as a
protective factor against both addiction and relapse within this strain.
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Hedonic impact is a term often used when discussing the rewarding propensity of
a drug, identifying the degree to which a drug is wanted and/or liked (Berridge &
Kringelbach, 2011). Research exploring hedonia and the hedonic impact of drugs of
abuse, have identified key hedonic hotspots within the brain that are believed to
modulate wanting and liking (Baldo & Kelley, 2007; Pecina & Berridge, 2010; Smith,
Tindell, Aldridge, & Berridge, 2009). Of these, the nucleus accumbens (NAc) is
believed to play a crucial role (Heimer & Wilson, 1975). The NAc is a neuroanatomical
site heavily implicated in studies of addiction (Carelli, 2002; Koob & Le Moal, 2001;
Steketee, Sorg, & Kalivas, 1992), and it has been suggested that neural activity of this
region is responsible for mediating the rewarding and reinforcing effects of drugs (Wise,
1996) as well as the initiation of reward-seeking behavior (Mogenson, Jones, & Yim,
1980). The NAc is comprised of two sub regions that consist of the core (NAcc) and the
shell (NAcs). It has been suggested that these sub regions may be involved in mediating
different essential facets of what comprises addiction (Chiara, 2002; Corbit, Muir, &
Balleine, 2001), with the NAcc being implicated for playing a key role in the process of
sensitization to drug-induced stimulation, and the NAcs suggested to strengthen
incentive stimulus-drug associations (Chiara, 2002).
Electrophysiological studies conducted on animals investigating specific neural
activity in response to drugs of abuse have found increased activation within the NAc in
response to the euphoric effects of both cocaine and amphetamines (Breiter, et al., 1997;
Drevets, et al., 2001), and dual activation of both NAcc and NAcs in response to the
consumption of alcohol (Porrino, Whitlow, & Samson, 1998; Porrino, Williams-Hemby,
Whitlow, Bowen, & Samson, 1998; Robinson & Carelli, 2008). These neural responses
observed within the NAc during drug administration have also been found to be
specifically correlated with drug intake. Studies have identified phasic alterations in
spike activity, with greater activity being found within the NAc in response to cocaine
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(Carelli, Ijames, & Crumling, 2000; Deadwyler, Hayashizaki, Cheer, & Hampson, 2004)
as well as ethanol, in comparison to water (Robinson & Carelli, 2008). Furthermore
when preference for a reward is varied within a behavioural paradigm, excitation of the
NAc has also been found to be sensitive to reward value (Mogenson, et al., 1980; Sharif
& Fields, 2005). The results suggest that heightened activity associated with drugs of
abuse contribute to the transduction of accumbal-mediated drug effects, and further to
their addiction.
Increased activity within the NAc is thought to be influenced by the
neuromodulation of rapid dopamine (DA) signaling (Nicola, Surmeier, & Malenka,
2000; O'Donnell, Greene, Pabello, Lewis, & Grace, 1999; Pennartz, Groenewegen, &
Lopez Da Silva, 1994) and is also believed to underlie the reinforcing properties
associated with drugs of abuse (Gerasimov, et al., 1999). The release of DA cannot be
directly measured during electrophysiological recordings. However, it has been found
that increases in the release of DA in response to drug administration display the same
temporal resolution afforded by increases in neuronal firing observed in
electrophysiological recordings (Wightman & Robinson, 2002). Further, the release of
DA has also been found to be synchronized with responses to reward related cues and
reward-seeking behaviours (Carelli, 2004; Nicola & Deadwyler, 2000). Increases in DA
in response to a drug are also thought to vary and be dependent upon, a vulnerability or
predisposition for additive traits (Bustamante, Quintanilla, Tampier, Gonzalez-Lira, &
Israel, 2008; Cloninger, 1987). For example, it has been found that the release of DA
following ethanol exposure is greatest in strains of rat that are alcohol-preferring in
comparison to non-preferring strains, suggesting relative differences in the reinforcing
properties of ethanol in animals that are predisposed to alcohol-seeking behavior
(Bustamante, et al., 2008; Cloninger, 1987).
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Taken collectively, neuronal activity within the NAc has been found to display
specific firing patterns relative to drug rewards such as cocaine or alcohol (Carelli, et al.,
2000; Deadwyler, et al., 2004; Robinson & Carelli, 2008), versus a water reward. The
propensity of this activation is also specific to behavioural traits of addiction, given rats
that naturally display tendencies to consume more alcohol and with greater preference,
will exhibit the greatest neuronal effects in comparison to abstainer rat strains
(Bustamante, et al., 2008; Cloninger, 1987). With CR25% being found to alter typical
behavioural characteristics in models of addiction within the alcohol preferring rat
(Guccione, Djouma, et al., 2012; Guccione, Penman, et al., 2012), what is yet to be
explored is if a chronic CR of 25% is also altering the neural spike activity within the
NAc in response to both 10% ethanol rewards as well as water. Therefore the aim of this
study is to investigate the effects of CR25% on the electrophysiological responses within
the NAcc and NAcs in an operant model of self-administration of 10% ethanol and
water. It is hypothesized that neuronal firing within the NAc will differ in response to
the self-administration of 10% ethanol than that of water. It is also hypothesized that
neural activation within the NAc in response to the self-administration of 10% ethanol
will be reduced in CR25% animals in comparison to ad libitum fed controls.

Materials and Method
Animals
Eight male alcohol preferring (iP) rats (400-500g) originally procured from the
Howard Florey Institute, Melbourne University, were used for electrode implantation.
All animals had previously undergone behavioural testing that involved the selfadministration of 10% ethanol and water. Animals were housed in individual plastic
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cages (30 x 50 x 15cm) in the same room, maintained at 22°C ± 1°C on a reverse 12:12h
light/dark cycle with lights off at 10:00 h. Water and standard rodent chow (Barastoc)
were available ad libitum for 4 control animals, and the remaining 4 were administered a
calorie restricted dietary regime. All animal care and experimentation were conducted
in accordance with the protocol of the La Trobe University Animal Ethics Committee,
Approval Number AEC 09-07-H.; AEC 10-59.
Dietary Regime
Animals were allocated to one of two groups, consisting of control or calorie
restricted dietary regime. Control group rats were fed ad libitum and CR rats received
75% of the amount consumed by controls (CR25%), approximately 19-22g daily for
approximately 6-months prior to implantation and throughout experimentation. Food
was provided between 09:00 and 10:00h daily and animals were weighed weekly. Daily
control intake was determined on a weekly basis and CR intake was calculated
accordingly. The dietary regime employed involved an overall reduction in calorie
intake while maintaining a sufficient composition of diet in terms of daily intake of
vitamins, minerals, protein, etc. Dietary composition of the food administered in both
control and CR is summarised in Levay et al., (2007).
Behavioural Apparatus
Behavioural testing for this study was conducted in operant self-administration
conditioning chambers (Med Associates Inc., USA). The chamber was fitted with two
retractable response levers on each side panel of the chamber. Responses at the
appropriate lever activated a syringe pump that delivered a ~100µl drop of fluid into a
fluid receptacle. A computer connected to the chamber running Med Associates – MED-
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PC IV software, controlled the delivery of fluids, presentation of stimuli and recorded
behavioural data.

Electrode Implantation
Animals were prepared for electrophysiological recordings in the following
manner: Subjects were initially anaesthetised using Ketamine (70 mg/kg) and Xylazine
(10 mg/kg i.p) to a maximal volume of 500µl-1ml dependent on rat body mass. During
the initial induction phase, if at any stage a palpebral, withdrawal or corneal reflex was
present, supplementary doses of Ketamine and Xylazine were administered. Subsequent
anaesthesia was maintained throughout surgery using Isoflurane (1-3% in oxygen)
delivered via a nose cone. A rectal thermometer and a servo-controlled heating pad
placed under the animal were used to monitor and maintain body temperature at 37ºC
throughout surgical procedures.
The animal was placed in a stereotaxic frame and mounted into stereotaxic ear
bars to ensure the accuracy of electrode placement. The top of the animals head was
shaved and scrubbed with isopropyl alcohol and betadine to minimise irritation or
possible infection during recovery. A single 20mm midline cranial incision was made
over the site where the electrode was to be implanted and hydrogen peroxide (3%) was
applied to expose the skull. Stereotaxic co-ordinates were used to determine the position
of the nucleus accumbens (NAc). The co-ordinates used, in accordance with the rat brain
atlas of Paxinos and Watson (Paxinos & Watson, 2007), were as follows;
anterior/posterior (AP) +1.4 to +2.6mm; medial lateral (ML) + 1.5mm; and dorsal
ventral (DV) – 6.8mm from the surface of the brain. A 2 x 16 channel electrode (A 2 x
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16 – 10mm, with 100µm spacing between the 413 µm2 recording sites, and a 500 µm
distance between electrode shanks; Neuronexus Technologies, Inc.) was implanted into
the NAc. A ground wire was secured to a bone screw attached to the scull
(approximately 0.5mm into the skull), placed posterior to the craniotomy. Silicon
elastomer (Kwik-Sil, Coherent Scientific) was then applied to protect the electrode. The
entire construct was secured with dental acrylic cement and a purse-string suture was
used to aid in wound closure.
Following implantation animals were removed from the stereotaxic frame, and
placed in their home cages on top of a homoeothermic blanket to aid in the recovery
from anaesthesia. Rats were permitted 5-7 days to recover from surgical procedures
before behavioural testing commenced. Subjects were monitored daily post implantation
and carprofen (5mg/kg, s.c) was administered as a pre-emptive analgesic agent both
prior to surgery, and three days following surgery.

Procedure
Operant Self-administration Procedure:
Behavioural testing for this study was conducted in an operant selfadministration conditioning chamber (Med Associates Inc., USA). The chamber was
fitted with two retractable response levers on each side panel of the chamber. Responses
at the appropriate lever activated a syringe pump that delivered a ~100µl drop of fluid
into a fluid receptacle. A chamber light was also fitted to the self-administration
chamber. A computer connected to the chambers running Med Associates – MED-PC IV
software, controlled the delivery of fluids, presentation of stimuli and recorded data.
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Approximately one week post-electrode implantation, animals underwent an
initial overnight 16hr training session. Rats were required to lever-press on a fixed ratio
requirement of 2 (FR2; i.e. rats are required to press the lever two times to receive the
reward) for either water or 10% ethanol solution; with food also made available. At the
completion of this session rats were able to discriminate the availability of ethanol and
water, ethanol paired levers were counterbalanced across animals.
Electrophysiological Recording
Neuronal activity was recorded during behavioural operant self-administration
sessions (2 – 4 hrs) following the initial overnight training session. A light weight 32
channel wireless detachable head-stage transmitter (omnetics male dual row connector,
Triangle BioSystems, International) was secured to the electrode connector (female dual
row) cemented on the animals head. This system allowed for unrestricted movement of
the animal within the operant chamber. Neuroelectric signals were transmitted to a
demodulator/Signal processing unit (Triangle BioSystems, International.) and stored to a
TDT system (Tucker-Davis Technologies). This system consisted of an RZ2 multichannel neurophysiology workstation, and an RX6 multifunction processor (TuckerDavis Technologies). A modified cable connecting Med-PC equipment with the RX6,
enabled neural recording data to be allocated to relevant epochs (eg; detection of lever
press, head entry, etc.). TDT software Open Project, was used to collect data. Spike
activity was taken at a sampling rate of 25 kHz. Neuroelectric signals were filtered at 0.3
kHz to 5 kHz with a filter roll off at 24dB per octave.
Neuronal spike activity was collected on a daily basis where each animal
underwent two-five recording sessions. Testing typically began at least 2 hours into their
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dark-cycle with each session lasting 2-4 hrs. This commenced a minimum of 7 days
following implantation and once lever-pressing behaviour was established.
Brain Histology and Verification of Electrode Placements
Following the conclusion of electrophysiological recording sessions, animals
were overdosed with lethobarb and perfused transcardially with a 4% paraformaldehyde
solution. Following perfusion, the brain was removed and initially stored in 4%
paraformaldehyde, followed by being cryoprotected in a 10%, 20% and 30% sucrose
solution and subsequently stored at -20° C. The brain was cut horizontally in 50µm
sections using a cryostat (Leica CM 1850, Leica Microsystems, Inc.). Tissue sections
were then mounted on slides and counterstained using cresyl violet. Electrode placement
was identified under light microscopy and was dependent on insertion tracks as well as
tissue damage caused by the electrodes.
Statistical Analysis
Statistical analysis was performed using GraphPad Prism 5.00 which was also
used to create all graphs. All weight and behavioural data, consisting of overnight
training sessions and electrophysiological recording sessions were analysed using t-tests.
Electrophysiological recording data was extracted using Neuro Explorer and graphed in
100ms time bins. Responses for all animals across each event were then collated and
analysed using two-way ANOVAs and Bonferroni post hoc tests with paired and
unpaired t-tests used when applicable.
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Results
Effect of CR on Body Weight
Approximately 6-months prior to implantation and throughout experimentation
the CR25% group were maintained on a restricted dietary regime. Therefore, at the
commencement of this study the body weight of CR25% animals was significantly less
than the body weight of controls [t (6) = 4.326, p = 0.0049; Fig. 1].

Body Weight (g)

600

**

400

200

0
Control

CR25%

Figure 1. Mean (±SEM) body weight for control (n=4) and CR25% (n=4) groups. **
denotes a significant difference from the control group at p < 0.01.

Overnight Operant Training
During the overnight training sessions a paired t-test showed that control animals
displayed a significant preference for 10% ethanol over water [t (3) = 4.263, p = 0.0237;
Fig. 2]. This was also similarly observed in the CR25% group [t (3) = 8.376, p = 0.0036;
Fig. 2]. An unpaired t-test comparing 10% ethanol self-administration between control
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and CR25% animals did not reveal a significant difference [t (6) = 1.484, p = 0.1883];
this was also observed in comparing self-administration of water rewards between
groups [t (6) = 0.6707, p = 0.5274; Fig. 2].

Control (Ethanol)
Control (Water)
CR25% (Ethanol)

Rewards

300

*

CR25% (Water)

**

200

100

0
10% Etoh

Water

10% Etoh

Water

Figure 2. Mean (± SEM) rewards during overnight training session for both 10% ethanol
and water for the control (n=4) and the CR25% (n=4) groups. *denotes a significant
difference between 10% ethanol and water self-administration at p<0.05; ** denotes a
significant difference between 10% ethanol and water self-administration at p<0.01.

Electrophysiological Recording Behavioural Sessions
The behavioural data, obtained during operant electrophysiological sessions,
found that control animals displayed a preference for the self-administration of 10%
ethanol over water; [t (12) = 3.585, p = 0.0037; Fig. 3]. This preference for 10% ethanol
over water was not observed in the CR25% group [t (12) = 0.3523, p = 0.07307; Fig. 3].
No differences were found between control and CR25% groups in the selfadministration of 10% ethanol or water within these sessions [t (24) = 1.730, p = 0.0965;
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t (24) = 1.343, p = 0.1918; Fig. 3].

Control (Ethanol)
Control (Water)
CR25% (Ethanol)
CR25% (Water)

50

**

Rewards

40
30
20
10
0

10% Etoh

Water

10% Etoh

Water

Figure 3. Mean (± SEM) rewards during daily 2-4hr electrophysiological recording
sessions for both 10% ethanol and water for the control (n=4) and the CR25% (n=4)
groups. ** denotes a significant difference between 10% ethanol and water selfadministration at p<0.01.

Electrophysiological Responses within the NAc; Control vs. CR25%
Due to the close proximity of recording sites on the electrode shanks, all
responses from recording channels were collated for the following analysis across
control and CR25% groups. A two-way ANOVA revealed a significant interaction effect
[F (1, 20) = 2.350, p = 0.0024; Fig. 8A] and a main effect for group across time points in
the frequency of neural spike activity (impulses/sec) between the self-administration of
10% ethanol and water [F (1, 20) = 32.47, p = 0.0013; Fig. 4A]. Bonferroni posttests
identified significantly more activity in response to 10% ethanol compared to water at
time points -0.5, 0, 0.5, and 1 second within control animals, with time point 0 depicting
consumption (Fig 4A). At time point 0 a paired t-test found significantly greater spike
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activity within the NAc in response to the consumption of 10% ethanol in comparison to
that of water [t (3) = 5.677, p = 0.0108; Fig 4B]. These patterns of spike activity were
consistently found in each individual control animal (Fig 5A-D)
No main effects were found in the frequency of spike activity within the NAc in
response to the self-administration of 10% ethanol or water in CR25% animals over a -5
to 5 second period prior to and following consumption (Fig. 6A). At time point 0 a
paired t-test found that neural spike activity within the NAc of CR25% animals did not
differ in frequency upon the consumption of 10% ethanol or water (Fig 6B). These
patterns of spike activity were also consistently found in each individual CR25% animal
(Fig 7A-D)
A two-way ANOVA did not reveal any significant main effects between control
and CR25% animals in frequency of spike activity within the NAc in response to the
self-administration of 10% ethanol or water over a -5 to 5 sec period prior to and
following consumption (Fig. 8A and B). At time point 0 depicting the consumption of
either 10% ethanol or water, unpaired t-tests revealed significantly greater frequency of
spike activity within the NAc in response to ethanol consumption in control animals,
compared to the CR25% group [t (6) = 4.629, p = 0.0036; Fig 8C]. It was also found that
CR25% animals displayed greater frequency of spike activity in response to water
consumption than that of controls [t (6) = 2.644, p = 0.0383; Fig 8C], whilst showing no
difference in responses between 10% ethanol and water consumption [t (3) = 1.641, p =
0.1993; Fig 8C]. The frequency of spike activity within control animals was greater in
response to the consumption of 10% ethanol in comparison to water [t (3) =5.677, p =
0.0108; Fig 8C].
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Figure 4. Mean (± SEM) spike activity in frequency impulses/second in response to the
self-administration of 10% ethanol and water within the NAc at time points -5 to 5 secs
following self-administration, with time point 0 being consumption in control animals
(120 units) (A). Mean (± SEM) spike activity in frequency impulses/second at time point
0 in response to 10% ethanol and water consumption (B). Perievent histogram within a
single unit of the NAc of a control animal, in response to the self-administration of 10%
ethanol (C) and water (D). **denotes a significant difference between 10% ethanol and
water self-administration at p<0.01; ***denotes a significant difference between 10%
ethanol and water self-administration at p<0.001.
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Figure 5. Mean spike activity in frequency impulses/second in response to the selfadministration of 10% ethanol and water within the NAc at time points -5 to 5 secs
following self-administration, with time point 0 being consumption in each control
animal (120 units) (A-D).

154

A
Frequency (imp/sec)

10% Etoh
Water

20

10

Frequency (imp/sec)

C
30

0

40

Ethanol

CR25% 112-18
Channel 9

30
20

10
0

-5 -4 -3 -2 -1

0

B

1

2

3

4

-5 -4

5

-3 -2 -1

0

1

2

3

4

5

D
40

Frequency (imp/sec)

Water

CR25% 112-18
Channel 9

30
20

10
0
-5 -4

-3

-2

-1

0

1

2

3

4

5

Figure 6. Mean (± SEM) spike activity in frequency impulses/second in response to the
self-administration of 10% ethanol and water within the NAc at time points -5 to 5 secs
following self-administration, with time point 0 being consumption in CR25% animals
(120 units) (A). Mean (± SEM) spike activity in frequency impulses/second at time point
0 in response to 10% ethanol and water consumption (B). Perievent histogram within a
single unit of the NAc of a CR25% animal, in response to the self-administration of 10%
ethanol (C) and water (D).

155

A

C

CR25% 112-14

B

CR25% 112-18

D

CR25% 112-22

CR25% 112-20

Figure 7. Mean spike activity in frequency impulses/second in response to the selfadministration of 10% ethanol and water within the NAc at time points -5 to 5 secs
following self-administration, with time point 0 being consumption in each CR25%
animal (120 units) (A-D)
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Figure 8. Mean (± SEM) spike activity in frequency impulses/second in response to the
self-administration of 10% ethanol (A) and water (B) within the NAc between control
(120 units) and CR25% (120 units) animals. Mean (± SEM) spike activity in frequency
impulses/second at time point 0 in response to 10% ethanol and water consumption for
both control and CR25% groups (C). *denotes a significant difference at p<0.05; **
denotes a significant difference at p<0.01.

Two-way ANOVAS revealed no significant differences in neuronal spike
frequency within the NAc in response to lever presses associated with the selfadministration of 10% ethanol or water in control animals (Fig. 9A). Similarly, in the
CR25% group there were no differences found between activity associated with 10%
ethanol lever presses and water paired lever presses (Fig. 9B).
In comparing neuronal responses within the NAc between control and CR25%
animals, no differences were found in the frequency of spike activity associated with
lever presses for the self-administration of 10% ethanol (Fig. 10A). In addition, there
were no significant differences in spike frequency in response to lever presses associated
with the self-administration of water between control and CR25% groups (Fig. 10B).
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Figure 9. Mean (± SEM) spike activity in frequency impulses/second in response to
lever presses associated with both 10% ethanol and water within the NAc between
control (A) and CR25% animals (B). Perievent histogram within a single unit of the
NAc in response to an ethanol lever press and water lever press of a control (C) and
CR25% animal (D).
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Figure 10. Mean (± SEM) spike activity in frequency impulses/second in response to
lever presses associated with both 10% ethanol (A) and water (B) within the NAc
between control and CR25% animals.

Electrophysiological Responses within the NAc; Reward vs. Lever Press in Control and
CR25% animals.
A two-way ANOVA revealed a significant interaction effect [F (1,20) = 3.227, p
<0.0001; Fig. 11A] and a main effect for condition across time points in the frequency of
spike activity between the self-administration of 10% ethanol and lever pressing for 10%
ethanol [F (1,20) = 3.104, p <0.0001; Fig. 11A], with Bonferroni posttests identifying
significantly more activity in response to 10% ethanol consumption compared to lever
pressing for an ethanol reward at time points -0.5, and 0 within control animals (Fig
11A). No significant differences in neuronal spike frequency within the NAc in response
to lever presses associated with the self-administration of water and water consumption
were observed in control animals (Fig. 11B).
Two-way ANOVAs revealed no significant differences in neuronal spike
frequency within the NAc in response to lever presses associated with the selfadministration of 10% ethanol or ethanol consumption in CR25% animals (Fig. 11C). In
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contrast the CR25% group displayed an increased frequency of spike activity within the
NAc in response to water consumption in comparison to water paired lever presses (p=
<0.01; Fig. 11D).
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Figure 11. Mean (± SEM) spike activity in frequency impulses/second in response to the
self-administration of 10% ethanol and lever presses for ethanol in control (A) and
CR25% animals (C). Mean (± SEM) spike activity in frequency impulses/second in
response to the self-administration of water and lever presses for water in control (B)
and CR25% animals (D). *denotes a significant difference at p<0.05; ** denotes a
significant difference at p<0.01.

Verification of Electrode Placement.
Due to the close proximity of recording sites all responses recorded from all
channels spanning both shanks of the electrode were collated for analysis and were most
reflective of NAcc activity. Histological verification of electrode sites for each animal
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included in the present analysis indicated that electrode shanks were within the borders
of the NAcc and of the superficial border of the NAcs. Of a total of 240 recording sites
across all subjects (30 per animal), 83% of these (n=100) sites were found to be located
within the NAc core of control animals, with the remaining 17% (n=20) found to be
within the superficial border of the NAcs of control animals; whilst 87% (n=105)
recording sites were located within the NAc core of the CR25% group, with the
remaining 13% (n=15) located on the border of the NAcs of CR25% animals (Fig 12).
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Figure 12. (A) Horizontal section depicting histological target localization of electrode
implantation within the NAcs of control and CR25% animals. Of a total of 240
recording sites (30 per animal), 83% (n=100) sites were located in the NAcc and 17%
(n=20) on the border of the NAcs of control animals, with a further 87% (n=105) in the
NAcc and 13% (n=15) located on the superficial border of the NAcs of CR25% animals
(B-C). * indicates controls electrode placements and * CR25% electrode placements. (E)
Depicts localization of an electrode in a control animal with the comparative cresyl
violet histological section of that animal.
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Discussion
The main findings of this study suggest that the administration of a CR25%
dietary regime can alter typical spike activity within the NAc in response to the selfadministration of 10% ethanol and water in the alcohol preferring rat, and further may
explain the behavioural disparities of intake, preference, and relapse, observed in
previous work (Guccione, Djouma, et al., 2012; Guccione, Penman, et al., 2012) . The
lack of a preference for 10% ethanol during an operant self-administration paradigm
seen in CR25% animals, is in contrast to what was previously found when using an
operant model (Guccione, Penman, et al., 2012). However this was not surprising given
the duration of testing within the chamber was considerably greater within this study.
Limited access paradigms typically result in a higher preference for 10% ethanol
(Sanchis-Segura & Spanagel, 2006), therefore the duration of repeated behavioural
testing within this study may have been sufficient in eliciting a behavioural response
similar to what has been found in our unpublished unlimited free-choice paradigm,
whereby CR25% animals consumed 10% ethanol and water at equivalent levels. The
lack of preference for 10% ethanol observed in both this study, and previous
unpublished work, suggests that CR may be mediating changes in the reward propensity
of 10% ethanol.
As expected, differential neuronal responses within the NAc, associated with the
consumption of 10% ethanol versus water, was found in control animals, Over a 10
second time period, consisting -5 to 5 seconds (prior and following time point 0, being
consumption), spike frequency (impulses/sec) within the NAc was greater in response to
10% ethanol compared to that of water. The neuronal activation observed in control
animals was in contrast to what was found in the CR25% group. In this group it was
found that over time points -5 to 5, spike activity was not different in response to the
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consumption of 10% ethanol versus water, indicating the enhanced accumbal-mediated
effects of 10% ethanol was diminished in the CR25% group. In fact, activation of the
NAc at time point 0, being the consumption of 10% ethanol, was significantly reduced
within this group; additionally, the CR25% group displayed a significantly increased
response to water consumption in comparison to controls. This result may be attributable
to the behavioural differences that were observed within the CR25% group being that
CR25% animals self-administered equivalent 10% ethanol and water rewards. There is
evidence to suggest that phasic discharges of NAc activity are correlated with preference
for 10% ethanol (Robinson & Carelli, 2008). It was previously found that rats with a
high preference for alcohol versus low preference, will exhibit a greater proportion of
ethanol selective activity within the NAc in response to ethanol (Robinson & Carelli,
2008). Similarly, NAc activation has also been suggested to be sensitive to the relative
value of a reward, with greater activation being observed in response to the consumption
of juice reward that was also consumed at the greatest preference (Sharif & Fields,
2005). Further, alcohol preferring in comparison to non-preferring rat strains have also
been found to show a greater release of DA following ethanol exposure (Bustamante, et
al., 2008; Cloninger, 1987). Taken collectively, these results indicate that CR may have
the propensity to alter the reinforcing properties of ethanol in animals that are
predisposed to alcohol-seeking behaviour.
The responses that were found in control animals were also consistent with what
has been previously observed when investigating neuronal spike activity within the NAc
during cocaine self-administration (Chang, Paris, Sawyer, Kirillov, & Woodward, 1996).
What is of particular interest is the ability of CR to alter this effect. There are studies that
have suggested that CR enhances the effects of cocaine (Zheng, Cabeza de Vaca, &
Carr, 2012) and increases ethanol consumption in non-preferring rat strains (Soderpalm
& Hansen, 1999; Stewart & Grupp, 1984), however, the CR regimes imposed in these
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studies have varied in the extremity of restrictive diets as well as the duration.
Furthermore the current work implicates that the potential beneficial effects of CR acting
to reduce the predisposition of alcohol addiction, is specific to the alcohol preferring rat
strain and is perhaps dependent upon an initial vulnerability to alcohol addiction.
The critical involvement of the release of DA, for drug reinforcement and the
modulation of behavioural responses associated with reward motivation, is one that has
been strongly supported and dates back to the 1970’s (Fidiger, 1978; Tisch, Silberstein,
Limousin-Dowsey, & Jahanshahi, 2004; Wise, 1978, 2004; Wise & Bozarth, 1987). It
has been found that increases in the release of DA in response to drug administration,
show synchronization with reward related cues and behaviour (Carelli, 2004; Nicola &
Deadwyler, 2000), and further is correlated with increases in neuronal firing (Wightman
& Robinson, 2002). There is evidence to suggest that restricted dietary regimes can alter
the functioning of DA (Diao, Bickford, Stevens, Cline, & Gerhart, 1997; Roth, Ingram,
& Joseph, 1984). It has also been found that the functional coupling of DA and
dopamine 2 receptors (D2R) as well as D2R availability, is increased in food restricted
animals (Carr, Tsimberg, Berman, & Yamamoto, 2003; Thanos, et al., 2001). This
receptor subtype is heavily implicated in modulating the perceived liking for a drug and
further inversely correlated (Volkow, et al., 2002; Volkow, et al., 1999). Therefore it can
be stipulated that the CR-induced effects on neuronal activity within the NAc of CR
animals in comparison to controls may be attributable to alterations in DA functioning as
well as D2R availability within CR25% rats. This may in turn also be modulating a
diminished reward value of ethanol in CR25% animals and further reflective in the
electrophysiological responses being observed in this study.
When assessing lever press behaviour, neither control, or CR25% animals,
showed a difference in spike frequency within NAc in response to a lever press for 10%
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ethanol or water. Research has identified that subsets of NAc neurons will not display
specific patterns between two reinforcers, being an ethanol lever press versus a water
lever press (Robinson & Carelli, 2008). Further, it has been found that only specific
populations will differentiate between the two (Carelli, et al., 2000; Carelli &
Wondolowski, 2006; Chang, Janak, & Woodward, 1998; Robinson & Carelli, 2008). It
is likely that any differences in activation associated specifically to lever pressing for
ethanol in this study, may only be occurring in specific neural populations and therefore
unapparent in these results.
The comparison of spike activity within NAc in response to a lever press versus
the attainment of the reward associated specifically to that reinforcer, found control
animals displaying significantly different firing patterns during the attainment of ethanol
than that of water. Elevated neural activity was observed when control animals
consumed 10% ethanol, which was differential to the responses obtained when lever
pressing for this reward. Activity associated with an ethanol paired lever press showed a
suppression of neural activity. This was not the case in the CR25% group. No
differences in firing patterns were observed in response to ethanol consumption versus
lever press in the CR25% group. However in response to the attainment of a water
reward, CR25% animals did display differential neural activation similar to what was
observed in control animals during the attainment of ethanol. Increased responses upon
the consumption of water compared to the respective lever press reinforcer, which also
displayed a brief suppression of activity at time point 0, was found in CR25% animals.
These results provide further support of a CR-induced effect in altering the reward
propensity of both 10% ethanol and water within this strain of rat.
Electrophysiological responses were recorded from the NAc which consisted of
both NAcc and the superficial border of the NAcs in both control and CR25% animals. It
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is suggested in the literature that these sub regions are responsible for different
modulatory aspects of addiction (Chiara, 2002; Corbit, et al., 2001). More specifically
the NAcc has been suggested to be critically involved in the process of sensitization to
drug-induced stimulation (Chiara, 2002), hence in this paradigm, the consumption of
10% ethanol. In contrast the NAcs has been implicated for its involvement in
strengthening incentive stimulus-drug associations (Chiara, 2002). In an operant
paradigm this would primarily be associated with either a cue association or lever press.
Lesioning these sub regions independently have resulted in behavioural outcomes in
support of this view (Corbit, et al., 2001). However, given the close proximity of
recording sites on the electrodes used in this study were unable to accurately
differentiate any differences between NAcc and NAcs responses in control or CR25%
groups. We assume that neural activity occurring in both sub regions was responsible for
the spike activity recorded in response to either lever pressing for a reward (10% ethanol
or water) or its consumption, with the majority of responses being reflective of NAcc
activity.
Research suggests that activation within both the NAcc and NAcs is increased
when animals are consuming alcohol (Porrino, Whitlow, et al., 1998; Porrino, WilliamsHemby, et al., 1998; Robinson & Carelli, 2008). Furthermore, electrical stimulation of
these sub regions independently have failed to demonstrate differential effects on
alcohol consumption suggesting that both are equally activated in the attainment of
ethanol rewards (Knapp, Tozier, Pak, Circaulo, & Kornetsky, 2009). Therefore,
irrespective of functionality of the NAcc and NAcs independently, activation of both sub
regions of the NAc is considered necessary to result in behavioural outcomes associated
with an animal model of addiction. Therefore, overall activation of the NAc in response
to drug- seeking and reward-related behaviour is consistent with both NAcc and NAcs
activation as reported in several studies (Janak, Chang, & Woodward, 1999; Porrino,
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Whitlow, et al., 1998; Porrino, Williams-Hemby, et al., 1998; Robinson & Carelli,
2008).
In conclusion, results indicate that the implementation of a CR25% dietary
regime may have potential therapeutic implications for the treatment of alcoholism in
those that have a predisposition for its abuse. In addition to CR induced behavioural
alterations to preference for 10% ethanol over water, in a strain that naturally prefers
alcohol, results revealed that neural activation associated with the attainment and
consumption of this reward is altered. Furthermore, the lack of typical activation in
response to the self-administration of 10% ethanol in CR25% animals and contrary
increased activation for water may in turn be responsible for altering the hedonic impact
and reward propensity of ethanol therefore reducing any favorable preference for its
consumption. Future directions should focus on elucidating if CRs effects on DA and
D2R are responsible for altering neuronal activity in response to ethanol within the NAc.
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Chapter Six
Electrical Stimulation of the
Nucleus Accumbens (NAc)
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Abstract

Worldwide alcohol is the most widely used recreational drug, contributing
significantly to increases in both mortality and morbidity amongst its users. With the
incessant problem alcoholism poses in today’s society in addition to excessively high
rates of relapse, new therapeutic approaches for the treatment of this disorder are at the
forefront of addiction research. Deep brain stimulation (DBS) is currently being used as
a promising therapeutic modality to treat a range of psychological and movement
disorders, while also showing promise in the treatment of addiction. The aim of this
study was to explore the consequences of administering a low 25 µA intensity DBS of
the NAc, within an operant self-administration paradigm. Animals were trained to selfadminister either a 10% ethanol or water reward within an operant chamber. They then
underwent two testing conditions, whereby subjects were allowed to operantly selfadminister water paired with DBS (water/DBS) or water alone; and in condition two,
water/DBS versus 10% ethanol. It was found that all animals displayed an initial
preference for 10% ethanol over water in pre stimulation training sessions. During DBS
testing condition one, animals displayed a significant preference for the water/DBS
reward versus water with no stimulation. In testing condition two, animals selfadministered water/DBS and 10% ethanol rewards equally, however displayed a
decrease in overall preference for 10% ethanol when compared to pre stimulation
sessions whereby the alternate reward was water with no DBS. Taken collectively,
results obtained in this study indicate that the administration of DBS at a low intensity
does depict a promising outcome as a potential therapeutic approach for the treatment of
addiction as well as supporting the use of the NAc as a target site for future applications
of DBS on a therapeutic level.
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Introduction
Alcohol is the most widely used recreational drug worldwide, contributing
globally to increases in mortality and morbidity (Rehm, et al., 2009). The socioeconomic
burden associated with alcohol related problems in Australia alone, is estimated to be
$4.5 billion per annum (Australian Bureau of Statistics, 2006), with an equally
astounding figure of $167 billion per annum in the United States (National Institute of
Alcohol Abuse and Alcoholism, 2004). Whilst various behavioural and pharmacological
interventions have been used to treat alcoholism (Anton, 2001; Garbutt, West, Carey,
Lohr, & Crews, 1999), it is still considered to be a chronically relapsing disorder
whereby incidences of relapse are often reported to be as high as 80% amongst its users
(O'Brien, 2005). With the incessant problem the abuse of alcohol poses to both its users
and society in general, the investigation for advances in therapeutic options for the
treatment of this disorder has become of significant clinical import.
The technique of deep brain stimulation (DBS), which involves the surgical
implantation of an electrode used to deliver electrical stimulation to target brain areas,
has been found to be a promising therapeutic modality for several disorders. Researchers
have found that DBS can ameliorate symptoms associated with movement disorders
such as Parkinson’s disease (Krack, et al., 2003; Perlmutter & Mink, 2006) whilst also
proving to be efficacious in the treatment of a variety of psychiatric conditions
(Greenberg, et al., 2010; Kuhn, Lenartz, Mai, et al., 2007; Lozano, et al., 2008;
Schlaepfer, et al., 2008; Sturm, et al., 2003). In stimulating areas such as the subcallosal
cingulated gyrus and areas of the nucleus accumbens (NAc), improvements in the
symptomatic repertoire of disorders such as depression (Lozano, et al., 2008; Schlaepfer,
et al., 2008), Tourette-syndrome (Kuhn, Lenartz, Mai, et al., 2007), obsessivecompulsive disorder as well as anxiety disorders (Greenberg, et al., 2010; Sturm, et al.,
2003) have been found to occur in highly treatment-resistant patients. DBS of the NAc

178

in several animal studies has also yielded promising results for the potential treatment of
addiction (Henderson, et al., 2010; Knapp, Tozier, Pak, Circaulo, & Kornetsky, 2009;
Lui, et al., 2008; Vassoler, et al., 2008).
The NAc is a neuroanatomical site heavily implicated for its involvement in the
pathogenesis of drug dependence and reward processing (Carelli, 2002; Koob & Le
Moal, 2001; Steketee, Sorg, & Kalivas, 1992). Increases in neural activity as well as the
release of dopamine within the NAc, have been found to be associated with responses to
both the expectation, and the experience of a reward (Adinoff, 2004; de la FuenteFernandez, et al., 2002). Neuroimaging studies have also provided further evidence in
support of this structure’s involvement in reward processing, with researchers finding
increases in activity in the NAc to be correlated with euphoric effects induced by the
infusions of both cocaine (Breiter, et al., 1997) and amphetamines (Drevets, et al., 2001).
The presentation of other reward related stimuli such as pleasurable music (Blood &
Zatorre, 2001) and monetary rewards (Knutson, Fong, Bennett, Adams, & Hommer,
2003) has also been found to result in similar effects. Electrical stimulation of reward
related brain regions mimics this effect by increasing neuronal activity and
dopaminergic elevations within the NAc and ventral tegmental area (VTA) (You, Chen,
& Wise, 2001; You, Tzschentke, Brodin, & Wise, 1998). Stimulation of these sites can
either sensitize or desensitize responses to drugs of abuse (Levy, et al., 2007), therefore
it is not surprising that DBS has also been found to be applicable as a potential
therapeutic model in the treatment of addiction (Henderson, et al., 2010; Knapp, et al.,
2009; Kuhn, Lenartz, Huff, et al., 2007; Lui, et al., 2008; Vassoler, et al., 2008).
The administration of DBS within the NAc was recently found to result in a
reduction of consumption and preference for 10% ethanol, in the alcohol preferring rat
(Henderson, et al., 2010). In this study DBS was continuously administered at an
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intensity of 200 µA for either 1hr or 24hr testing periods to assess effects on established
alcohol consumption as well as following alcohol deprivation. Similarly, marked
reductions in 10% ethanol consumption were also found in a study that administered
DBS continuously across various intensities, ranging from 0 - 150 µA for a 30 minute
session (Knapp, et al., 2009). Both studies observed beneficial effects following
continuous DBS at high intensities either prior to, or throughout access to 10% ethanol
(Henderson, et al., 2010; Knapp, et al., 2009). However, the potential for DBS at a low
intensity to be a reward replacement within the context of drug self-administration was
not clearly delineated within these studies. Therefore what remains to be explored is the
ability for acute self-administered DBS to alter the reward value of a neutral reward such
as water, and the consequences of this on previously established ethanol intake and
preference.
The aim of this study was to investigate the extent to which a low intensity DBS
of the NAc, could alter preference for a neutral reward (water) versus 10% ethanol. It is
hypothesized that animals will self-administer a greater number of DBS paired with
water rewards (water/DBS) versus water rewards with no stimulation. Furthermore, it is
hypothesized that the preference for water/DBS versus water only will be equivalent to
that of 10% ethanol versus water. It is also hypothesized that animals will not show a
preference for the self-administration of 10% ethanol rewards when the alternative is
water/DBS.

180

Materials and Method
Animals
Six alcohol preferring (iP) rats (400-500g) originally procured from the Howard
Florey Institute, Melbourne University, were used for electrode implantation. All
animals were transferred from another project (La Trobe University Animal Ethics
Committee, Approval Number AEC 10-59) and had previously undergone behavioural
testing that involved the self-administration of 10% ethanol and water. Animals were
housed in individual plastic cages (30 x 50 x 15cm) in the same room, maintained at
22°C ± 1°C on a reverse 12:12h light/dark cycle with lights off at 10:00 h. Water and
standard rodent chow (Barastoc) were available ad libitum . All animal care and
experimentation were conducted in accordance with the protocol of the La Trobe
University Animal Ethics Committee, Approval Number AEC 09-07-H.
Behavioural Apparatus
Behavioural testing for this study was conducted in operant self-administration
conditioning chambers (Med Associates Inc., USA). The chamber was fitted with two
retractable response levers on each side panel of the chamber. A commutator was
positioned above the ceiling of the operant chamber to allow for unrestricted movement
of the animal whilst connected to tethered cable, used to administer stimulation. During
training, responses at the appropriate lever activated a syringe pump that delivered a
~100µl drop of fluid into a fluid receptacle. A computer connected to the chamber
running Med Associates – MED-PC IV software, controlled the delivery of fluids,
presentation of stimuli and recorded behavioural data.
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Electrode Implantation
Animals were prepared for electrode implantation in the following manner:
Subjects were initially anaesthetised using Ketamine (70 mg/kg) and Xylazine (10
mg/kg i.p) to a maximal volume of 500µl-1ml dependant on rat body mass. During the
initial induction phase, if at any stage a palpebral, withdrawal or corneal reflex was
present, supplementary doses of Ketamine and Xylazine were administered. Subsequent
anaesthesia was maintained throughout surgery using Isoflurane (1-3% in oxygen)
delivered via a nose cone. A rectal thermometer and a servo-controlled heating pad
placed under the animal was used to maintain body temperature at 37ºC throughout
surgical procedures.
The animal was placed in a stereotaxic frame and mounted on stereotaxic ear
bars to ensure the accuracy of electrode placement. The top of the animals head was
shaved and scrubbed with isopropyl alcohol and betadine to minimise irritation or
possible infection during recovery. A single 20mm midline cranial incision was made
over the site where the electrode was to be implanted and hydrogen peroxide (3%) was
applied to expose the skull. Stereotaxic co-ordinates were used to determine the position
of the nucleus accumbens (NC). The co-ordinates used, in accordance with the rat brain
atlas of Paxinos and Watson (Paxinos & Watson, 2007), were as follows; AP +1.4 to
+2.6mm; ML + 1.5mm; and DV – 6.8mm from the surface of the brain. A 2 x 16
channel electrode (A 2 x 16 – 10mm 100µm – 500 µm – 413 µm2, Neuronexus
Technologies, Inc.) was implanted into the NAc, which allowed for electrical stimulation
across 16 channels. A ground wire was secured to a bone screw attached to the scull
(approximately 0.5mm into the skull), placed posterior to the craniotomy. Silicon
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elastomer (Kwik-Sil, Coherent scientific) was then applied to protect the electrode. The
entire construct was secured with dental acrylic cement and a purse-string suture was
used to aid in wound closure.
Following implantation animals were removed from the stereotaxic frame, and
placed in their home cages on top of a homoeothermic blanket to aid in the recovery
from anaesthesia. Rats were permitted 5-7 days to recover from surgical procedures
before behavioural testing commenced. Subjects were monitored daily post implantation
and carprofen (5mg/kg, s.c) was administered as a pre-emptive analgesic agent both
prior to surgery, and three days following surgery.

Procedure
Operant Self-administration Procedure:
Approximately one week post electrode implantation, animals underwent an initial
overnight 16hr training session within an operant self-administration conditioning
chamber. Rats were required to lever-press on a fixed ratio requirement of 2 (FR2; i.e.
rats are required to press the lever two times to receive the reward) for either water or
10% ethanol solution; with food also made available. Animals then underwent daily
operant sessions of self-administration for 2 hours. At the completion of this, animals
were then were able to discriminate reward paired levers versus neutral levers (water),
ethanol paired levers were counterbalanced across animals.
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Deep Brain Stimulation
Deep brain stimulation (DBS) sessions (2 hrs.) commenced following training in
an operant chamber whereby animals self-administered either neutral (water) or 10%
ethanol rewards. Animals underwent testing under two conditions; the first of these
consisted of the animal self-administering either a water reward or alternatively a water
reward paired with DBS(water/DBS); the second condition involved the selfadministration of a water/DBS reward or a 10% ethanol reward (see Figure 1). At the
initiation of these sessions, a tethered cable (omnetics male dual row connector Triangle
BioSystems, International.) was secured to the electrode connector (female dual row)
cemented on the animals head. This cable was connected to an AC32 commutator
(Tucker-Davis Technologies) positioned above the operant chamber and permitted
unrestricted movement of the animal within the operant chamber. A TDT (Tucker-Davis
Technologies) system consisting of an RZ2 multi-channel neurophysiology workstation;
RX6 multifunction processor and; RX7 micro stimulator base station (Tucker-Davis
Technologies) was used to collect data as well as administer DBS. A modified cable
connecting Med-PC equipment with the RX6, enabled DBS to be administered during
relevant epoch events (eg; detection of lever press, head entry, etc.). DBS was selfadministered upon head entry following a lever press on the appropriate side of the
operant chamber. It was administered at a frequency of 400 Hz, a pulse width of 120
µsec, and a current intensity of 25 µA applied to 8 active electrodes on one shank and
the remaining 8 as a reference on the alternate shank. The current intensity used was
determined by the minimum intensity required to illicit a behavioural response. TDT
software Open Project, was used to collect data.
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Lever Press
Syringe activation
– water dispensed

Head Entry
DBS

Figure 1. Schematic drawing of the DBS protocol. A lever press resulted in the
activation of the syringe, dispensing a water reward into the fluid receptacle. Low
intensity DBS occurred upon head entry following these events for 120 µsec.

Brain histology and Verification of Electrode Placements
Following the conclusion of DBS sessions, animals were overdosed with
lethobarb and perfused transcardially with a 4% paraformaldehyde solution. Following
perfusion, the brain was removed and initially stored in 4% paraformaldehyde, followed
by being cryoprotected in a 10%, 20% and 30% sucrose solution and subsequently
stored at -20° C. The brain was cut horizontally in 50µm sections using a cryostat (Leica
CM 1850, Leica Microsystems, Inc.). Tissue sections were then mounted on slides and
counterstained using cresyl violet. Electrode placement was identified under light
microscopy and dependant on insertion tracks as well as tissue damage caused by the
electrodes.

Statistical Analysis
Statistical analysis was performed using GraphPad Prism 5.00 which was also
used to create all graphs. All data is expressed as the mean ± SEM and was analysed
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using both paired and unpaired t-tests. For all statistical calculations, significance was
considered at a value of p ≤ 0.05.

Results
Operant Self-administration Training
All animals underwent operant training sessions to acquire lever pressing and
establish a preference for the self-administration of a reward (10% ethanol) versus a
neutral reward (water). Following the overnight operant training session animals
displayed a significant preference for 10% ethanol over water [t (5) = 5.191, p = 0.0035;
Fig. 2A]. Similarly when animals were tested for shorter daily operant selfadministration sessions, the preference for 10% ethanol over water was maintained, with
all animals self-administering significantly more 10% ethanol rewards than water with a
mean of 24.95 ± 5.69 10% ethanol rewards compared to 9.94 ± 1.61 water rewards [t
(17) = 2.427, p = 0.0266; Fig. 2B].
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20
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0

0
10% Etoh

Water

10% Etoh

Water

Figure 2. Mean (± SEM) (A) rewards during overnight training session for both 10%
ethanol and water (n = 6), (B) rewards during daily operant (2hr) sessions for both 10%
ethanol and water (n = 6). *denotes a significant difference between 10% ethanol and
water self-administration at p < 0.05; ** denotes a significant difference between 10%
ethanol and water self-administration at p < 0.01.
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Deep Brain Stimulation
Animals that underwent the first DBS condition were allowed to self-administer
either a water reward or a water reward paired with DBS. A paired t-test found that
animals displayed a significant preference for the water reward paired with DBS over
water only [t (14) = 5.322, p = 0.0001; Fig. 3] with a mean self-administration of 15.93
± 2.49 compared with mean self-administration of water of 4.33 ± 0.91.
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***

20
10
0
Water/DBS

Water

Figure 3. Mean (± SEM) rewards during DBS sessions for both water reward paired
with the delivery of DBS and water only (n = 6). ***denotes a significant difference
between Water/DBS and water self-administration at p < 0.0001.

Under the second condition of testing, animals underwent operant selfadministration sessions with a choice of self-administering either a 10% ethanol reward
or a water/DBS reward. No preference for ethanol was found when the alternate choice
of self-administration was a water reward paired with the delivery of DBS with a mean
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of 14.2 ± 5.19 10% ethanol rewards compared to 15.10 ± 4.75 water/DBS rewards [t (9)
= 0.1874, p = 0.8555; Fig. 4].
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20
10
0
Ethanol

Water/DBS

Figure 4. Mean (± SEM) rewards during DBS sessions for both 10% ethanol rewards
and a water reward paired with the delivery of DBS (n = 4).

In comparing the percentage of preference during different conditions, animals
displayed a significant preference for 10% ethanol over water [t (17) = 1.825, p =
0.0428]; water paired with the delivery of DBS vs. water only [t (14) = 9.226, p <
0.000]; and equal preference for 10% ethanol and water/DBS [t (9) = 0.7414, p =
0.4774; Fig. 5A]. It was also found that there was no significant difference between the
preference of self-administration of 10% ethanol, under water vs. 10% ethanol condition,
and water/DBS, under water vs. Water/DBS condition [t (31) = 1.803, p = 0.0811; Fig.
5A]. A one-way ANOVA revealed a significant effect in difference in preference across
testing conditions [F (2 41) = 5.642, p = 0.0068], with Newman-Keuls post hoc analysis
showing differences between all conditions except for 10% Etoh vs. Water and
water/DBS vs. water.
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Figure 5. Mean (± SEM) (A) preference (%) during all testing conditions; water vs. 10%
ethanol (n = 6); water vs. Water paired with the delivery of DBS (n = 6); and 10%
ethanol vs. water paired with the delivery of DBS (n = 4), (B) difference in preference
(%) across testing conditions. *denotes a significant at p < 0.05; ** denotes a significant
difference at p < 0.01; ***denotes a significant difference at p < 0.0001.
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Electrode Placement Sites
Histological verification of electrode sites for each animal included in the present
analysis indicated that electrode shanks were within the borders of the NAc core and on
the superficial border of the NAc shell. Of a total 96 stimulation sites across all subjects
(16 per animal), 84% of these (n=80) sites were found to be located in the NAc core
whilst the remaining 16% (n=16) was identified on the superficial border of the NAcs.
Given that the electrodes used in this study stimulated across shanks these calculations
are approximates.
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Figure 6. (A) Horizontal section depicting histological target localization of electrode
placement within the NAc .Of a total of 96 stimulation sites (16 per animal), 80% (n=84)
sites were located in the NAc core (NAcc) and 16% (n=16) on the superficial border of
the shell (NAcs) (B-D). * indicates electrode placements. Sections A through to G
depicted above are adapted from the atlas of Paxinos and Watson (2007). (E) Depicts
localization of an electrode with the comparative cresyl violet histological section of that
animal (C).
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Discussion
The main findings of this study indicate that low intensity self-administered DBS
of the NAc, consisting of both the core and shell areas, will increase the reward value of
water while also diminishing a preference for 10% ethanol. Animals used in this study
had previously been exposed to 10% ethanol and displayed established alcohol
consumption. When placed in an operant chamber and allowed to self-administer either
a water reward or a water/DBS reward, animals displayed a significant preference for the
reward paired with DBS. Animals displayed an equivalent preference for the water/DBS
versus water, to that of 10% ethanol versus water in the pre stimulation training sessions.
Under testing condition two, no preference was found in the self-administration of 10%
ethanol and water/DBS. It was also found that animals had decreased their selfadministration of 10% ethanol under this testing condition compared to pre stimulation
sessions, whereby animals self-administered a mean of 24.95 10% ethanol rewards in
comparison to 15.10 rewards when offered with a water/DBS alternative. Differences in
preference of self-administered rewards across testing conditions also found a significant
drop in preference for 10% ethanol when the alternative reward was water/DBS
compared to water only.
The technique of electrical DBS is hypothesized to result in similar activation of
neural circuits that are typically observed in response to natural rewards and drugs of
abuse (Wise, 1996). Specifically to activation occurring within the NAc, all drugs of
abuse are thought to increase activity as well as the release of dopamine within this
region (Breiter, et al., 1997; Drevets, et al., 2001; Nestler, 2001). Studies that have
explored the functionality of the NAc relative to drug-seeking and reward related
behavior, have identified the sub regions NAc core (NAcc) and NAc shell (NAcs) as
possibly being involved in modulating different facets of addictive behaviours (Chiara,
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2002; Corbit, Muir, & Balleine, 2001). The NAcs has been implicated for its
involvement in strengthening incentive stimulus-drug associations, in contrast to the
NAcc, which is suggested to play a key role in the process of sensitization to druginduced stimulation (Chiara, 2002). Lesioning these sub regions independently have
resulted in behavioural outcomes in support of this view (Corbit, et al., 2001). However,
electrophysiological and brain metabolism studies have also found that activation within
both the NAcc and NAcs, is increased when animals are consuming alcoholic solutions
(Porrino, Whitlow, & Samson, 1998; Porrino, Williams-Hemby, Whitlow, Bowen, &
Samson, 1998; Robinson & Carelli, 2008). Furthermore, studies that have individually
stimulated both core and shell sub-regions of NAc, failed to demonstrate differential
effects on alcohol consumption (Knapp, et al., 2009). Therefore, irrespective of
functionality, activation of both sub-regions of the NAc is necessary to result in a
composite model of addiction.
With research suggesting dual activation across sub-regions of the NAc in
response to alcohol consumption (Knapp, et al., 2009; Porrino, Whitlow, et al., 1998;
Porrino, Williams-Hemby, et al., 1998; Robinson & Carelli, 2008), the selfadministration of DBS within this study may be mimicking the rewarding effects of 10%
ethanol with that of water when DBS is paired with the water reward. Therefore when
increasing the activity within the NACc and NAcs while animals are self-administering a
water reward, it is not surprising that animals self-administering water/DBS display
behavioural responses of intake and preference that are not dissimilar to what is found in
alcohol preferring rats self-administering 10% ethanol rewards, when the alternative
reward offered in an operant behavioural paradigm is water.
Testing conditions that allowed for animals to operantly self-administer a
water/DBS reward or alternatively a 10% ethanol reward, also saw subjects initial
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preference for 10% ethanol, diminish. These findings may be a result of the
administration of DBS either heightening the salience of a water reward to an equivalent
hedonic value of 10% ethanol, or alternatively DBS may be involved in sensitizing druginduced stimulation that naturally occurs in response to the consumption of 10% ethanol.
When animals underwent the testing condition that allowed the self-administration of
water/DBS versus 10% ethanol, the increased activity within the NAc being induced by
DBS upon water self-administration may have increased the hedonic impact of water,
reflected by animals displaying equal preference for both 10% ethanol and water/DBS.
Alternatively, the administration of DBS may be resulting in a sensitization of the effects
typically found to occur in response to the consumption of 10% ethanol. If DBS being
administered during the self-administration of the water/DBS reward is sensitizing the
effects of 10%, the equal consumption of both 10% ethanol and water, when paired with
DBS, may be attributable to this effect. Therefore the increased self-administration of
water under the condition whereby water is paired with DBS may be purely reflective of
a reduced preference for 10% ethanol or a decrease in the hedonic impact of alcohol.
This result would be comparable to studies that have observed decreases in alcohol
consumption (Henderson, et al., 2010; Knapp, et al., 2009), the reinstatement to cocaine
(Vassoler, et al., 2008) and morphine reinforcement (Liu, et al., 2008), as a result of
DBS .
It cannot be definitively determined if the results obtained in this study are
directly attributable to DBS reducing sensitization to the effects of 10% ethanol
consumption; given that animals also display significant preference for the selfadministration of water/DBS versus water alone. This suggests that DBS is contributing
in some form to increasing the hedonic impact of the water reward when it is paired with
its delivery. Regardless of its definitive effects, the administration of DBS at a low
intensity does depict a promising outcome as a potential therapeutic approach for the
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treatment of addiction. This study also further emphasizes the significant role of the
NAc in not only mediating critical components of drug addiction, but also providing
support for its use as an attractive target site for future applications of DBS on a
therapeutic level.
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Introduction
Calorie restriction (CR) refers to an overall reduction of the amount of calories
consumed (Mattson, Duan, & Guo, 2003) while maintaining the composition of the diet
in terms of vitamins, minerals, protein, etc in the interest of avoiding undernutrition or
malnutrition (Koubova & Guarente, 2003). The implementation of a CR regime in
animal studies, has emphasized its ability to increase longevity as well as delay a wide
spectrum of diseases ranging from autoimmune to neurodegenerative disorders
(Fernandes & Good, 1984; Fernandes, Venkatraman, Turturro, Attwood, & Hart, 1997;
Hurbert, Laroque, Gilbert, & Keenan, 2000; McCay, Cromwell, & Maynard, 1935;
Pahlavani, 2000). In addition, it has been found that CR induces various behavioural
effects, which include attenuating anxiogenic states (Govic, Levay, Kent, & Paolini,
2009; Inoue, et al., 2004; Levay, Govic, Penman, Paolini, & Kent, 2007). With
heightened levels of anxiety considered a predisposing and predictive factor for
addiction and relapse, the series of studies presented in this thesis sought to elucidate the
whether a CR regime had the capacity to alter addiction and relapse in the alcohol
preferring rat. This strain of rat is considered to be genetically predisposed to anxiety
(Pandey, Carr, Heilig, Ilveskoski, & Thiele, 2003) and display a high vulnerability to
alcohol addiction (Adams, Cowen, Short, & Lawrence, 2008; Overstreet, Knapp, &
Breese, 2007; Rodd-Henricks, et al., 2000). Moreover, the effects of CR on the
associated responses within the nucleus accumbens (NAc), in response to alcohol, as
well as the role of the NAc were also systematically characterized.
To a larger or lesser extent all of these aims were addressed with some
interesting and unexpected findings. These findings will be re-explored briefly and
discussed in regard to the existing literature. Additionally, the methodological
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limitations and problems encountered within each study will be explored. This will be
followed by suggestions for future directions for this line of research.

CR Regime and Body Weight
The series of experiments comprising this thesis were designed to examine the
impact of a CR25% regimen, on various behavioural and electrophysiological measures.
Seven-week-old male alcohol preferring rats were chronically restricted by 25% of an ad
libitium diet for 4-weeks, and maintained on this restriction throughout the experimental
period. All cohorts of animals demonstrated the same pattern in weight loss and gain.
The CR25% group demonstrated retardation in weight gain which is expected and
consistent with literature (Hurbert, et al., 2000).

Behavioural Consequences of CR in the Alcohol Preferring Rat
Effects on Anxiety-like Behavior
The ability of CR to result in alterations of anxiogenic states within the rat have
been addressed in various previous works (Abbott, et al., 2009; Heiderstadt,
McLaughlin, Wright, Walker, & Gomez-Sanchez, 2000; Inoue, et al., 2004; Levay, et
al., 2007; Levay, et al., 2008; Smart, 1974). To date, much of the research on CRinduced anxiolytic effects have not been specific to the strain of rat used. For example,
research has found a diminution of anxiety-like behavior, detectable in the elevated plus
maze (EPM) as well as the open field test, as a result of varying degrees of CR, ranging
from 25% to 50% restriction in rat strains that include outbred Hooded Listers, Wistars
and Hooded Wistars (Abbott, et al., 2009; Heiderstadt, et al., 2000; Inoue, et al., 2004;
Levay, et al., 2007; Levay, et al., 2008; Smart, 1974). We therefore sought to replicate
this finding in a strain of rat that displays a more anxious phenotype prior to any
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experimental intervention, and therefore possibly delineate if CR could potentially be of
therapeutic benefit.
In accordance with the literature, an anxiolytic effect was observed in the alcohol
preferring rat when administered a CR of 25% for a period of four weeks prior to
behavioural testing. This regime was based on previous work that has found this
duration of restriction, and restriction level, to be adequate in eliciting an anxiolytic
response (Levay, et al., 2007). In contrast to their ad libitum fed counterparts, the
CR25% group made more entries and spent more time in the open arms of the EPM.
However, the anxiolytic behavioural effects in the CR25% group were not successful in
altering typical behaviour in the open field test. This inconsistency may be attributable to
strain specific differences, given that the effects of CR have not, to our knowledge, been
tested in the alcohol preferring rat strain. Furthermore, the lack of evidence for an
anxiolytic effect of CR25% in the open field test may also be a result of these tests not
necessarily measuring the same quantitative trait loci (Turri, Datta, DeFries, Henderson,
& Flint, 2001).
When considering CR-induced anxiolytic effects relative to behavioural
measures that depend on exploratory behavior, it is also important to consider the
likelihood of this effect being a result of increased food seeking behavior. All animals
that were administered a CR regime in these studies were given a comparatively mild
restriction of 25%, in comparison to more severe restrictions of 50- 70% in other studies
(Levay, et al., 2007; Weindruch & Walford, 1988). Subjects were also tested a
minimum of two hours after lights off and the presentation of food as a means of
controlling for the likelihood of foraging behaviour. The anxiolytic-like behavioural
changes that were exhibited in the CR25% group were not attributable to possible
increases in locomotor activity, given that distance travelled (measured in cms,) and
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overall entries made in the EPM did not differ between groups. Additionally, reduced
anxiety-like behaviour in CR rats has also been found in social interaction tests that are
not dependent on exploratory behaviour nor affected by locomotor activity (Govic,
Levay, Kent, & Paolini, 2008). Given that CR25% animals did not show any differences
in locomotor activity or overall arm entry it is unlikely the results obtained from the
EPM are indicative of increased exploration due to hunger. Furthermore, typical
exploratory behaviour in the EPM favors the closed arms (Hogg, 1996) which was found
in control animals but not in the CR25% group.
Overall we addressed our aim of examining if the CR-induced anxiolytic effects
are also observed in the alcohol preferring rat. The alcohol preferring rat is a rat strain
genetically predisposed to display heightened levels of anxiety (Pandey, et al., 2003).
This behavioural repertoire implicates this strain of rat for its vulnerability in also
displaying highly addictive traits. Although anxiety-like traits are not entirely
responsible for this strain’s alcohol preferring nature, it is heavily implicated as a
predisposing and predictive factor for addiction and relapse-like behaviour (Breese,
Overstreet, & Knapp, 2005; Sinha, 2001). Therefore, we aimed to extend upon this
finding and elucidate if CR25% also altered addictive and relapse like behavior whereby
anxiety has been suggested to be a modulatory factor (Brodie, Figueroa, Laska, &
Dewey, 2005; Goeders, Clampitt, Keller, Sharma, & Guerin, 2009; Overstreet, et al.,
2007).

Consequences of CR on Addiction and Relapse Behaviour
The Cue-Induced Reinstatement Model
Using an operant cue-induced reinstatement model, we sought to delineate the
impact of a moderate CR of 25% during various phases of this behavioural paradigm.
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Each phase of the model, consisting of; conditioning, extinction and reinstatement, as
well as a deprivation and a re-conditioning period, allowed for intake, cue-induced
relapse and deprivation effects to be measured within both control and CR25% groups. It
was found that in addition to displaying anxiolytic effects, the CR25% group selfadministered significantly less ethanol rewards than the control group. Typical relapse
behaviour was also altered in the CR25% group following a 4-week forced deprivation
period. CR25% animals failed to exhibit a significant increase in ethanol selfadministration following a period of abstinence, known as an alcohol deprivation effect
(ADE). Similarly, an absence of relapse-like behavior was also found during the
reinstatement phase, whereby the CR25% group did not exhibit cue-induced relapse.
Uncharacteristic of the alcohol preferring rat strain within this paradigm, the CR25%
group did not show typical responding to ethanol nor did they display characteristic
relapse behavior found to be present in control animals.
Research has highlighted the importance of anxiety as a modulatory factor of
drug self-administration (Funk, Vohra, & Lê, 2004; Huot, Thrivikraman, Meaney, &
Plotsjy, 2001; Koob & Le Moal, 2001; Overstreet, et al., 2007). Studies have shown that
rats will display increased self-administration of ethanol when subjected to induced
stress, or display heightened levels of stress and anxiety, in comparison to animals that
are less stressed and anxious (Funk, Vohra, & Lê, 2004; Huot, Thrivikraman, Meaney,
& Plotsjy, 2001; Koob & Le Moal, 2001; Overstreet, et al., 2007). Interestingly, the
inverse of this effect has been found to occur in studies that injected rats with
compounds that enhance the inhibitory effects of GABA (Brodie, et al., 2005; Goeders,
et al., 2009). Agents that modulate the neurotransmission of GABA primarily act on
enhancing its inhibitory effects, have not only been found to reduce anxiety (Schmitt,
Luddens, & Hiemke, 2002; Theoringer, et al., 2009), but have also been found to
decrease drug-seeking and addictive like-behaviours.
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For example, when alcohol preferring rats were injected with gamma-vinyl
GABA, a compound used to specifically enhance GABAergic transmission, ethanol
consumption decreased (Wegelius, Halonen, & Korpi, 1999). Similarly, a study
conducted by Brodie, Figueroa, Laska and Dewey (2005) found that using gamma-vinyl
GABA as a treatment for 18 patients known to abuse methamphetamine or cocaine; 16
patients remained abstinent during the last six weeks of a nine-week study. These studies
provide evidence in support of the ability for anxiogenic states to mediate drug intake in
both animal work and human studies (Brodie, et al., 2005; Goeders, et al., 2009).
Therefore, the differences in self-administration of ethanol rewards during the
conditioning phase of the cue-induced reinstatement model may be attributable to CRinduced anxiolytic effects.
It can also be argued, however, that these effects are a result of the significant
difference in body weight, or possible absorptive effects of alcohol between control and
CR25% groups. All operant testing was conducted between 12pm and 4pm, a minimum
of two hours after lights off and the presentation of food to the CR25% group. The time
of testing in this study was used as a means of controlling for the absorptive effects of
alcohol between control and CR25% groups. The absorption of alcohol is faster on an
empty stomach (Fraser, Rosalki, Gambel, & Pounder, 1995). Therefore, operant testing
during 10am-12pm, when CR25% animals are expected to have distended stomachs,
might be expected to result in the CR25% group consuming more ethanol than controls
since the effects of alcohol are delayed by the presence of food in the stomach. Further,
the converse of this would be found in control animals, given that a peak in food intake
does not occur until 2-7 hours into the dark phase (Agabio, et al., 1996). Testing prior to
this period would therefore translate to control animals displaying greater absorption of
alcohol on an empty stomach and therefore potentially drink less, which was not the case
in this study. Testing periods occurred within 2-6 hrs into their dark phase in an attempt
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to minimize the likelihood of any effects being contributable to states of hunger. In
addition, a restriction of 25% is considered to be a comparatively mild restriction in
comparison to more severe restrictions of 50- 70% (Levay, et al., 2007; Weindruch &
Walford, 1988) hence it was often the case that CR animals still had food in their
hoppers at the time of testing.
The possibility of absorptive effects of alcohol within the cue-induced
reinstatement model attributing to alcohol intake during the conditioning phase and post
deprivation is unlikely; given the CR25% group did not self-administer more ethanol
rewards than controls, but in fact self-administered significantly less. Furthermore, in
addition to reduced intake, CR25% animals also failed to display behavioural
characteristics of cue-induced relapse, whereby relapse is measured independently of
any ethanol intake and therefore unaffected by possible absorptive effects.
The absence of both cue-induced relapse and an ADE in the CR25% group,
suggests that CR may be reducing the vulnerability to relapse or potentially the
reinforcing value of ethanol in the alcohol preferring rat within this paradigm. The
suppression of an ADE and cue-induced relapse has been previously reported in studies
that have administered benzodiazepines or GABAB receptor agonists (Colombo, et al.,
2003; Colombo, Serra, Vacca, Carai, & Gessa, 2006; Goeders, et al., 2009; McBride, Lê,
& Noronha, 2002; Sanchis-Segura & Spanagel, 2006), thought to play a critical role in
reducing anxiety (Cryan & Kaupmann, 2004). It was found that the administration of
compounds used to clinically treat anxiety disorders also has important implication as a
therpuetic modality for inhibiting relapse (Colombo, et al., 2003; Colombo, et al., 2006;
Goeders, et al., 2009; McBride, et al., 2002; Sanchis-Segura & Spanagel, 2006).
Therefore, this further emphasizes the possibility that the anxiolytic effects of CR could

208

be attributing to these results and could be considered as a natural therapeutic
intervention for individuals that have a predisposition for a vulnerability to addiction.

Two-Bottle Free Choice Paradigm
Unlike the operant cue-induced reinstatement model, the two-bottle free choice
paradigm allows for unlimited access to alcohol in a non-contextual setting (e.g. operant
chamber) and therefore can provide specific information regarding non discriminative
consumption of alcohol. Comparatively, the two-bottle free choice paradigm provides 24
hr ad libitum access to alcohol as well as water. Therefore, in addition to modeling
characteristics of addiction and relapse, is an informative model to investigate
differences in intake relative to factors such as weight, which is difficult to ascertain in
an operant paradigm and an important variable when considering calorie restricted
groups.

During the 28 day acquisition phase of the two-bottle free choice paradigm,
CR25% animals displayed a reduced consumption of 10% ethanol in comparison to the
control group. Interestingly, CR25% animals did not display a preference for 10%
ethanol over water, uncharacteristic of the alcohol preferring rat strain that is expected to
consume 10% ethanol at a ethanol to water ratio of 2:1, which translates to a percentage
preference of approximately 66% ("Indiana Alcohol Research Center," 2011).
Furthermore the CR25% group did not display an ADE; but rather significantly reduced
their intake of 10% ethanol from the pre-deprivation baseline, post abstinence. These
differences in intake as well as preference between control and CR25% groups were
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consistently observed in both mls, and mls/kg consumed, and therefore occurred
irrespective of difference in body weight between control and CR25% groups
The possibility that CR25% animals were consuming less ethanol yet still
obtaining equal blood alcohol levels to that of controls cannot be confirmed. The last 7
days of the acquisition period found CR25% animals consuming equivalent amounts of
10% ethanol to that of controls and therefore it is possible that the CR25% group may be
achieving higher blood alcohol levels, given their reduced body weight. However this
exposure to alcohol consumption was not sufficient to elicit an ADE but rather depicted
markedly reduced intake post-deprivation suggesting that CR is likely to be altering the
reward propensity of 10% ethanol within this group.
The lack of a preference for 10% ethanol provides further support for the
possibility that CR may be altering the hedonic impact of 10% ethanol in CR25%
animals. Although this was not evident in the operant cue-induced reinstatement model,
it may have not been detectable in this paradigm given limited access paradigms
typically result in a higher preference for 10% ethanol (Sanchis-Segura & Spanagel,
2006). It is suggested from these results, that both factors associated with hedonia may
be impacted by CR-induced effects. A lack of preference for ethanol together with an
increased consumption of water within the CR25% group, may depict an altered like for
10% ethanol when compared to control animals. An indication of altered motivation
within the CR25% group can be drawn from both the absence of an ADE as well a
reduced intake of 10% ethanol during the 7 days following deprivation. These results are
in contrast to what was observed in control animals and uncharacteristic of the alcohol
preferring rat, a strain that naturally prefers alcohol (Bell, Rodd, Lumeng, Murphy, &
McBride, 2006).
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Evidence has suggested that the propensity of drug liking is dependent upon
dopamine 2 receptor (D2R) availability (Volkow, et al., 2002; Volkow, et al., 1999). It
has been found that availability of D2R inversely correlates with the degree of perceived
liking of a drug (Volkow, et al., 2002; Volkow, et al., 1999) as well as the degree of selfadministration of alcohol (Thanos, et al., 2001). Interestingly, the number of D2Rs as
well as the functional coupling of dopamine and D2R, has been found to be increased in
food restricted animals (Carr, Tsimberg, Berman, & Yamamoto, 2003; Thanos,
Michaelides, Piyis, Wang, & Volkow, 2008). This is also consistently the case in obese
patients that undergo gastric bypass surgery, whereby a reduction in food intake
typically occurs (Steele, et al., 2012). The reduction of 10% ethanol intake as well as the
inhibition of preference and relapse to alcohol observed in the CR25% group may
therefore be a consequence of alterations in D2R coupling and availability. If this is in
fact occurring within these animals, it is not surprising that CR25% animals are
displaying characteristics of altered drug liking, in the form of a lack of preference for
alcohol as well as a reduced consumption.
An alternative explanation for the absence of an ADE in CR25% animals may
also be attributable to reduced alcohol experience prior to deprivation, as measured by
the reduced intake of 10% ethanol during the acquisition phase. Previous research
investigating ADEs in alcohol preferring rats has found that the duration of previous
exposure to 10% ethanol will impact the expression of an ADE (Bell, et al., 2008).
However, following several re-exposure intervals post deprivation, researchers have not
reported any occurrence of a decrease in consumption from baseline intake (Bell, et al.,
2008). The CR25% group displayed a significant reduction in ethanol intake following
deprivation which is unlike what has been found in cases where previous exposure to
10% ethanol were unsuccessful in resulting in the expression of an ADE (Bell, et al.,
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2008). Therefore suggesting it is improbable that CR25% animals are portraying effects
of this nature.
Overall we addressed our aim of examining the effects of CR on addiction and
relapse in the alcohol preferring rat, a strain considered a good animal model for
addiction studies. In light of the findings obtained in both behavioural paradigms
measuring intake, preference and relapse like behaviour, it is suggested that in addition
to having anxiolytic effects, CR is also reducing the hedonic impact of an ethanol reward
in the alcohol preferring rat. Further to this, we aimed to extend upon this finding and
elucidate the consequences of CR on mediating neuronal functioning within the NAc in
response to the self-administration of both ethanol and water.

Electrophysiological Responses within the NAc
Consequences of CR on Neuronal Spike Activity of the NAc
To explore CR mediated consequences and the possibility of CR altering the
rewarding propensity of ethanol, electrophysiological responses within the NAc were
measured in the awake behaving animal. In contrast to what was found in control
animals, no differences in spike activity were found during the consumption of 10%
ethanol versus water in the CR25% group. Spike frequency was consistently greater in
response to 10% ethanol when compared to water for controls however CR25% animals
displayed a reduced activity in response to ethanol, comparable to the responses
associated with the consumption of water in the control group. Further, the spike
frequency recorded within the NAc in response to water consumption in CR25%
animals, was equivalent to the responses observed for ethanol consumption within the
control group.
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Neural recordings within the NAc during lever press behaviour, found no
differences in spike frequency between 10% ethanol or water in control and CR25%
animals. However when comparing activity in response to a lever press versus the
anticipated reward, a suppression of activity was found when lever pressing for 10%
ethanol in comparison to the consumption of ethanol in control animals. This was not
demonstrated in CR25% animals but rather the CR25% group displayed a similar pattern
of neuronal activation in response to water, with spike frequency being significantly
greater during water consumption compared to water lever presses. These differences
relative to water rewards were not found in control animals.
The behavioural outcomes obtained in this study were not dissimilar to what was
found when investigating the effects of the administration of a CR25% dietary regime in
the cue-induced reinstatement model, and two-bottle free choice paradigm. Although the
absence of a preference for 10% ethanol during an operant self-administration paradigm
seen in CR25% animals, is in contrast to what was previously found (Guccione, Penman,
Paolini, & Djouma, 2012), it is not surprising given that the duration of testing within
the chamber was considerably greater in this study. Limited access paradigms typically
result in a higher preference for 10% ethanol (Sanchis-Segura & Spanagel, 2006),
therefore the duration of repeated behavioural testing within this study may have been
sufficient in eliciting a behavioural response similar to what was observed in an
unlimited two-bottle free choice paradigm, whereby CR25% animals consumed 10%
ethanol and water at equivalent levels. The lack of preference for 10% ethanol observed
in both this study, and the two-bottle free choice paradigm, suggests that CR may be
mediating changes in the reward propensity of 10% ethanol.
The differential neuronal responses within the NAc, associated with the
consumption of 10% ethanol versus water, in control and CR25% animals, may be
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interrelated with behavioural differences between these groups. There is evidence to
suggest that phasic discharges of activation in NAc neurons are correlated with
preference for 10% ethanol (Robinson & Carelli, 2008). It has been found that rats with
a high preference for alcohol versus low preference, will exhibit a greater proportion of
ethanol selective activity within the NAc in response to ethanol (Robinson & Carelli,
2008). Further, alcohol preferring in comparison to non-preferring rat strains have also
been found to show a greater release of DA following ethanol exposure (Bustamante,
Quintanilla, Tampier, Gonzalez-Lira, & Israel, 2008; Cloninger, 1987). These results
provide support for CR- induced alterations to the reinforcing properties of ethanol in
animals that are predisposed to exhibit alcohol-seeking behaviour.
Previous studies have suggested that CR enhances the effects of cocaine (Zheng,
Cabeza de Vaca, & Carr, 2012) and increases ethanol consumption in non-preferring rat
strains (Soderpalm & Hansen, 1999; Stewart & Grupp, 1984). However the CR regimes
imposed in these studies have varied in terms of the extremity of restrictive diets, as well
as the duration. The responses that were found in control animals were consistent with
what has been previously observed when investigating neuronal spike activity within the
NAc during cocaine self-administration, demonstrating greater activity in response to a
drug versus water (Chang, Paris, Sawyer, Kirillov, & Woodward, 1996). However what
is of particular interest, in contrast to previous work, is the inverse effect found in CR
alcohol preferring animals. This study therefore emphasizes that the potential beneficial
effects of CR acting to reduce the predisposition of alcohol addiction, is specific to the
alcohol preferring rat strain and perhaps dependent upon an initial vulnerability to
alcohol addiction.
The deviation from what has been previously observed in CR animals may be
due to alterations in DA functioning, also found to occur during food restriction (Diao,
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Bickford, Stevens, Cline, & Gerhart, 1997; Roth, Ingram, & Joseph, 1984). The critical
involvement of the release of DA, for drug reinforcement and the modulation of
behavioural responses associated with reward motivation, is one that has been strongly
supported and dates back to the 1970’s (Fidiger, 1978; Tisch, Silberstein, LimousinDowsey, & Jahanshahi, 2004; Wise, 1978, 2004; Wise & Bozarth, 1987). It has been
found that increases in the release of DA in response to drug administration, show
synchronization with reward related cues and behaviour (Carelli, 2004; Saleem &
Deadwyler, 2000), and further is correlated with increases in neuronal firing (Wightman
& Robinson, 2002). There is evidence to suggest that restricted dietary regimes can alter
the functioning of DA (Diao, et al., 1997; Roth, et al., 1984). It has also been found that
the functional coupling of DA and dopamine 2 receptors (D2R) as well as D2R
availability, is increased in food restricted animals (Carr, et al., 2003; Thanos, et al.,
2001). This receptor subtype is heavily implicated in modulating the perceived liking for
a drug and further inversely correlated (Volkow, et al., 2002; Volkow, et al., 1999).
Therefore it can be stipulated that the CR-induced effects on neuronal activity within the
NAc of CR animals in comparison to controls may be attributable to alterations in DA
functioning as well as D2R availability within CR25% rats.
The consistency of spike frequency within the NAc in response to lever presses
associated with 10% ethanol and water self-administration, are not dissimilar to what has
been previously found (Robinson & Carelli, 2008). Research has identified that subsets
of NAc neurons will not display specific patterns between two reinforcers, being an
ethanol lever press versus a water lever press, and further that only specific populations
will differentiate between the two (Robinson & Carelli, 2008). Given that neural
responses associated with lever pressing (ethanol or water) were recorded across 30 sites
(per animal) all within relative close proximity of each other, it is likely that any
alterations in spike firing specific to the ethanol lever may have only been occurring in a
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localized area and therefore not detectable using this electrode, or further, reflective of
overall activity.
In comparing the spike activity within the NAc in response to a lever press
versus the attainment of the reward associated specifically to that reinforcer, controls
displayed a significantly different firing pattern in response to ethanol than that of water.
Elevated neural activity was observed when control animals consumed 10% ethanol,
which was differential to the responses obtained when lever pressing for this reward.
Activity associated with an ethanol paired lever press showed a suppression of neural
activity which was not seen in the CR25% group. However in response to water rewards,
CR25% animals did display differential neural activation, showing an increased
response upon the consumption of water compared to the respective lever press
reinforcer, which displayed a similar pattern of suppression seen in controls in response
to ethanol. These results suggest that CR may in addition to altering the reward
propensity of ethanol, be influencing the reward value of ethanol given that neural
activation relative to an ethanol reinforcer is also altered.
Given the close proximity of recording sites of electrode shanks we were unable
to differentiate any differences in activation between NAcc and NAcs sub regions. The
literature suggests that these sub regions of the NAc are responsible for different
modulatory aspects of addiction (Chiara, 2002; Corbit, Muir, & Balleine, 2001). The
NAcs has been implicated for its involvement in strengthening incentive stimulus-drug
associations (Chiara, 2002), whereby in an operant paradigm would primarily be
associated with either a cue association or lever press. In contrast, the NAcc has been
suggested to be critically involved in the process of sensitization to drug-induced
stimulation (Chiara, 2002), hence in this paradigm, the consumption of 10% ethanol.
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Lesioning these sub regions independently have resulted in behavioural outcomes in
support of this view (Corbit, et al., 2001).
Research has suggested that activation within both the NAcc and NAcs, is
increased when animals are consuming alcoholic solutions (Porrino, Whitlow, &
Samson, 1998; Porrino, Williams-Hemby, Whitlow, Bowen, & Samson, 1998; Robinson
& Carelli, 2008). Furthermore, studies that have individually stimulated both core and
shell sub-regions of NAc, have failed to demonstrate differential effects on alcohol
consumption (Knapp, Tozier, Pak, Circaulo, & Kornetsky, 2009). Therefore, irrespective
of functionality of the NAcc and NAcs independently, activation of both sub-regions of
the NAc is considered necessary to result in behavioural outcomes associated with an
animal model of addiction. We assume that neural activity occurring in both sub regions
was responsible for the behavioural outcomes demonstrated, similarly to what has been
previously found (Porrino, Whitlow, et al., 1998; Porrino, Williams-Hemby, et al., 1998;
Robinson & Carelli, 2008). However, given histological verification of electrode
placement found indicated that electrode shanks were within the borders of the NAcc
and of the superficial border of the NAcs, spike activity recorded in response to either
lever pressing for a reward (10% ethanol or water) or its consumption within the study,
are mostly reflective of NAcc activity
Overall in addressing our aim, results indicate that in addition to CR induced
behavioural alterations to preference for 10% ethanol over water, in a strain that
naturally prefers alcohol, neural activation associated with the attainment and
consumption of this reward is also altered. Furthermore, the lack of typical activation in
response to the self-administration of 10% ethanol in CR25% animals and contrary
increased activation for water may in turn be responsible for altering the hedonic impact
and reward propensity of ethanol therefore reducing any favorable preference for its
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consumption. The findings derived from electrophysiological results provide further
insight into the mechanisms that may be controlling the behavioural differences in
CR25% animals, within two behavioural paradigms of alcohol addiction. Consequently
the implementation of a CR25% dietary regime may have therapeutic implications for
the treatment of alcoholism in those that have a predisposition for its abuse.

Deep Brain Stimulation of the NAc
The technique of electrical DBS is hypothesized to result in similar activation of
neural circuits that are typically observed in response to natural rewards and drugs of
abuse (Wise, 1996). Specifically to activation occurring within the NAc, all drugs of
abuse are thought to increase activity as well as the release of dopamine within this
region (Breiter, et al., 1997; Drevets, et al., 2001; Nestler, 2001). In an attempt to verify
the involvement of the NAc in mediating self-administration behaviour, low intensity
DBS was paired with a water reward (water/DBS) to investigate behavioural effects. It
was found that self-administered DBS of the NAc, consisting of both the core and shell
areas, increased the reward value of water while also diminishing a preference for 10%
ethanol. Animals used in this study had previously been exposed to 10% ethanol and
displayed established alcohol consumption. When placed in an operant chamber and
allowed to self-administer either a water reward or a water/DBS reward, animals
displayed a significant preference for the reward paired with DBS. Furthermore, animals
displayed an equivalent preference for the water/DBS versus water, to that of 10%
ethanol versus water in the pre-stimulation training sessions.
Research has suggested that dual activation of both NAcc and NAcs occurs in
response to alcohol consumption (Knapp, et al., 2009; Porrino, Whitlow, et al., 1998;
Porrino, Williams-Hemby, et al., 1998; Robinson & Carelli, 2008). Therefore the self-
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administration of DBS within this study may be mimicking the rewarding effects of 10%
ethanol with that of water when DBS is paired with the water reward. When increasing
the activity within the NAc while animals are self-administering a water reward, it is not
surprising that animals will display behavioural responses of intake and preference for
water/DBS that are not dissimilar to what is found in alcohol preferring rats selfadministering 10% ethanol rewards, when the alternative reward offered in an operant
behavioural paradigm is water.
During testing condition two which presented an option of self-administering
10% ethanol or a water/DBS reward, no preferences for either reward was found.
Compared to pre-stimulation sessions, animals decreased their self-administration of
10% ethanol when offered a water/DBS alternative. Differences in preference of selfadministered rewards across testing conditions also found a significant drop in
preference for 10% ethanol when the alternative reward was water/DBS compared to
water only. These findings may have been a result of the administration of DBS either
heightening the salience of a water reward to an equivalent hedonic value of 10%
ethanol, or alternatively DBS may be involved in sensitizing drug-induced stimulation
that naturally occurs in response to the consumption of 10% ethanol.
The increased activity within the NAc being induced by DBS upon water selfadministration may have increased the hedonic impact of water, reflected by animals
displaying equal preference for both 10% ethanol and water/DBS. Alternatively, the
administration of DBS may be resulting in a sensitization of the effects typically found
to occur in response to the consumption of 10% ethanol. If DBS being administered
during the self-administration of the water/DBS reward is sensitizing the effects of 10%
ethanol, the equal consumption of both 10% ethanol and water, when paired with DBS,
may be attributable to this effect. Therefore the increased self-administration of water
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under the condition whereby water is paired with DBS may be purely reflective of a
reduced preference for 10% ethanol or a decrease in the hedonic impact of alcohol. This
result would be comparable to studies that have observed decreases in alcohol
consumption (Henderson, et al., 2010; Knapp, et al., 2009), the reinstatement to cocaine
(Vassoler, et al., 2008) and morphine reinforcement (Liu, et al., 2008), as a result of
DBS .
It cannot be definitively determined if the results obtained in this study are
directly attributable to DBS reducing sensitization to the effects of 10% ethanol
consumption; given that animals also display significant preference for the selfadministration of water/DBS versus water alone. This suggests that DBS is contributing
in some form to increasing the hedonic impact of the water reward when it is paired with
its delivery. Regardless of its definitive effects, the administration of DBS at a low
intensity does depict a promising outcome as a potential therapeutic approach for the
treatment of addiction. This study also further emphasizes the significant role of the
NAc in not only mediating critical components of drug addiction, but also providing
support for its use as a notable target site for future applications of DBS on a therapeutic
level.

Methodological Limitations
As with most research, the series of studies presented in this thesis are not
without methodological limitations that have implications for the interpretation of
findings. Though some of these limitations were predicted in advance, but were
unavoidable, most became evident during the dissemination of the findings. Further
studies in this area should be aware of these issues and aim to amend them, so as to
increase confidence about any conclusions reached.
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A general methodological issue concerning research on the behavioural
consequences of CR is the actual method of global food restriction. Similarly to other
studies, CR was administered through providing restricted amounts of the standard rat
chow. This method of restriction impedes the possibility of attributing the differences in
behaviour exclusively to a reduction in calories. Therefore, there is the possibility that a
reduction of other specific dietary constituents may be accountable for the observed
behavioural changes in CR animals. The diet provided to CR25% animals was well
above Recommended Daily Allowance (RDA) levels for growing rats, apart from slight
deficiency in Vitamin B-12 and in fat which was already deficient in the control diet.
Furthermore, although not a limitation, the appropriateness of the control group
used for comparisons with CR groups also needs to be considered when examining any
results from CR literature. Laboratory animals that are both sedentary and allowed ad
libitum amounts of food become overweight as a result of overeating. Therefore, rather
than an appropriate control group; controls used in the current studies and the majority
of other CR studies do not necessarily represent a group with a ‘normal’ eating regimen.
Implementing a control group that considers this flaw does not appear to be a solution,
given studies have found the similar beneficial effects of CR when administered an
adjusted feeding regime (Weindruch & Walford, 1988).
When considering the intake of ethanol in control and CR animals, a
methodological limitation of these behavioural paradigms was that the additional
calories being obtained from alcohol consumption was not controlled for. With CR25%
animals consuming less 10% ethanol in comparison to controls it was evident that they
were not seeking to compensate for calories reduced in their diet. However this did pose
a problem for calculating CR restrictions based on control animals. The control group
was consuming significantly higher amounts of 10% ethanol and therefore consuming
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more calories than what was detected by their food intake. It is possible that controls
may have reduced the quantity of food consumed dependent upon the phases whereby
ethanol was available. Therefore, the results obtained may only be applicable to models
of established addiction, and therefore may not be preventative across strains that do not
inherently demonstrate a vulnerability to substance abuse.
Another methodological limitation was that blood alcohol levels were not
measured. Therefore, the possibility that CR25% animals were consuming less ethanol
yet still obtaining equal blood alcohol levels to that of controls could not be confirmed.
This was partially controlled for in the two-bottle free choice paradigm, given that this
model allowed for intake of both 10% ethanol and water to be calculated relative to
differences in overall body weight between control and CR25% groups. Although
weight is used as an index of blood alcohol level, it could not be definitively determined
if there were differences between groups.
Although evident that CR was altering intake of ethanol in restricted animals, it
was also difficult to determine if CR was specifically responsible for inhibiting relapsebehaviour or if this was an effect of reduced ethanol experience in the CR25% group.
To definitively determine this effect, CR needed to be implemented during deprivation
phases of these paradigms. Therefore, it can only be assumed, based on what was found
in these studies, that this is unlikely given that in the two-bottle free choice paradigm
CR25% reduced their intake comparatively rather than exhibiting no change which is
what should be expected if previous exposure to ethanol was insufficient in eliciting an
ADE effect.
Another methodological limitation was found in the electrophysiological
recording and DBS studies. The recording/stimulation electrodes used in these
paradigms had recording sites spanning the two electrode shanks within close proximity
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of each other. Therefore we could not definitively determine if spike activity recorded
from sites within the NAcc or superficial border of the NAcs were isolated, and not
reflective of activity that may have also been recorded from a neighboring channel. This
was also a limitation of the DBS study, whereby stimulation was occurring across
shanks and therefore may have also been stimulating both NAcc and NAcs sub regions
simultaneously.

Directions for Future Research
The research presented in this thesis has yielded some novel results and unexpected
findings. Consequently, this research has generated a number of questions that require
further investigation. Most of these arise from the unexpected and novel results found
and from the methodological limitations of these studies. Nevertheless, further
investigation of these issues has great theoretical and clinical import for this line of
research and other closely relevant fields.
As explored in Chapter 3 and 4, the implementation of a CR25% regime alters
typical behaviour within models of addiction that measure intake, preference and
relapse-like behaviour. It could not be definitively determined whether the CR-induced
anxiolytic effects were solely responsible for attributing to these differences. Further, it
was suggested that alterations to typical behaviour found in this particular rat strain, was
likely to be a consequence of CR-induced changes to the mechanisms that mediated
hedonia. For example, evidence has suggested that the propensity of drug liking is
dependent upon dopamine 2 receptor (D2R) availability (Volkow, et al., 2002; Volkow,
et al., 1999) which has been found to be inversely correlated with the degree of
perceived liking of a drug (Volkow, et al., 2002; Volkow, et al., 1999), as well as the
degree of self-administration of alcohol (Thanos, et al., 2001). The number of D2Rs as
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well as the functional coupling of dopamine and D2R, has been found to be increased in
food restricted animals (Carr, et al., 2003; Thanos, et al., 2008) obese patients that
undergo gastric bypass surgery, and as a result reduce their food intake.
Therefore the reduction of 10% ethanol intake as well as the inhibition of
preference and relapse to alcohol observed in the CR25% animals may be a consequence
of alterations in D2R coupling and availability being mediated by a restricted dietary
regime. Future research should therefore aim to investigate this effect and delineate if
CR is mediating D2R availability or inhibiting the decline of D2R availability within the
alcohol preferring rat, that is found to occur in response to repeated drug exposure
(Nader, et al., 2006). Additionally the extent to which CR-induced anxiolytic effects are
contributing to these paradigms in a strain that is naturally more anxious and alcohol
preferring (Pandey, et al., 2003), also required further investigation given that the
potential beneficial effect of CR on drug acquisition and relapse are specific to a strain
that is already predisposed to a vulnerability for addiction. With this finding being in
contrast to previous works (Soderpalm & Hansen, 1999; Stewart & Grupp, 1984), it is of
significant import to delineate the differing CR-induced effects found across strains.
Future directions should also focus on elucidating if CR is altering neuronal
activity within specific sub populations of neurons within the NAc and, more
specifically, if this is correlated with respective dopamine release, thought to be
differentially associated with preferring versus abstainer rats (Bustamante, et al., 2008).
In identifying CR-induced effects within localized regions of the NAcc or NAcs, the
potential of CR as a therapeutic modality for the treatment of addiction would be
significant. In addition, an exploration of CR-induced effects on other neuroanatomical
sites implicated in reward processing and drug reinforcement would be of significant
clinical import.
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Conclusion
In summary, a reduction of calories was found, in addition to having anxiolytic
effects, to modulate the intake, preference and relapse profile of the alcohol preferring
rat, a strain considered to be a relevant model for studies of addiction. Although a
number of research studies have examined various aspects of these CR-induced
alterations to behaviour, relevant within these paradigms, this is the first to our
knowledge to comprehensively document CR-induced changes within the alcohol
preferring rat; a strain that displays addictive characteristics that are comparable to
human traits of addiction and relapse. Furthermore, the studies presented in this thesis
also systematically investigated the effects of CR on the electrophysiological responses
within the NAc, with reference to the self-administration of 10% ethanol and water, and
found that CR also altered neural spike activity; indicative of the reduced reward
propensity of alcohol within these animals. Additionally, delineating the involvement of
the NAc in modulating, behaviourally, the self-administration and preference for alcohol
found a diminishing effect. Therefore, the CR-induced changes to the characteristic
behaviour of the alcohol preferring rat, are likely to be driven by alterations within the
NAc, and more specifically to DA and D2R availability. Although the findings of these
studies are preliminary, they form an important foundation for future research examining
the potential beneficial effects of CR on addiction in those with a vulnerability to
substance abuse.
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Appendix C
PUBLISHED MANUSCRIPT AND RESPONSES TO REVIEWERS COMMENTS:
The effects of calorie restriction on operant-responding for alcohol in the alcoholpreferring (iP) rat.

Comments from the Editors and Reviewers:

Reviewer #1:
1. The CR animals were given their ration between 8 and 10 am, just before lights
out in the reverse cycle. It is critical to know the time, relative to feeding, at which
the various behavioral procedures were conducted - but that is not mentioned.
Chronic CR animals typically eat most or all of their ration in a relatively short time
(eg 2 hr), so if tests were performed (say) at 10am - noon, the CR animals would
have very distended stomachs and absorptive events occurring, whereas the ad lib
group would be eating some but not nearly as much in this time frame. Conversely,
if the tests were say 4-6 pm, the converse would be the case. Further, since alcohol
yields calories, then the metabolic state of the animal might be expected to interact.
Unless this aspect was controlled or other data provided that absorptive status is
unimportant in these conditions, then this constitutes a serious concern in the
interpretation of the findings. (This also applies to the EPM results: it looks like
the CR animals simply aren't discriminating open from closed arms - one might
expect this if they are hungry at test time).
We are in agreement with reviewer one that the time of feeding relative to
behavioural testing is critical in interpreting the data, and have therefore included this
in the method section of the revised manuscript “All behavioural testing was
conducted between 12pm and 4pm, a minimum of two hours after lights off and the
presentation of food to the CR25% group” (pg. 6, ¶ 4, Line 19). In response to
reviewer one’s concerns, the time of testing in this study was used as a means of
controlling for the absorptive effects of alcohol between the ad lib fed and the CR25%
groups. The absorption of alcohol is faster on an empty stomach (Fraser, Rosalki,
Gambel, & Pounder, 1995), hence reviewer one’s concerns regarding testing during
10am-12pm are warranted given that if the CR25% group have distended stomachs
they might be expected to consume more ethanol than controls since the effects of
alcohol are delayed by the presence of food in the stomach. Further, the converse of
this would also be true for the control group, given that a peak in food intake does not
occur until 2-7 hours into the dark phase (Agabio, et al., 1996), testing prior to this
period would mean that control animals would have greater absorption of alcohol on
an empty stomach and therefore potentially drink less, which was not the case in this
study. Testing periods occurred within 2-6 hrs into their dark phase in an attempt to

minimize the likelihood of any effects being contributable to states of hunger.
Animals were also tested in operant chambers in groups of no more than six, where
the order in which groups were tested varied daily across the 4 hr testing period. In
addition, a restriction of 25% is considered to be a comparatively mild restriction in
comparison to more severe restrictions of 50- 70% (Levay, Govic, Penman, Paolini, &
Kent, 2007; Weindruch & Walford, 1988) hence it was often the case that CR animals
still had food in their hoppers at the time of testing.
The possible interaction of absorptive effects of alcohol in this study could
have attributed to alcohol intake and during the conditioning phase and post
deprivation; however if this was the case we would have expected the CR25% group
to self-administer more ethanol rewards than controls. Furthermore, the CR25% group
did not display any behavioural characteristics of addiction expected in this model
that are independent of initial intake and do not involve the self-administration of
ethanol, therefore it is unlikely that the results in this study are indicative of
absorptive effects. We have also found similar effects in unpublished results of a twobottle free choice paradigm, where animals are given free access to both 10% alcohol
and water 24 hrs a day whereby timing of ethanol consumption relative to possible
absorptive effects is not a factor. However, given that absorption may be a factor
expected to interact with the interpretation of the results in this study, we have revised
the manuscript to include in the method section “It is expected that during this
timeframe both CR25% and control animals would have consumed the majority of
their daily food intake (Agabio, et al., 1996), hence minimizing any effects of
absorptive status on the self-administration of ethanol.” (pg. 6, ¶ 4, Line 19).
Animals were also tested in the elevated plus maze and the open field within
this timeframe as a means of controlling for the likelihood of foraging behaviour.
Given that CR25% animals did not show any differences in locomotor activity or
overall arm entry it is unlikely the results from the elevated plus maze are indicative
of increased exploration due to hunger. Furthermore, typical exploratory behaviour in
the EPM favors closed arms (Hogg, 1996) which was found in control animals but not
in the CR25% group.

2. The manuscript, especially the introduction and discussion, is
unnecessarily wordy and/or unfocused, and there are far more references than
absolutely necessary.
In light of reviewer ones concerns regarding the length and number of
references used in the introduction and the discussion, we have revised the manuscript
to make it more concise and focused. The introduction was originally 922 words; we
have since reviewed this and shortened it to 817 words. Similarly with the discussion,
originally 1670 words, this has been revised to 1537 words. References have also
been reduced from 66 to 55.

3. In the Tables, giving weights and times to mg and msec accuracy is
unwarranted: what was the actual accuracy of those measures? Since these are
continuous variables, there is no justification for means (or SEMs) to more sig figs
than the individual measures.
We thank the reviewer for identifying this, and agree that providing weights
and times in mg and msec is unwarranted. We have made adjustments for this in the
revised manuscript by reducing the decimal point accuracy of these measures (Table 1
and Table 2).

Reviewer #2:
1. On page 3 line 34 it says that CR is beneficial for kidney disease, diabetes and
neoplasias, this means that it slows down the progression of an already present
disease, improves it?
In reference to the comment made by reviewer two regarding clarification of
CRs effects on kidney disease, diabetes and neoplasias, we agree that the wording of
this sentence was unclear. It has been found that CR reduces the incidence of these
diseases, however, given reviewer one has concerns regarding the length and number
of references used in the introduction, we have chosen to delete this in the revised
manuscript in order to make it more concise (pg. 3, ¶ 1, Line 34 [of the original
manuscript]).

2.On page 7 when describing the open field arena is not clear whether the arena
has walls or not.
We agree that the full dimensions of the open field arena were not clear. An
amendment has been made in the revised manuscript, “approximately 1.2m in radius
and 0.45m high from the floor” has been replaced by “approximately 1.2m in radius
with a surrounding wall 45cm high” (pg. 7, ¶ 1, Line 2).

3. On page 7 the definition of arm exit should be added.
We thank the reviewer for highlighting this. We have made the alteration in
the revised manuscript by including “an arm exit was defined as two paws onto the
central platform” (pg. 8, ¶ 1, Line 4).

4. The fact that CR rats showed increased time spent in open arms could reflect an
increase in exploratory behavior (foraging). This needs further discussion,
especially on the light that in the open field there was no significant difference
between groups. The authors explain this by saying that closed arm entries were
increased in the control group but this measure is relative since there was no
difference in overall entries.
We thank the reviewer for making this point and understand that this could be
an issue. All animals that were restricted in this study were given a comparatively
mild restriction of 25% to more severe restrictions of 50- 70% (Levay, Govic,
Penman, Paolini, & Kent, 2007; Weindruch & Walford, 1988). Animals were also
tested a minimum of two hours after lights off and the presentation of food as a means
of controlling for the likelihood foraging behaviour. Typical exploratory behaviour in
the EPM favors closed arms (Hogg, 1996), therefore we agree with the reviewer that
using this as a measure of locomotor activity is relative given that the control group
favored closed arm entries but there were no differences in overall entries between
groups. We have revised the manuscript to include distance travelled in cms as a
measure of locomotor activity and have stated this in both the method section and
discussion. Page 8, ¶ 2, line 29 has been revised from “Entries made into the closed
arms have also been found to provide the best measure of locomotor activity (Cruz,
Frei, & Graeff, 1994)” to “Locomotor activity was also measured as distance
travelled in cms throughout the test” (pg. 8, ¶ 2, Line 8). Similarly in the discussion,
“The anxiolytic behavioural changes that were exhibited in the CR25% group were

not attributable to possible increases in locomotor activity, given that the control
group displayed significantly more locomotor activity, characterised by closed arm
entries, in the EPM than the CR25% group, and overall entries made in the EPM did
not differ between group” (pg. 14, ¶ 1, Line 45-55 [of the original manuscript]) has
now been replaced with “These anxiolytic-like behavioural changes that were
exhibited in the CR25% group were not attributable to possible increases in
locomotor activity, given that distance travelled (measured in cms,) and overall
entries made in the EPM did not differ between groups” (pg. 14, ¶ 2, Line 8), in the
revised manuscript. We have also included further discussion on this point that
anxiolytic effects of CR have also been found in anxiety tests that do not depend on
exploratory behaviour, “Reduced anxiety-like behaviour in CR rats have also been
found in social interaction tests that are not dependant on exploratory behaviour nor
effected by locomotor activity” (Govic, et al., 2008) (pg. 14, ¶ 2, Line 11).
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Appendix D
PUBLISHED MANUSCRIPT AND RESPONSES TO REVIEWERS COMMENTS:
Calorie restriction inhibits relapse behaviour and preference for alcohol within a
two-bottle free choice paradigm in the alcohol preferring (iP) rat.

Comments from the Editors and Reviewers:
Reviewer #1: This manuscript examines the effects of calorie restriction on
anxiety-like behavior and activity, as well as acquisition and maintenance of
alcohol drinking, and drinking following imposed alcohol deprivation in inbred
alcohol-preferring rats. In general, the manuscript is well-organized and the
writing style is clear but there are many concerns throughout the manuscript, as
outlined below:
1. In the Introduction:
a. There is no description in the Introduction of the generation & selection criteria
for P rats, nor the generation of inbred P rats from the parent P rat line.
We are in agreement with the reviewer that the detail regarding the generation
and selection criteria for the P rats used in this study have not been presented in the
introduction. Therefore we have revised the manuscript to include these details in
both the introduction and method and material (Animals) sections. The introduction
section now includes the following
“This study will investigate these effects in the alcohol preferring (iP) rat. The
alcohol preferring (iP) rat is selectively breed to meet the criteria as model of
alcoholism, this requires animals to orally self-administer ethanol, consume ethanol
because of its post-ingestive pharmacological effects rather than its caloric value or
taste, display a motivation to obtain ethanol, show metabolic and functional tolerance
following chronic consumption, and also display characteristics associated with
relapse ("Indiana Alcohol Research Center," 2011)” (pg. 4, ¶ 2, Line 24). In addition
we have also included further information in the Animals section of the manuscript as
follows, “Thirty-seven 5-week old male alcohol preferring (iP) rats were procured
from the breeding colony at the Howard Florey Institute, University of Melbourne.
Parental stock had been previously obtained from Professor T. K. Li (while at Indiana
University, Indianapolis, IN).” (pg. 5, ¶ 2, Line 11).
b. What is being modeled in humans by assessing the effects of calorie restriction
on acquisition of alcohol drinking in weight-reduced rats?
This work is based on the rationale that heightened levels of anxiety are often
regarded as a key precipitating factor of relapse to substance abuse (Breese,
Overstreet, & Knapp, 2005; Sinha, 2001). Individuals with anxiety disorders are 2-3
times more likely to experience a substance abuse disorder in comparison to the
general population (Kendler, Gallagher, Abelson, & Kessler, 1996), and it is often the

case that a co-morbidity of substance abuse and an underlying anxiety disorder exists
(Myrick & Brady, 2003). For example, amongst individuals that experience social
anxiety, frequent panic attacks and those that are traumatized, substance abuse
problems are also a common condition (Jacobson, Southwick, & Kosten, 2001;
Katerndahl & P., 1999; Morris, Stewart, & Ham, 2005). This is often reported to be a
result of drugs being used as a form of self-medication to treat the underlying mood
disorder (Robinson, Sareen, Cox, & Bolton, 2009).
Calorie restriction is well known for its many beneficial effects, however in
addition to this, CR-induced anxiolytic effects are also well established in the
literature (Abbott, et al., 2009; Heiderstadt, McLaughlin, Wright, Walker, & GomezSanchez, 2000; Inoue, et al., 2004; Levay, Govic, Penman, Paolini, & Kent, 2007;
Levay, et al., 2008). It is therefore the aim of this research paper to investigate if the
implementation of a calorie restricted regime will alter normal responses in a
paradigm of ethanol intake and relapse behavior. This is based purely on the literature
that has found that when anxiolytic drugs are administered, rats will fail to reinstate to
drug self-administration (Brodie, Figueroa, Laska, & Dewey, 2005; Goeders,
Clampitt, Keller, Sharma, & Guerin, 2009) and show decreased ethanol consumption
(Wegelius, Halonen, & Korpi, 1999). Therefore given that calorie restriction is a
natural intervention found to induce anxiolytic effects, this study investigates if it also
has the potential to alter responses to ethanol self-administration.
2. In the Methods:
a. It is stated that 37 rats were tested with plus-maze and open field, 18 were chosen
for drinking experiments. Why 18 rats? Which 18 rats? How were they selected?
We thank the reviewer for highlighting this point and agree that this was not made
clear in the original manuscript. The sub-group of 18 animals used in the two-bottle
free choice paradigm were randomly selected from the cohort whereby the remaining
animals were transferred to other projects. We have made the following amendments
in the revised manuscript “A subgroup of 18 animals (control n=9, CR25% n = 9)
were then randomly selected to undergo the two-bottle free choice paradigm; the
remaining 19 animals were transferred to other projects to undergo different
experimentation.” (pg. 5, ¶ 2, Line 16).
b. Citations are provided to show that long-term CR reduces anxiety-like behavior

in rats, but how does binge eating (~20 g chow in 60 min period 2 hrs prior to test)
acutely affect anxiety-like behavior in rats?
We agree that on reviewing the dietary regime section which states, “Control group
rats were fed ad libitum and calorie restriction (CR25%) rats received 75% of the
amount consumed by controls, approximately 19-22g daily. Food was provided
between 09:00 and 10:00h daily and animals were weighed weekly”, can be easily
interpreted to suggest that this regime models binge eating behavior. The description
of the feeding regime of CR animals in the original manuscript reads not dissimilar to
that of a limited access model of binge eating, whereby animals are given time-limited
access to palatable food, generally one to two hours (Corwin, Avena, & Boggiano,
2011). This however was not the case, animals were provided with their daily food
between these times but feeding was not limited to this timeframe. Daily food was
provided and remained in the animals hoppers until the following day. All animals
except for the one animal that was excluded from analysis, consumed their entire
daily intake. Given this misconception we have revised the manuscript to clarify the
dietary calorie restriction regime; “Food was provided between, but not limited to
09:00 and 10:00h daily.” (pg. 6, ¶ 1, Line 5).
c. Which post-hoc tests were used?

The post-hoc tests that were used have now been included in the statistical analysis
section in the Methods of the revised manuscript. This section now states “One-way
or two-way repeated measures ANOVA with Bonferroni post-hoc tests were also
used.” (pg. 9, ¶ 3, Line 3). Post hoc tests are also included in the results section of the
revised manuscript, which now states “Bonferoini post hoc analyses revealed no
significant difference between control and CR25% groups during the two week
acclimation period (p = > 0.05).” (pg. 9, ¶ 3, Line 18).
d. Two control rats were excluded because they did not display initial ethanol
preference. Unless there is a convincing justification for this exclusion, these rats
should be replaced and included in all analyses. Otherwise, CR Rats are being
compared to rats that have been not only selected for high alcohol preference
through breeding, but further selected during this experiment.

We thank the reviewer for their consideration of this point. This exclusion criterion
was employed based on what has been stated as selection criteria for this specific
strain of rat.
The Indiana Alcohol Research center responsible for deriving this strain of rat, states
that the preferring rat should display consumption of 10% ethanol to water at a ratio
of 2:1, which translates to a percentage preference of approximately 66% ("Indiana
Alcohol Research Center," 2011). It is not uncommon when procuring animals from
the Howard Florey Institute, Melbourne University; to obtain one to two animals that
do not initially show a preference for 10% ethanol and therefore it is common practice
to exclude these animals. We also feel that the exclusion criterion that has been used
in this study is extremely conservative. The aim of this study was to investigate if
CR25% has the ability to induce changes to ethanol intake, preference and ADE. We
feel that to do this, it is necessary to have a control group that displays typical
behavior within this paradigm. In which case, control animals are required to display
an initial preference for 10% ethanol. A statement further justifying this exclusion
criterion has been included in the revised manuscript “This exclusion criterion is
based upon the expected consumption ratio of 2:1 10% ethanol to water, for the
alcohol preferring rat strain [23] ” (pg. 9, ¶ 2, Line 8).

3. In the Results & Figures:
a. State the direction of the "significant main effect of group."
We thank the reviewer for highlighting that the direction of the significant main effect
of group was absent from the results section. The revised manuscript now includes
this detail and is stated as follows “A t-test comparing the number of open arm entries
[t (35) = 2.203, p = 0.0342; Fig. 1a] and the ratio of open arm to total arm entries [t
(35) = 2.901, p = 0.0064; Fig.1b] revealed a significant effect for group, with the
CR25% animals making more open arm entries as well as a greater ratio of open arm
to total arm entries compared to controls.” (pg. 10, ¶ 1, Line 6).
b. Was acquisition and/or ADE drinking predicted by EPM anxiety-like behavior
across individual rats?
Anxiety-like behavior as measured in the EPM was not used to predict the acquisition
and/or ADE drinking across individual rats. This data was only used to assess that
CR25% also induces anxiolytic effects within the alcohol preferring (iP) rat strain.

This strain of rat is not typically used in research investigating the effects of CR, and
to our knowledge has not been used previously outside what we have recently
published. Therefore it serves to provide support for our stated rationale that CR25%
may also alter ethanol consumption and relapse behavior given anxiety is often
inferred as a predictive factor for substance abuse and relapse (Breese, et al., 2005;
Sinha, 2001).
c. It is not customary and not very meaningful to analyze ethanol vs. water intake
with a t-test. This information can be gathered from preference data. What is most
important is whether the two groups differ in their ethanol preference.
We agree with reviewer one that differences in preference for ethanol are an
important factor. However, we also feel that in investigating the effects of calorie
restriction in the two-bottle free choice model it is also important to consider the
independent intake of 10% ethanol versus water, especially given there is a significant
difference in water intake between groups. Although not customary to present water
intake data within this paradigm, other studies investigating ethanol consumption as
well as drinking behavior following a period of deprivation have also published water
intake data (Bell, et al., 2008; Sari, Sakai, Weedman, Rebec, & Bell, 2011). Therefore
we feel for the sake of completeness this data should be included.
d. Because CR rats weigh 25% less than Controls by design, analyses and figures
for total non-normalized fluid intakes are not meaningful. These analyses, along
with Figures 3 & 5 should be deleted. Data in Figures 4 & 6 are more informative.
We agree with the reviewer that upon revision of the original manuscript, figures 3 &
5 do not present any additional results that are not present in figures 4 & 6. In
addition, given that the CR25% group differs in body weight as a consequence of
being administered 25% less than the intake of ad libitum fed controls, we agree that
the data presented in figures 4 and 6 presenting intake in mls/kg is more informative.
We have therefore deleted the figures and associated analysis of the non-normalized
fluid intakes of control and CR25% animals.
e. In Figures 4A & 4B, at the end of Acquisition, CR rats and Control rats are
consuming equivalent amounts of ethanol when normalized for BW. Also, alcohol
preference is similar by Day 28 in Panel D. This end point is much more important
than the 28-day average presented in Panel C.
We agree with the reviewer that by day 28 CR25% animals are displaying similar
consumption of 10% ethanol to that of controls. However, the mean preference for

10% ethanol at day 28 for CR25% animals is 53% compared to a 73% preference for
10% ethanol observed in controls. We agree with the reviewer that the consumption
of 10% ethanol at the end point of acquisition is important and has not been presented
or discussed in the original manuscript. In the revised manuscript this end point is
now presented in a revision of what was figure 6. The pre-deprivation acquisition
period now only consists of the last 7 days of mean alcohol intake. We have now also
emphasized that equal consumption of 10% ethanol during this period was observed
“During the 28 day acquisition phase of the two-bottle free choice paradigm, CR25%
animals displayed a reduced consumption of 10% ethanol in comparison to the
control group. This reduction in intake however was not observable over the last 7
days of this phase, whereby CR25% animals reached an equivalent mean intake of
10% ethanol which was comparable to that of controls.” (pg. 12, ¶ 2, Line 22).
Furthermore, given there were differences between CR25% animals and controls in
both percentage preference for 10% ethanol as well as intake of 10% ethanol and
water over the duration of the acquisition period, we feel that this data should be
presented as it is also used to interpret the lack of an ADE in the CR25% group.
f. In Figure 6 and accompanying analyses, it appears that the 28-day Acquisition
data is used as the pre-deprivation baseline. In analyses of ADE, a proximal
baseline should be used to assess the effects of deprivation. This proximal baseline
is usually calculated as mean alcohol intake over the last 3-7 days (depending on
the investigator) of alcohol access to prior to deprivation. The pre-deprivation
baseline should be re-calculated and data re-analyzed and new figures presented.
The calculation of this baseline (i.e., how many days it is calculated from) also
needs to be explicitly stated in the text.
We thank the reviewer for their recommendation of a proximal baseline for ADE
analysis. Upon revising the original manuscript, the pre-deprivation period has been
recalculated as mean average of the last 7 days of alcohol intake. We have reanalyzed the data and presented a revised figure. We have also explicitly stated this in
the text as recommended. The revised manuscript now includes the following in the
method and results section: “Intake post deprivation was compared to baseline
measurements of intake which consisted of the mean intake of 10% ethanol 7 days
prior to deprivation.” (pg. 8, ¶ 3, Line 19).

“The mean intake of 10% ethanol (mls/kg) significantly increased from the predeprivation baseline (7 days mean intake prior to deprivation) in control animals
after a period of forced deprivation [t (48) = 2.453, p = 0.0179]. However this was
not seen in the CR25% group, with CR25% animals significantly reducing their
intake of 10% ethanol from the pre-deprivation baseline following four weeks
deprivation [t (55) = 4.473, p < 0.0001; Fig 4a].” (pg. 11, ¶ 2, Line 20).
We have also revised the discussion to include these changes “Following a period of
4-weeks forced deprivation, control animals markedly increased their intake of 10%
ethanol from the pre-deprivation baseline (7 day mean intake pre-deprivation),
displaying a typical ADE that persisted over a period of seven days. This effect
however, was not found in the CR25% group. CR25% animals significantly reduced
their intake of 10% ethanol from the pre-deprivation baseline, post abstinence.” (pg.
13, ¶12, Line 2).
g. In Figure 6C, two boxes in the legend are labeled "Legend."
We have amended these figures in the revised manuscript.

4. In the Discussion:
a. It is impossible in this experimental design to attribute ADE effects to calorie
restriction. The possibility that this effect is due to less alcohol experience prior
to deprivation must be considered and addressed. To definitively attribute ADE
effects to calorie restriction, the authors would need a new experiment in which
calorie restriction is introduced during alcohol deprivation in rats that have been
matched for baseline alcohol drinking.
We agree with the reviewer that a new experiment implementing CR during
the deprivation period would contribute to delineating the effects of CR within this
paradigm. We also agree that less previous exposure to 10% ethanol prior to
deprivation may have an effect on the lack of an ADE being expressed. However the
CR25% group dramatically reduced their intake of 10% ethanol following deprivation
which is unlike what has been previously found whereby prior exposure to ethanol
has been unsuccessful in resulting in the expression of an ADE (Bell, et al., 2008). To
address the reviewers concerns we have made the following amendment to the revised
manuscript “Although this result was consistent with what was observed in our

previous study using a limited access operant model (Guccione, Penman, Paolini, &
Djouma, 2012), it is important to consider that this may be attributable to reduced
alcohol experience prior to deprivation. The CR25% group consumed less 10%
ethanol over the 28 day acquisition period. Previous research investigating ADEs in
alcohol-preferring rats has found that the duration of previous exposure to 10%
ethanol will impact the expression of an ADE (Bell, et al., 2008). However following
several re-exposure intervals post deprivation, researchers did not find any
occurrence of a decrease in consumption from baseline intake (Bell, et al., 2008). The
CR25% group displayed a significant reduction in ethanol intake following
deprivation which is unlike what has been found in cases where previous exposure to
10% ethanol were unsuccessful in resulting in the expression of an ADE (Bell, et al.,
2008). Therefore a future direction of this work would be to implement the CR regime
during abstinence to delineate the effects of CR25% on this characteristic of relapse
behaviour.” (pg. 15, ¶ 3, Line 18).
b. Please speculate as to why the pattern of results differed between plus-maze open
arm time open field center time.
We agree with the reviewer in that the fact that CR-induced anxiolytic effects
measured in the EPM did not extend to the open field test was not discussed in the
original manuscript. We have now included a discussion of this point in the revised
manuscript as follows: “The diminution of anxiety related behaviours observed on the
EPM was not dissimilar to what has been found in several past studies that have
investigated the anxiolytic effects of a restricted caloric dietary regime (Genn, Tucci,
Thomas, Edwards, & File, 2003; Guccione, et al., 2012; Inoue, et al., 2004).
However, the implementation of a CR25% dietary regime in this study was not
successful in altering typical behaviour in the open field test. CR-induced anxiolytic
effects are commonly observed in the EPM, however studies that have measured
anxiety-related behaviour using this paradigm have not included the open field test
(Genn, et al., 2003; Inoue, et al., 2004). Researchers that have used both behavioural
paradigms to measure the anxiolytic effects of CR have found reduced anxiety-related
behaviour in the open field test; however these effects have not extended to modifying
typical behaviour in the EPM (Abbott, et al., 2009; Levay, et al., 2007). Given the
diversity of rat strain used across these studies, the lack of consistently observing
anxiolytic effects of CR across paradigms may be attributable to strain specific

differences.” (pg. 13, ¶ 2, Line 11).
c. The authors exclude the "possibility that CR25% animals were consuming less
ethanol yet still obtaining equal blood alcohol levels to that of controls." I
completely disagree. The lack of blood-alcohol levels in these animals is a big gap
in the study. Normalized alcohol intake by CR rats at the end of Acquisition was
very similar to Controls. This statement needs to be removed and in fact, it needs to
be considered in the text that, at the end of Acquisition, CR rats were achieving
equal or higher BALs relative to controls.
We thank the reviewer for making this point and agree that upon revision of
the original manuscript and results section this statement requires revision. We also
agree that a lack of blood alcohol levels in these animals is a limitation of this study
and have therefore stated this in the revised discussion. We also agree that CR25%
animals may also be achieving equivalent if not higher blood alcohol levels at the end
of acquisition. We have amended the original manuscript to state the following: “The
possibility that CR25% animals were consuming less ethanol yet still obtaining equal
blood alcohol levels to that of controls cannot be confirmed and is a limitation of this
study. The last 7 days of the acquisition period found CR25% animals consuming
equivalent amounts of 10% ethanol to that of the ad libitum fed counterparts and
therefore it is possible that the CR25% group may be achieving higher blood alcohol
levels, given their reduced body weight, relative to controls. It is interesting however
that this exposure to alcohol consumption was not sufficient to elicit an ADE in this
group given that CR25% animals markedly reduced their intake post deprivation.”
(pg. 14, ¶ 2, Line 18).
d. The liking vs. wanting discussion is far beyond the scope of these 2-BC data, and
should be removed. Furthermore, the authors state that Controls show a higher
ADE perhaps to relieve anxiety related to abstinence, but there are no data shown
are cited to support the idea that these animals have different anxiety-like behavior
during abstinence. The authors then discuss D2Rs as a possible mechanism for
withdrawal-induced anxiety. D2Rs do not mediate alcohol abstinence-related
anxiety-like behavior. The authors should see the abundance of literature on the
role of the extended amygdala.
We have now included a citation of a study that has shown elevations of anxiety
related behaviour in alcohol preferring rats during withdrawal from alcohol

consumption as measured with the EPM: “Self administering ethanol following a
period of abstinence is thought to be a means of alleviating withdrawal associated
anxiety (Valdez & Koob, 2004), given that it is typically found that anxiety related
behaviour in alcohol preferring rats will increase during withdrawal periods
(Kampov-Polevoy, Mathews, Gause, Morrow, & Overstreet, 2000).” (pg. 15, ¶ 2, Line
12). This increase in anxiety related behaviour was only observed in the withdrawal
group in comparison to an ethanol drinking and control group (Kampov-Polevoy, et
al., 2000).
We feel that the liking vs. wanting discussion in the original manuscript is warranted
given the CR25% group do not display a preference for 10% ethanol over water.
Furthermore, we also feel this argument is providing supporting evidence for the lack
of an ADE in these animals. The discussion of D2Rswas provided as a means of
possible interpretation of the data obtained in this. The original manuscript states the
following: “The association of drug liking has been suggested to be dependent upon
dopamine 2 receptor (D2R) availability (Volkow, et al., 2002; Volkow, et al., 1999). It
has been found that D2R availability inversely correlates with the degree of perceived
liking of a drug (Volkow, et al., 2002; Volkow, et al., 1999) as well as the degree of
self-administration of alcohol (Thanos, et al., 2001). In addition, D2R activity within
the nucleus accumbens, an area considered to be a major hedonic hotspot (Berridge
& Kringelbach, 2011), has also been found to prevent somatic signs of withdrawal in
opiate dependant animals (Harris & Aston-Jones, 1994). Interestingly, the number of
D2Rs as well as the functional coupling of dopamine and D2R, has been found to be
increased in food restricted animals (Carr, Tsimberg, Berman, & Yamamoto, 2003;
Thanos, Michaelides, Piyis, Wang, & Volkow, 2008). Similarly, obese patients that
undergo gastric bypass surgery, and as a result are forced to reduce their food intake,
also show increases in D2R (Steele, et al., 2012). The reduction of 10% ethanol intake
as well as the inhibition of preference and relapse to alcohol observed in the CR25%
group may therefore be a consequence of alterations in D2R coupling and
availability, being mediated by a restricted dietary regime. If this is in fact occurring
within these animals, it is not surprising that CR25% group is displaying altered drug
liking in the form of a lack of preference for alcohol as well as a reduced
consumption.”. As you can see the discussion of D2R was not suggested to be a

possible mechanism for withdrawal induced anxiety. We agree with the reviewer in
that D2Rs do not mediate anxiety related behavior and have presented this literature
as a means of introducing an alternative possible effects of CR given that we cannot
confirm in this study that the effects of CR on ethanol intake, preference, or relapse
are a direct consequence of CR-induced anxiolytic effects.

Reviewer #3: The authors report that caloric restriction to 75% of free feeding
intake, in alcohol-preferring rats, induces an anxiolytic effect and also reduces
ad lib intake of alcohol, in the initial intake acquisition period and following a
period of alcohol deprivation. Anxiety was measured on the elevated plus-maze
and alcohol intake was measured via a two-bottle choice procedure (10% ethanol
or water). The reductions in intake were significant whether reported as raw
intake or normalized to body weight. These effects in a free choice procedure are
similar to the effects seen in an operant procedure, suggesting that the
mechanism by which caloric restriction reduces preference for and intake of
alcohol is not specific to the administration scheme.

This manuscript is clearly and cleanly written, and presents the hypothesis, methods
and results in an easily understood style. The methods and data analysis are
appropriate. The only thing I would suggest to add to the discussion is an
examination of the older literature on using caloric restriction to increase alcohol
intake and how to reconcile the differences between the earlier work (using
standard rodent lines) and the current work with alcohol-preferring rats.
We agree with the reviewer that an inclusion of older literature exploring the effects
of calorie restriction on increasing alcohol intake is needed. We have therefore
included a discussion of this as follows in the revised manuscript: “These results are
conflicting to what has been previously published when investigating the effects of
food restriction on the intake of alcohol in non-preferring rats (Soderpalm & Hansen,
1999; Stewart & Grupp, 1984). These studies have found that when maintaining
Wistar rats at 80% of their free feeding weight, food restricted rats consumed greater
amounts of ethanol compared to their free fed counterparts. This effect however, was
only observed when low concentrations of ethanol, ranging from 6-8%, were
offered(Soderpalm & Hansen, 1999; Stewart & Grupp, 1984). When the
concentration of ethanol was increased to 12% food restricted animals did not show

any increases in consumption (Linseman, 1989). These results may be a consequence
of two factors, firstly the restriction regimes varied, and in studies that found an
increase in consumption, the regime itself was unclear or limited to only 14 days of
restriction prior to the exposure of ethanol availability(Soderpalm & Hansen, 1999;
Stewart & Grupp, 1984). Secondly, these effects may be strain specific given that
alcohol-preferring rats do not consume ethanol for its caloric content("Indiana
Alcohol Research Center," 2011) and therefore increases of consumption in nonpreferring Wistar rats may be a results of the maintenance of previous calorie
consumption.” (pg. 14, ¶ 1, Line 4).
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a b s t r a c t
Calorie restriction (CR) is well established in the research literature to have several beneﬁcial effects
on health and has also been found to induce anxiolytic effects in the rat. Heightened levels of stress
and anxiety are often regarded as key precipitating factors of relapse to substance abuse and alcohol
addiction. In this study, the potential implication of a 25% CR diet in altering drug-seeking and relapse
like behaviour through its capacity to inﬂuence anxiolytic-like behavioural changes was investigated.
Anxiety was assessed in all rats with the elevated plus maze (EPM) and open ﬁeld test prior to being
trained to operantly self-administer either 10% ethanol, or water. Differences were found between the
groups in the percentage of open arm/total arm duration and open arm/total arm entries in the EPM,
demonstrating the anxiolytic effects of CR25%. Both control and CR25% groups showed preference for
alcohol vs. water, however, controls responded more for alcohol during the conditioning phase than the
CR25% group. Controls exhibited an alcohol deprivation-effect (ADE) post abstinence, and a cue-induced
reinstatement of alcohol-seeking post extinction however the CR25% did not. These results demonstrate
that the anxiolytic effects of CR25% reduces operant responding for ethanol and inhibits relapse behaviour.
Taken collectively, the results of this study suggest that in line with past research a CR25% dietary regime
can induce anxiolytic effects in the alcohol preferring (iP) rat. Furthermore, it also reduces the intake of
ethanol and inhibits the ADE and cue-induced relapse that is characteristic of addiction in this strain.
© 2012 Elsevier B.V. All rights reserved.

1. Introduction
Calorie restriction (CR) has been well established in the research
literature for its capacity to prolong maximal life span and decrease
morbidity [1]. Modiﬁed dietary regimes, that typically involve an
overall reduction in calorie intake to a range of 25–70% below the
ad libitum level, have been found to increase maximal life-span up
to 65% in the rat [2]. Besides CR being investigated for longevity, its
effects have also been found to extend to delaying a wide spectrum of diseases in various experimental animal models. These
beneﬁts have ranged from inhibiting the development of life shortening autoimmune disease [3], attenuating age-associated declines
in psychomotor and spatial memory tasks [4] and reducing degeneration of dopaminergic neurons in neurodegenerative models of
Parkinson’s [5]. Given the diversity of the beneﬁcial effects of CR, it
is clear that dietary modiﬁcations of this kind have great implications for potentially improving overall wellbeing.
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Bundoora, VIC 3086, Australia. Tel.: +61 3 9479 1257; fax: +61 3 9479 1956.
E-mail address: L.Guccione@latrobe.edu.au (L. Guccione).
0166-4328/$ – see front matter © 2012 Elsevier B.V. All rights reserved.
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Implementation of a CR dietary regime has the ability to inﬂuence various behavioural changes in the rodent which suggests that
CR could potentially play an important role in several psychological disorders, where factors such as cognition, social behaviour and
anxiety-like behaviour are prominent. Dietary restrictions ranging
from 25 to 50% have shown to improve cognition by attenuating
age-related deﬁcits in learning and memory [4,6–8], alter sexual
behaviour as well as increase social activity [9–11] and reduce
anxiety behaviour in the rat [12–16]. More speciﬁcally, calorie
restricted groups that have consisted of intermittent restriction;
involving limited daily access to food, and continuous restriction;
whereby rats were maintained at 85% of their initial body weight,
have shown reduced anxiety in the elevated plus maze (EPM)
[13]. With limited access to food, it was found that CR animals
exhibited increased open arm exploration compared with freely
fed rats, with a post-recovery group (reversion to free feeding
post a restricted access feeding regimen) also showing anxiolytic
effects that persisted for days after the normalization of feeding behaviour [13]. Male rats that were maintained at 85% of the
weight of their free-feeding cohort during continuous CR for a
period of 7 days made a greater percentage of open arm entries and
spent a greater percentage of time in the open arms compared to
controls [17].
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Diminishing anxiety-like behaviour in rats on a CR dietary
regimen has also been measured in the open ﬁeld test. CR rats
maintained at 80% of their initial body weight and thus receiving
approximately 40% of the amount consumed by ad libitum fed animals, exhibited greater exploration and ambulation in the open
ﬁeld after one week of restriction, which persisted 4 weeks after
the initiation of CR [12]. Similarly, a study conducted by Levay et al.
[14], also found that both CR25% and CR50% groups (rats receiving 75% or 50% of the amount consumed by control rodents) made
more central zone entries and exhibited greater exploration of the
central zone, indicative of a reduction in anxiety-like behaviour in
comparison to the control group. Given the anxiolytic-like effects
of CR [12–16,17], it is interesting to consider the possible implications this effect may have on other behaviours whereby anxiety is
a prominent contributing factor.
Heightened levels of stress and anxiety have been identiﬁed as
key precipitating factors for relapse to substance abuse [18,19].
It has been found that rats with elevated levels of stress and
anxiety will increase their responding for alcohol and hence, selfadminister more of a drug, in comparison to control animals that are
less stressed and anxious [20,21]. In the alcohol-preferring (iP) rats,
a strain of rat most predominantly used in behavioural paradigms
involving the self-administration of ethanol [21–23], rats will also
demonstrate a greater and more prolonged alcohol deprivation
effect (ADE) when stressed prior to ethanol being reintroduced for
voluntary consumption after a period of forced deprivation [21].
Human studies have also found that individuals with anxiety disorders are 2–3 times more likely to experience a substance abuse
disorder in comparison to the general population [24]. Furthermore, it is also often the case, that a co-morbidity of substance
abuse and an underlying anxiety disorder exists [25].
Whilst various therapeutic approaches are available for the
treatment of alcoholism, it is considered a chronic disorder with
consistently high rates of relapse being found to occur [26–30].
With this possible causal relationship linking anxiety with the
abuse of and relapse to alcohol, CR may also potentially act as a protective factor against the vulnerability to relapse as well as possibly
inhibiting drug-seeking behaviour in general. The anxiolytic-like
behavioural changes found to occur as a result of CR [12–16,17]
not only have clinical implications for a number of psychological
disorders, but have speciﬁc implications for addiction. Therefore,
considering the implications anxiety has in contributing to a vulnerability to relapse, the aim of this study was to investigate
the effects of a 25% CR and its ability to reduce alcohol-seeking
behaviour as well as the incidence of relapse in the alcoholpreferring (iP) rat.

intake was determined on a weekly basis and CR intake was calculated accordingly.
The dietary regime employed involved an overall reduction in calorie intake while
maintaining a sufﬁcient composition of diet in terms of daily intake of vitamins,
minerals, protein, etc. Dietary composition of the food administered in both control
and CR is summarised in Levay et al. [14].

2.3. Procedure
Behavioural measures: After 4 weeks of CR, behavioural testing to measure anxiety was conducted on all rats. Previous research investigating the anxiolytic effects of
CR have found that 4 weeks of restriction at this level is sufﬁcient to elicit anxiolytic
effects [14,15]. All behavioural testing was conducted between 12 p.m. and 4 p.m., a
minimum of 2 h after lights off and the presentation of food to the CR25% group. It
is expected that during this timeframe both CR25% and control animals would have
consumed the majority of their daily food intake [31], hence minimizing any effects
of absorptive status on the self-administration of ethanol.

2.3.1. Open ﬁeld test
Rats were placed in a brightly lit circular arena made of aluminium, approximately 1.2 m in radius with a surrounding wall 45 cm high. A camera was mounted
above the arena and recorded behaviour. Ethovision video tracking software
(Noldus, SDR Clinical Tech, Middle Cove, NSW, Australia) was later used to track
the behaviour and record data. The arena was divided into three zones of concentric
circles consisting of a central zone, middle zone, and outer zone. Rats were placed in
the central zone of the arena under a compartment which was removed at the initiation of the test. Over a 10 min period, the latency to enter each zone, the number
of entries in each zone and the duration of time spent in each zone was recorded.
Exploratory behaviour in this paradigm favours the outer zone and therefore
exploration of the central zone is an indication of less anxiety. Latency to leave the
central zone at the initiation of the test however is indicative of high anxiety [32].
Anxiety-related indices were measured based on the number of entries made into
the central and middle zones, percentage of total time in these zones (minus the
latency to leave the central zone at the initiation of the test) and the latency to leave
the central zone.

2.3.2. Elevated plus maze
Rats were placed in a dimly lit maze consisting of two opposing open arms and
two opposing closed arms situated in a cross position elevated approximately 50 cm
from the ﬂoor. The maze consisted of ﬁve zones; two open, two closed, and a central
zone where the arms intersected. Each arm of the apparatus was 44 cm long and
12 cm wide, with the sides of the closed arms 12 cm high. A camera was mounted
above the maze and recorded behaviour. Ethovision video tracking software (Noldus,
SDR Clinical Tech, Middle Cove, NSW, Australia) was later used to track the behaviour
and record data. Rats were placed in the central platform facing the open arm and
were allowed to explore freely for a 5 min period. The latency to enter each zone as
well as the number of entries and duration in each zone was recorded. An entry into
an arm was considered when a rat placed all four paws into an arm, whilst an arm
exit was deﬁned as two paws onto the central platform.
Exploratory behaviour that is typical in this paradigm favours the closed arms
[33]. Therefore, the number of open arm entries, ratios of open arm to total arm
entries, open arm duration and the open arm duration to total arm duration were
calculated for each group of animals as a measure of anxiety-related behaviour. Locomotor activity was also measured as distance travelled in cms throughout the test.
The elevated plus maze has been comprehensively validated for use with rats [34].

2. Materials and method
2.1. Animals
Twenty-two 5-week-old male alcohol preferring (iP) rats were procured from
the Howard Florey Institute, Melbourne University; and were allowed two weeks
to acclimate to the animal facility prior to the commencement of experimentation.
Animals were housed in individual plastic cages (30 cm × 50 cm × 15 cm) in the same
room, maintained at 22 ± 1 ◦ C on a reverse 12:12 h light/dark cycle with lights off
at 1000 h. Water and standard rodent chow (Barastoc) were available ad libitum
for the 2-week acclimation period and all animal care and experimentation were
conducted in accordance with the protocol of the La Trobe University Animal Ethics
Committee, Approval Number AEC 09-07-H.
2.2. Dietary regime
Following the 2-week acclimation period, rats were allocated to one of two
groups consisting of control or calorie restricted dietary regimes. Control group rats
were fed ad libitum and calorie restriction (CR25%) rats received 75% of the amount
consumed by controls, approximately 19–22 g daily. Food was provided between
08:00 and 10:00 h daily.
The CR period began after the 2-week acclimation period and continued for 4
weeks prior to behavioural testing and throughout the duration of the study. Daily

2.3.3. Operant self-administration training – sucrose fading procedure
Behavioural testing for this study was conducted in operant self-administration
conditioning chambers (Med Associates Inc., USA) that were contained within a
sound-attenuated ventilated box. The chamber was ﬁtted with two retractable
response levers on each side panel of the chamber. Responses at the appropriate lever activated a syringe pump that delivered a ∼100 l drop of ﬂuid into a
ﬂuid receptacle. A chamber light and stimulus light were also ﬁtted to the selfadministration chamber to initiate conditioned stimuli. A computer connected to
the chambers running Med Associates – MED-PC IV software, controlled the delivery
of ﬂuids, presentation of stimuli and recorded data.
Rats underwent a sucrose fading procedure which involved an initial overnight
16 h training session whereby rats were required to lever-press on a ﬁxed ratio
requirement of 2 (FR2; i.e. rats are required to press the lever two times to receive
the reward) for either water or 5% sucrose/5% ethanol solution; with food also made
available. The following day rats underwent a 20 min session of self-administering,
responding again for either water or 5% sucrose/5% ethanol solution. This continued
for four consecutive daily sessions on a FR3 schedule, while also counterbalancing
the ethanol paired lever throughout sessions to avoid place preference. These training sessions were followed by a further three consecutive days of 20 min sessions,
whereby sucrose was reduced to 2.5% in a 10% ethanol solution. Consequent sessions consisted of the rat operantly responding for either water or 10% ethanol and
were constituent of the conditioning phase of the model.
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2.3.4. Cue-induced reinstatement model of alcohol seeking behaviour:
conditioning phase
At the completion of the sucrose fading and training procedure, animals were
able to discriminate between the availability of ethanol and water. Rats responded
for a 10% ethanol solution under a FR3 schedule for a 20 min time-period. The availability of ethanol was paired with a stimulus light which acted as an environmental
cue and was activated (for 1 s) after every FR3 response. At the end of each session the total ethanol and water responses and rewards were recorded (both for
the 20 min time-period and at 5 min intervals within the session), and the difference in ﬂuid in the ethanol reservoir, between the beginning and end of the session
were recorded to ensure correct calibration of the delivery system. The acquisition
of stable ethanol self-administration continued over approximately 4–5 weeks.
2.3.5. Forced abstinence
Once ethanol self-administration was stable, rats underwent a period of forced
abstinence. During this period rats remained in their home cages and were not
exposed to any operant sessions for four weeks. On the ﬁfth week, rats were reintroduced to daily 20 min sessions of self-administration for both water and 10%
ethanol so that the effect of alcohol deprivation could be observed. These sessions continued until responding returned to normal. The acquisition of responses
was recorded over 10 sessions of operant responding for both CR25% and control
groups.
2.3.6. Extinction
Following normal operant responding, rats were subjected to extinction training. During extinction the light stimulus that was previously paired with the delivery
of a reward was removed, and neither water nor ethanol was delivered subsequent
to a lever press. Extinction sessions of 20 min continued until a signiﬁcant decline
in lever presses was observed, this was repeated daily over approximately 3 weeks.
2.3.7. Reinstatement
Following extinction rats then underwent reinstatement. During this phase cues
that were previously paired with the delivery of a reward were re-introduced. This
involved reprogramming the software such that the stimulus light was activated
after every FR3 response, although there was no delivery of a reward into the receptacle. This phase of testing represents a model that is comparable to cue-induced
relapse in humans.
2.4. Statistical analysis
Statistical analysis was performed using GraphPad Prism 5.00 which was also
used to create all graphs. All data is expressed as the mean ± SEM and was analysed
using t-tests, one-way or two-way ANOVA with appropriate post-hoc tests depending on the experimental conditions. For all statistical calculations signiﬁcance was
considered at a value of p ≤ 0.05.
Rats were required to meet a criterion of 75% preference for ethanol during the
conditioning phase or they were excluded from statistical analyses.

3. Results
3.1. Effect of CR on body weight
Body weights of rats were measured immediately prior to testing once a week throughout the experimental period. The body
weight of the CR25% group showed attenuated weight gain compared to control across the experimental period, but not weight loss
(Table 1).
At baseline body weight measurements, there was no signiﬁcant
difference between control and CR25% groups (p = 0.450). After the
initial 4-week calorie restriction period, CR25% rats weighed significantly less than controls t(20) = 2959, p = 0.0078. During all testing
phases the CR25% group maintained a lower body weight than that
of control group (Table 1).
3.2. Elevated plus maze
No differences in locomotor activity were found between groups
as measured by cms travelled. A t-test comparing the number of
open arm entries [t(20) = 2.688, p = 0.014; Fig. 1a] and the ratio of
open arm to total arm entries [t(20) = 4.067, p = 0.0006; Fig. 1b]
revealed a signiﬁcant effect for the CR25% group. Similarly the
CR25% were also found to spend more time in the open arms
[t(20) = 3.549, p = 0.002; Fig. 1c] and have a greater ratio of open
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Table 1
Mean ± SEM body weight (g) for control and CR25% groups across testing phases.
Testing phases

Control

CR25%

Baseline (control n = 11, CR25% n = 11)
Initial CR period (4 weeks prior to
behavioural testing) (control n = 11,
CR25% n = 11)**
Conditioning (4 weeks) (control n = 9,
CR25% n = 9)**
Forced deprivation (4 weeks) (control n = 8,
CR25% n = 9)***
Re-conditioning (2 weeks) (control n = 8,
CR25% n = 9)***
Extinction (3 weeks) (control n = 8, CR25%
n = 9)***
Reinstatement (1 week) (control n = 8,
CR25% n = 9)***

285 ± 6.9
319 ± 6.7

277 ± 7.0
292 ± 6.0

428 ± 10.1

355 ± 6.7

459 ± 11.4

381 ± 7.8

469 ± 11.0

396 ± 7.0

476 ± 11.6

400 ± 12.6

481 ± 11.1

401 ± 6.3

**
***

A signiﬁcant difference between control and CR25% groups at p ≤ 0.01.
A signiﬁcant difference between control and CR25% groups at p ≤ 0.0001.

arm duration to total arm duration [t(20) = 3.010, p = 0.007; Fig. 1d]
compared to controls.
3.3. Open ﬁeld test
No signiﬁcant differences were found between control and
CR25% groups in the open ﬁeld test for any of the variables during
the full 10 min of the test (Table 2).
3.4. Cue-induced reinstatement model of alcohol seeking
behaviour
A two-way ANOVA revealed a main effect for group across sessions during the conditioning phase [F (1,19) = 4.795, p = 0.0437;
Fig. 2]. Both control [t(182) = 18.99, p < 0.0001] and CR25%
[t(182) = 13.22, p < 0.0001] groups exhibited a preference for 10%
ethanol over water. The mean self-administration of ethanol
rewards during the conditioning phase were signiﬁcantly greater
for controls than the CR25% group [t(364) = 5.080, p < 0.0001] with
no difference in self-administration of water between groups being
found [t(364) = 1.844, p = 0.0660; Fig. 3].
Following a period of 4 weeks forced-abstinence, a paired
t-test showed that controls signiﬁcantly increased their mean selfadministration of 10% ethanol [t(53) = 5.793, p < 0.0001; Fig. 4]
compared with pre-forced abstinence. The CR25% group did not
exhibit an increase in ethanol self-administration post forced abstinence [t(66) = 1.541, p = 0.1282] and an unpaired t-test found that
CR25% administered less 10% ethanol during this phase of testing
than controls [t(168) = 8.615, p < 0.0001; Fig. 4].
During the extinction phase of the model both controls and
CR25% extinguished their responding on the previously alcoholpaired lever (Fig. 5a). At reinstatement a paired t-test showed that
controls signiﬁcantly increased their responding, in response to
the cue, in comparison to the last session of extinction [t(7) = 2.899,
p = 0.0230]. This effect was not evident in the CR25% group
[t(8) = 1.820, p = 0.1063] (Fig. 5b). An unpaired t-test found no

Table 2
Mean ± SEM latency to leave, entries and duration in zones of the open ﬁeld test for
control and CR25% groups.
Behavioural variables

Control (n = 11)

Latency to leave centre zone (s)
Centre/middle zone entries (%)
Centre/middle zone duration (%)
Outer zone duration (%)

13.2
19.0
7.9
91.5

NS: not signiﬁcant.

±
±
±
±

2.52
3.87
1.17
1.26

CR25% (n = 11)
14.6
18.1
9.1
90.1

±
±
±
±

3.74
3.86
2.57
2.61

p
NS
NS
NS
NS
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Fig. 1. Mean (±SEM) of (a) total arm entries of the elevated plus maze for the control (n = 11) and CR25% (n = 11) groups, (b) open arm to total arm to total arms entries ratio
(%) for the control (n = 11) and CR25% groups, (c) total duration of time spent in the open arms for the control (n = 11) and CR25% (n = 11) groups, (d) open arms to total arms
duration ratio (%) for the control (n = 11) and CR25% groups (n = 11). * denotes a signiﬁcant difference from the control group at p < 0.05, ** denotes a signiﬁcant difference
from the control group at p < 0.01, *** denotes a signiﬁcant difference from the control group at p < 0.001.

signiﬁcant differences for extinction [t(15) = 0.7306, p = 0.4763] or
reinstatement [t(15) = 1.538, p = 0.1448] between groups (Fig. 5b).
4. Discussion
The main ﬁndings of the present study suggest that the administration of a moderate calorie restriction of 25% may, in addition
to altering anxiety-like behaviour, also play a role in inhibiting drug-seeking and relapse-like behaviour. The CR25% group
exhibited anxiolytic-like behaviour in the elevated plus maze;
however this was not reﬂected in the open ﬁeld test. During the
conditioning phase of the cue-induced reinstatement model, the
CR25% group self-administered signiﬁcantly less ethanol rewards

than the control group. Typical relapse behaviour was also altered
in the CR25% group. Following a 4-week forced deprivation period,
the CR25% failed to exhibit an alcohol deprivation effect. This was
also found during the reinstatement phase whereby the CR25%
group did not show cue-induced relapse behaviour. These results
indicate that the CR25% group did not show typical responding
to ethanol nor did they display characteristics of addiction and
relapse present in control animals.
The diminution in anxiety-like behaviour that was observed in
the CR25% group was similar to what has been found in past studies [12–16,17]. In contrast to their ad libitum fed counterparts, the
CR25% group made more entries and spent more time in the open
arms of the EPM. These anxiolytic-like behavioural changes that

Fig. 2. Mean (±SEM) 10% ethanol rewards for each session of the conditioning phase of the model for both the control (n = 9) and the CR25% (n = 9) groups. * denotes a
signiﬁcant difference from the control group at p < 0.05.
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Fig. 3. Mean (±SEM) rewards during the conditioning phase of the model for both
10% ethanol and water for the control (n = 9) and the CR25% (n = 9) groups. ** denotes
a signiﬁcant difference from the control group at p < 0.0001.

Fig. 4. Mean (±SEM) 10% ethanol rewards during the conditioning phase pre vs.
post 4 weeks forced abstinence for both control (n = 9) and the CR25% (n = 9) groups.
** denotes a signiﬁcant difference from the control group at p < 0.0001.

were exhibited in the CR25% group were not attributable to possible increases in locomotor activity, given that distance travelled
(measured in cms) and overall entries made in the EPM did not
differ between groups. Reduced anxiety-like behaviour in CR rats
have also been found in social interaction tests that are not dependant on exploratory behaviour nor effected by locomotor activity
[9]. The anxiolytic behavioural effects in the CR25% group were
not successful in altering typical behaviour in the open ﬁeld test;
however this could potentially be attributable to strain speciﬁc differences, given that the effects of CR have not, to our knowledge,
been tested in the alcohol-preferring (iP) rat strain.
Research that has investigated the anxiolytic effects of varying
degrees of CR, ranging from 25% to 50% restriction, have used rat
strains that consist of outbred Hooded Listers, Wistars and Hooded
Wistars [18–23]. Researchers have identiﬁed that restricted dietary
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regimes on Hooded Lister and Wistar strains induced anxiolytic
behaviour in the EPM; with the CR groups exhibiting behaviours
characteristic of a less anxious animal in this test. However, alterations to anxiety-like behaviour as a result of CR were not measured
in the open ﬁeld test [13,17]. Further studies that have used the
open ﬁeld test to depict the anxiolytic effects of CR used the Hooded
Wistar strain, ﬁnding that a diminution of anxiety-like behaviour
was detectable in the open ﬁeld test with CR25% and CR50% groups
but not in the EPM [14,16].
With the diminution of anxiety-like behaviours in the EPM, the
self-administration of ethanol during conditioning phases was also
altered in the CR25% group, who self- administered less ethanol
rewards compared to controls. It has been suggested that ethanol
drinking behaviour in the rat is associated with alleviating anxiety [20,21]. Rats with heightened levels of stress and anxiety will
increase their responding for alcohol and therefore self-administer
more of a drug in comparison to animals that are less stressed
and anxious [20,21]. Studies have also shown that rats subjected
to induced stress prior to being exposed to ethanol will show signiﬁcantly higher levels of ethanol intake compared to those not
subjected to stressors [35,36]. It has also been found that these
elevations in alcohol intake can be reversed with the treatment
of serotonin reuptake inhibitors, a class of compounds typically
used as antidepressants [36]. These studies indicate how anxiety
can inﬂuence ethanol intake, and potentially mediate the amount
consumed. Therefore, the differences in self-administered ethanol
rewards during the conditioning phase may be attributable to the
induced anxiolytic state as a result of calorie restriction. It could
also be argued that these effects are a result of the signiﬁcant difference in body weight between the groups. The CR25% group weighed
signiﬁcantly less during this phase of testing; therefore it is possible that this group is self-administering enough ethanol rewards
to be achieving the same blood alcohol level as the control group.
This argument, although justiﬁed, does not explain the absence of
an ADE and cue-induced relapse in the CR25% group; behavioural
characteristics of addiction and relapse typically observed during
the post-deprivation or reinstatement phases.
Given alcohol addiction is considered a chronically relapsing
disorder; much research has been dedicated into outlining key
behaviours that speciﬁcally characterise relapse-like behaviour in
an animal model of addiction. The ADE is characterised by a pronounced increase in alcohol consumption following a period of
forced alcohol deprivation [37] and has been validated across several studies [38–40]. The control group displayed an ADE that
translates to typical relapse behaviour in this model. The CR25%
rats, however, did not deviate from their baseline ethanol intake
during operant sessions, 4 weeks post forced abstinence. The
absence of an ADE in this group suggests that CR25% rats are
not vulnerable to an increase in the reinforcing value of alcohol
post deprivation and therefore do not exhibit relapse behaviour
in this paradigm. Experimental evidence has suggested that a
GABAB receptor agonist, thought to play a critical role in reducing

Fig. 5. Mean (±SEM) of (a) lever presses during the extinction phase of the model for control (n = 8) and CR25% (n = 9) groups, (b) lever presses for the last session of the
extinction phase and a session of reinstatement for the control (n = 8) and CR25% (n = 9) groups. * denotes a signiﬁcant difference from the control group at p < 0.05.
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anxiety [41], can suppress a typical ADE post deprivation [42–44].
These ﬁndings could provide support for the theory that CR may be
mediating alcohol consumption and inhibiting an ADE through its
anxiolytic effects.
When groups were returned to normal responding post deprivation, they underwent an extinction phase to assess their vulnerability to cue-induced relapse. This aspect of the model assesses a characteristic of addiction that is associated with environmental cues
modulating relapse in drug addicted individuals [45]. During this
phase of testing, responses on a lever previously paired with both
an environmental cue, and the availability of ethanol, were measured when only the cue was reintroduced. Control animals showed
a signiﬁcant increase in responses upon the reintroduction of a cue
in comparison to the last session of the extinction phase where the
cue was not present, displaying typical cue-induced relapse to alcohol. Similarly to what was found post deprivation, the CR25% group
did not reinstate to the reintroduction of the cue, suggesting that
they did not show a vulnerability to relapse. This ﬁnding is not dissimilar to what has been found in rats that have been treated with
benzodiazepines [46], a drug predominantly used to clinically treat
anxiety disorders. Therefore, this further emphasises the possibility that the anxiolytic effects of CR could be attributing to these
results. However, given the speciﬁc mechanisms to which CR is
mediating these anxiolytic effects are still unclear, it may be that
CR is reducing the rewarding properties of alcohol.
It has been established in the literature that several neurotransmitters are involved in the development of an addiction to ethanol
[47]. However, of these, dopamine is thought to be most prominently involved in mediating the rewarding properties of alcohol
[48], and more speciﬁcally it has been suggested that the dopamine
2 receptors (D2R) play an important role. Research has identiﬁed
that D2R availability can be a predisposing trait to drug abuse as
well as addiction [49]. A study conducted by Volkow et al. [50], on
non-drug abusing individuals, found that men with low D2R availability rated the effects of Ritalin as being pleasant, whereas those
subjects with high D2R availability found the psychostimulant to
be aversive. Similarly, a study conducted with monkeys found
that low D2R availability was a predisposing trait to cocaine selfadministration. It was also found that cocaine exposure resulted in
decreases in D2R availability [49]. Interestingly, there is also evidence to suggest that CR dietary regimes may have an effect on the
availability of these receptors. Analyses of D2R in the striatum of
CR rodents, have found an attenuation of age-associated declines
[51]. It has also been found that decreased DA neuronal function
in the striatum and nucleus accumbens resulting from age is also
improved by CR [52]. Therefore, it may be the case that CR animals
are maintaining a higher availability of D2R and are not ﬁnding
ethanol as rewarding; hence they display an absence of addictive
traits. Alternatively, if ethanol exposure is in fact decreasing D2R
availability similarly to that of cocaine exposure [49], it may be
that CR is inhibiting this decline and this may therefore explain
why addictive traits are only being observed in control animals.
Taken collectively, results of this study suggest that in line with
past research a CR25% dietary regime can induce anxiolytic effects
in the alcohol preferring (iP) rat strain. Furthermore, it also reduces
the intake of ethanol and inhibits the ADE and cue-induced relapse
that is characteristic of addiction in this strain of rat. Although
anxiety has been widely accepted to be a modulating and inﬂuential factor in drug abuse and the vulnerability to relapse, it is
unclear as to whether the effects found in this study are directly
attributable to CR reducing anxiety in the CR25% group, or if CR is
having another effect that is inﬂuencing ethanol intake and relapse
behaviour. Future directions should aim to investigate possible
effects of CR on other behavioural traits theorised to be predictive
of drug abuse as well as investigating the effects of CR on reward
pathways of the brain.
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CR induces anxiolytic effects in the alcohol preferring (iP) rat.
The CR25% group displayed reduced intake of 10% ethanol in comparison to controls.
Unlike that of controls, the CR25% group did not display an ADE.
CR25% animals did not demonstrate a preference for 10% ethanol over water.
CR25% may alter the hedonic impact of 10% ethanol in the alcohol-preferring rat.
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a b s t r a c t
Among its many beneﬁcial effects, calorie restriction (CR) has also been found to reduce anxiety related behavior in
the rodent. With heightened levels of stress and anxiety implicated as a key precipitating factor of relapse and alcohol addiction, it was found that a 25% CR in addition to inducing anxiolytic effects also had the capacity to reduce
intake of alcohol and inhibit relapse within a model of operant self-administration. The aim of this study was to investigate if a 25% CR would also display similar effects in a two-bottle free choice paradigm, whereby 24 h ad libitum
access to both 10% ethanol and water is provided. All animals were initially tested on the elevated plus maze (EPM)
and open ﬁeld test prior to commencing the two-bottle free choice paradigm. Differences between control and
CR25% animals demonstrated the anxiolytic effects of CR, with the CR25% group displaying greater percentage of
open arm/total arm duration and open arm/total arm entries in the EPM. During the acquisition phase of the
two-bottle free choice paradigm, CR25% animals showed a reduced intake of 10% ethanol in ml/kg, in comparison
to the control group. Whilst control animals displayed a strong preference for 10% ethanol, the CR25% group consumed both 10% ethanol and water equally with no differences found in total ﬂuid intake between groups. Similarly
this was also the case following forced deprivation. In addition to reduced intake and lack of preference for 10%
ethanol, CR 25% animals unlike controls failed to display a typical alcohol deprivation effect following abstinence.
Taken collectively the results of this study suggest that CR may act as a protective factor against addiction and relapse in the alcohol preferring (iP) rat. In addition, given CR25% animals did not display a preference for 10% ethanol,
results also suggest that CR may be altering the hedonic impact of ethanol within this group.
© 2012 Elsevier Inc. All rights reserved.

1. Introduction
Calorie restriction has been long known to result in several beneﬁcial effects that have extended to increasing maximal life-span
[1] and delaying a spectrum of diseases, ranging from autoimmune
diseases [2] to neurodegenerative models of Parkinson’s [3]. In
addition to improving overall well being, a dietary restriction of
25–50% has also been found to alter behavioural states in rodents
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that have included changes in social and sexual behavior [4–6] as
well as inducing anxiolytic states [7–9].
Anxiety is considered to be highly co morbid with the addiction to
alcohol [10,11] and is often thought to be an integral factor for relapse
[12]. Studies have identiﬁed that animals exposed to stress will exhibit greater alcohol deprivation effects (ADE) compared to non-stressed
counterparts [13] and overall, rats with elevated stress and anxiety
will self-administer more of a drug than animals that are less stressed
and anxious [14]. Pharmacological interventions using compounds
that have been found to clinically treat anxiety disorders have also
been successful in altering intake and relapse behavior in rats [15–19].
It has been identiﬁed in these studies, that compounds such as serotonin reuptake inhibitors and GABAB receptor agonists, can reduce the
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amount of ethanol consumed [19] and suppress an ADE [16,18,19],
while benzodiazepines were also found to block cue-induced reinstatement to cocaine [15]. These forms of intervention have produced results
that are not dissimilar to what has been found to occur in response to
a 25% caloric restriction (CR25%) in alcohol-preferring (iP) rats [9].
This study found that in addition to CR25% resulting in a diminution
of anxiety-like behavior, the CR25% group self-administered less ethanol rewards and failed to display an ADE or cue-induced relapse within
an operant paradigm [9].
Two models of addiction are typically used to model addictive traits
and relapse like behavior in rodents; these consist of operant procedures and non-operant choice paradigms. Both models allow subjects
to freely choose whether to drink or not, and are therefore considered
to be good models of human consumption [20]. Operant paradigms
allow for reward-reinforced behavior to be measured, and can also determine the ability of drug-associated cues to provoke relapse following
both deprivation periods and extinction sessions [21]. In comparison to
the non-operant two-bottle free choice paradigm, the operant cueinduced reinstatement model only allows for limited access to alcohol
in a contextual setting (e.g. operant chamber) and therefore cannot provide speciﬁc information regarding non-discriminative consumption of
alcohol. Comparatively, the two-bottle free choice paradigm provides
24 h ad libitum access to alcohol as well as water. Therefore in addition
to modeling characteristics of addiction and relapse, is an informative
model to investigate differences in intake relative to factors such as
weight, which is an important variable when considering calorie restricted groups.
Alcohol addiction is considered to be a chronic disorder with
rates of relapse as high as 80%; and within Australia alone, a reported
13% of the population are consuming alcohol at levels considered to
be high risk [22]. Given the implication this has on society, the importance of investigating novel treatments for addiction and relapse
to the abuse of alcohol is prominent. Calorie restriction among its
many beneﬁcial effects has also been found to mediate changes within an operant model of addiction, suggesting that it may potentially
serve as a protective factor against relapse [9]. Given the implications
calorie restriction poses in a paradigm modeled on limited access to
alcohol, the aim of this study is to investigate the effects of CR25% on
a non-operant two-bottle free choice paradigm that provides 24 h
access to 10% ethanol and water. This study will investigate these
effects in the alcohol preferring (iP) rat. The alcohol preferring (iP)
rat is selectively breed to meet the criteria as model of alcoholism;
this requires animals to orally self-administer ethanol, consume
ethanol because of its post-ingestive pharmacological effects rather
than its caloric value or taste, display a motivation to obtain ethanol,
show metabolic and functional tolerance following chronic consumption, and also display characteristics associated with relapse
[23]. An additional aim of this study is to further elucidate that predicted differences in intake during acquisition as well as post deprivation between control and CR25% animals are not attributable to
differences in weight between the groups.
2. Materials and method
2.1. Animals
Thirty-seven 5-week-old male alcohol preferring (iP) rats were
procured from the breeding colony at the Howard Florey Institute,
University of Melbourne. Parental stock had been previously obtained
from Professor T. K. Li (while at Indiana University, Indianapolis, IN).
Animals were allowed 2 weeks to acclimate to the animal facility prior
to the commencement of experimentation. All animals were tested on
the elevated plus maze and open ﬁeld. A subgroup of 18 animals (control
n=9, CR25% n=9) were then randomly selected to undergo the
two-bottle free choice paradigm; the remaining 19 animals were transferred to other projects to undergo different experimentation. Animals

35

were housed in individual plastic cages (30×50×15 cm) in the same
room, maintained at 22°C±1°C on a reverse 12:12h light/dark cycle
with lights off at 10:00 h. Water and standard rodent chow (Barastoc)
were available ad libitum for the 2 week acclimation period and all animal care and experimentation were conducted in accordance with the
protocol of the La Trobe University Animal Ethics Committee, Approval
Number AEC 10-59.
2.2. Dietary regime
Following the 2 week acclimation period, rats were randomly allocated to one of two groups consisting of control or calorie restricted
dietary regime. Control group rats were fed ad libitum and calorie restriction (CR25%) rats received 75% of the amount consumed by controls, approximately 19-22g daily. Food was provided between, but
not limited to 09:00 and 10:00h daily. Animals were weighed weekly.
The CR period began after the 2 week acclimation period and
continued for 4 weeks prior to behavioural testing and throughout
the duration of the study. Daily intake was determined on a weekly
basis and CR intake was calculated accordingly. The dietary regime
employed involved an overall reduction in calorie intake while
maintaining a sufﬁcient composition of diet in terms of daily intake
of vitamins, minerals, protein, etc. Dietary composition of the food
administered in both control and CR is summarised by Levay et al.
[7].
2.3. Procedure
2.3.1. Behavioural measures
After 4 weeks of CR, behavioural testing to measure anxiety was
conducted on all rats. Previous research investigating the anxiolytic effects of CR have found that 4 weeks of restriction at this level is sufﬁcient
to elicit anxiolytic effects [7–9]. All behavioural testing was conducted
between 12 pm and 4 pm, a minimum of 2 h after lights off and the presentation of food to the CR25% group. It is expected that during this
timeframe both CR25% and control animals would have consumed the
majority of their daily food intake [24], hence minimizing any effects of
absorptive status on the self-administration of ethanol.
2.3.2. Open ﬁeld test
Rats were placed in a brightly lit circular arena made of aluminium,
approximately 1.2m in radius with a surrounding wall 45 cm high. A camera was mounted above the arena and recorded behaviour. Ethovision
video tracking software (Noldus, SDR Clinical Tech, Middle Cove, NSW,
Australia) was later used to track the behaviour and record data. The
arena was divided into three zones of concentric circles consisting of a
central zone, middle zone, and outer zone. Rats were placed in the central
zone of the arena under a compartment which was removed at the initiation of the test. Over a 10 min period, the latency to enter each zone, the
number of entries in each zone and the duration of time spent in each
zone were recorded.
Exploratory behaviour in this paradigm favours the outer zone
and therefore exploration of the central zone is an indication of less
anxiety. Latency to leave the central zone at the initiation of the test
however is indicative of high anxiety [25]. Anxiety-related indices
were measured based on the number of entries made into the central
and middle zones, percentage of total time in these zones (minus the
latency to leave the central zone at the initiation of the test) and the
latency to leave the central zone.
2.3.3. Elevated plus maze
Rats were placed in a dimly lit maze consisting of two opposing
open arms and two opposing closed arms situated in a cross position
elevated approximately 50cm from the ﬂoor. The maze consisted of
ﬁve zones: two open, two closed, and a central zone where the
arms intersected. Each arm of the apparatus was 44 cm long and 12
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cm wide, with the sides of the closed arms 12 cm high. A camera was
mounted above the maze and recorded behaviour. Ethovision video
tracking software (Noldus, SDR Clinical Te.ch, Middle Cove, NSW,
Australia) was later used to track the behaviour and record data.
Rats were placed in the central platform facing the open arm and
were allowed to explore freely for a 5 min period. The latency to
enter each zone as well as the number of entries and duration in
each zone was recorded. An entry into an arm was considered
when a rat placed all four paws into an arm, whilst an arm exit was
deﬁned as two paws onto the central platform.
Exploratory behaviour that is typical in this paradigm favours the
closed arms [26]. Therefore the number of open arm entries, ratios of
open arm to total arm entries, open arm duration and the open arm
duration to total arm duration were calculated for each group of animals as a measure of anxiety-related behaviour. Locomotor activity
was also measured as distance travelled in cm throughout the test.
The elevated plus maze has been comprehensively validated for use
with rats [27].

the CR25% group maintained a lower body weight than that of control
group; Fig. 1.

2.3.4. Two-bottle free choice paradigm
During the initial ethanol acquisition period Control and CR25%
animals received continuous access to 10% ethanol and water in
their home cages for 5 weeks. Intake of 10% ethanol, water and
preference for 10% ethanol, was calculated over 28 days when consumption had stabilised. Both 10% ethanol and water bottles were
weighed daily and the position of both bottles was changed randomly at 10:00h to control for position bias. Following the ethanol
acquisition period ethanol was removed from all home cages at
10:00h for a period of 4 weeks. Post a 4 week forced deprivation period, 10% ethanol was reintroduced to all animals home cages
whereby again intake of both 10% ethanol and water was measured
daily for a period of 7 days to observe alcohol deprivation effects.
Intake post deprivation was compared to baseline measurements
of intake which consisted of the mean intake of 10% ethanol 7
days prior to deprivation.

No signiﬁcant differences were found between Control and CR25%
groups in the open ﬁeld test for any of the variables during the full
10mins of the test (Table 1).

2.4. Statistical analysis
Statistical analysis was performed using GraphPad Prism 5.00
and was also used to create all graphs. All data is expressed as the
mean ± SEM and was analysed using both paired and unpaired
t-tests. One-way or two-way repeated measures ANOVA with
Bonferroni post-hoc tests were also used. For all statistical calculations, signiﬁcance was considered at a value of p ≤ 0.05.
Control animals that did not display an initial preference for 10%
ethanol (b 50% after the ﬁrst two weeks of exposure to 10% ethanol)
were excluded from both acquisition and alcohol deprivation data
sets (n = 2). This exclusion criterion is based upon the expected consumption ratio of 2:1 10% ethanol to water, for the alcohol preferring
rat strain [23]. In addition, calorie restricted animals that did not consume their entire restricted ration of food (n = 1) were also excluded
as they were considered not to be restricted animals.

3.2. Elevated plus maze
Locomotor activity measured in cm travelled was not found to be
signiﬁcantly different between the control and CR25% groups. A t-test
comparing the number of open arm entries [t (35) = 2.203, p =
0.0342; Fig. 2a] and the ratio of open arm to total arm entries [t (35)=
2.901, p=0.0064; Fig. 2b] revealed a signiﬁcant effect for group, with
the CR25% animals making more open arm entries as well as a greater
ratio of open arm to total arm entries compared to controls. Similarly
the CR25% group demonstrated greater time spent in the open arms
[t (35) = 2.205, p = 0.0342; Fig. 2c] and were also found to have a
greater ratio of open arm duration to total arm duration [t (35)=
2.189, p=0.0353; Fig. 2d].
3.3. Open ﬁeld test

3.4. Ethanol acquisition
The mean daily intake of 10% ethanol and water (ml/kg) for control animals was analysed using a two-way repeated measures
ANOVA and revealed a signiﬁcant interaction effect [F (27, 12) =
2.807, p b 0.0001] as well as a main effect for ﬂuid intake (ml/kg)
[F (1, 12) = 13.70, p = 0.0030; Fig. 3a], with control animals consuming more 10% ethanol in comparison to water. Similarly, a
two-way repeated measures ANOVA also revealed a signiﬁcant interaction effect of ﬂuid intake (ml/kg) over 28 days of acquisition
in CR25% animals [F (27, 14) = 3.514, p b 0.0001]; however, no
main effect for ﬂuid intake was found in this group [F (1, 14) =
0.0687, p = 0.7971; Fig. 3b]. Overall, intake of 10% ethanol (ml/kg)
was signiﬁcantly greater in control animals compared to the
CR25% group [t (418) = 4.326, p b 0.0001; Fig. 3c]. However the
CR25% group displayed a greater intake of water in comparison to
control animals [t (418) = 12.19, p b 0.0001; Fig. 3c]. Whilst the
control group showed a signiﬁcant preference for 10% ethanol
over water [t (195) = 12.59, p b 0.0001], the CR25% animals did
not [t (223) = 0.9201, p = 0.3585; Fig. 3c]. A main effect between
groups for daily preference of 10% ethanol over water, was also observed with control animals displaying a higher preference for 10%
ethanol compared to the CR25% group [F (1, 27) = 75.95, p b 0.0001;

3. Results
3.1. Effect of CR on body weight
Body weights of rats were measured immediately prior to feeding
once a week throughout the experimental period. A two-way repeated
measures ANOVA revealed a main effect for group over the duration of
the experiment [F (1, 16) = 24.44, p = 0.0001; Fig. 1]. Bonferroni post
hoc analyses revealed no signiﬁcant difference between control and
CR25% groups during the 2 week acclimation period (p = > 0.05). Following 2 weeks into the calorie restriction period, CR25% rats weighed
signiﬁcantly less than controls (p = b0.05). During all testing phases

Fig. 1. Mean (±SEM) body weight for control (n=9) and CR25% (n=9) groups across testing periods.* denotes a signiﬁcant difference from the control group at pb 0.05, ** denotes a
signiﬁcant difference from the control group at pb 0.01, *** denotes a signiﬁcant difference
from the control group at pb 0.001.
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Fig. 2. Mean (± SEM) of (a) total arm entries of the elevated plus maze for the control (n = 18) and CR25% (n = 19) groups, (b) open arm to total arm to total arms entries ratio (%)
for the control (n = 18) and CR25% (n = 19) groups, (c) total duration of time spent in the open arms for the control (n = 18) and CR25% (n = 19) groups, (d) open arms to total
arms duration ratio (%) for the control (n = 18) and CR25% groups (n = 19).* denotes a signiﬁcant difference from the control group at p b 0.05, ** denotes a signiﬁcant difference
from the control group at p b 0.01.

Fig. 3d]. No differences in total ﬂuid intake were found between
groups during acquisition phase of the paradigm.
3.5. Alcohol deprivation effect
The mean intake of 10% ethanol (ml/kg) signiﬁcantly increased from
the pre-deprivation baseline (7 days mean intake prior to deprivation) in
control animals after a period of forced deprivation [t (48)=2.453, p=
0.0179]. However this was not seen in the CR25% group, with CR25% animals signiﬁcantly reducing their intake of 10% ethanol from the
pre-deprivation baseline following four weeks deprivation [t (55)=
4.473, pb 0.0001; Fig. 4a]. A two-way ANOVA also revealed a main
effect between groups [F (1, 91)=23.06, pb 0.0001] and across time
[F (6, 91) = 2.888, p = 0.0127; Fig. 4b] for the daily intake of 10%
(ml/kg) ethanol post deprivation, with the control animals

Table 1
Mean ± SEM latency to leave, entries and duration in zones of the open ﬁeld test for
Control and CR25% groups.
Behavioural variables

Control (n = 20)

CR25% (n = 20)

P

Latency to leave centre zone (sec)
Centre/middle zone entries
Centre/middle zone duration (%)
Outer zone duration (%)

12.4 ± 1.75
23.0 ± 3.30
8.4 ± 1.06
90.5 ± 1.07

12.6 ± 2.49
21.0 ± 2.93
9.60 ± 1.57
89.2 ± 1.68

NS
NS
NS
NS

NS, not signiﬁcant.

consuming more ethanol. Similar to what was found during acquisition, the control group displayed a signiﬁcant preference for 10%
ethanol over water post deprivation [t (48)= 7.750, p b 0.0001] dissimilar to what was found in the CR25% group [t (55)=0.8361, p=0.4067;
Fig. 4c]. Control animals consumed more 10% ethanol (ml/kg) upon its
reintroduction post deprivation than the CR25% group [t (103)=4.546,
pb 0.0001]; however, the CR25% group consumed more water than that
of controls [t (103)=7.257, pb 0.0001; Fig. 4c]. No differences in total
ﬂuid intake were found between CR25% and control animals following
the forced deprivation period.
4. Discussion
The present ﬁndings indicate that in addition to expected anxiolytic
effects, a moderate chronic calorie restriction of 25% can also alter ethanol consumption as well as diminish both preference for ethanol, and an
alcohol deprivation effect (ADE) in a two-bottle free choice paradigm. As
expected, differences between the control and CR25% groups in the elevated plus maze (EPM) suggested anxiolytic effects within the CR group;
however this effect was not found in the open ﬁeld test. Throughout all
phases of the paradigm (initial CR25% period, acquisition of ethanol, deprivation, and the reintroduction of ethanol) CR25% animals maintained
signiﬁcantly reduced body weights in comparison to ad libitum fed controls. During the 28 day acquisition phase of the two-bottle free choice
paradigm, CR25% animals displayed a reduced consumption of 10% ethanol in comparison to the control group. This reduction in intake
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Fig. 3. Mean (±SEM) of (a) daily intake of both 10% ethanol and water in ml/kg over 28 days of acquisition for the control group (n=7), (b) daily intake of both 10% ethanol and water in
ml/kg for CR25% animals (n=8), (c) intake of both 10% ethanol and water in ml/kg during acquisition for the control (n=7) and CR25% (n=8) groups, (d) daily preference (%) of 10%
ethanol for the control (n=7) and CR25% (n=8) groups. *** denotes a signiﬁcant difference from the control group at pb 0.0001.

however was not observable over the last 7 days of this phase, whereby
CR25% animals reached an equivalent mean intake of 10% ethanol which
was comparable to that of controls. It was also found that unlike controls,
the CR25% group did not display a preference for 10% ethanol. Following
a period of 4-week forced deprivation, control animals markedly
increased their intake of 10% ethanol from the pre-deprivation baseline (7 day mean intake pre-deprivation), displaying a typical ADE
that persisted over a period of seven days. This effect, however,
was not found in the CR25% group. CR25% animals signiﬁcantly reduced their intake of 10% ethanol from the pre-deprivation baseline,
post abstinence. Similarly to the acquisition phase, control animals
continued to show a strong preference for 10% ethanol over water
however no preference for 10% ethanol was observed in the CR25%
group. These differences in intake as well as preference between
control and CR25% groups were consistently observed in both ml,
and ml/kg consumed.
The diminution of anxiety related behaviours observed on the
EPM was not dissimilar to what has been found in several past
studies that have investigated the anxiolytic effects of a restricted
caloric dietary regime [9,28,29]. However, the implementation of
a CR25% dietary regime in this study was not successful in altering
typical behaviour in the open ﬁeld test. CR-induced anxiolytic
effects are commonly observed in the EPM; however, studies that
have measured anxiety-related behaviour using this paradigm
have not included the open ﬁeld test [28,29]. Researchers that
have used both behavioural paradigms to measure the anxiolytic
effects of CR have found reduced anxiety-related behaviour in the
open ﬁeld test; however, these effects have not extended to modifying typical behaviour in the EPM [7,30]. Given the diversity of rat
strain used across these studies, the lack of consistently observing

anxiolytic effects of CR across paradigms may be attributable to
strain speciﬁc differences.
Anxiety is often implicated as a mediator for the abuse of alcohol as
well as relapse [12,13] and in our recently published study we identiﬁed
that a restriction of 25% in the alcohol preferring rat can, in addition to
inducing anxiolytic effects, also inhibit relapse like behaviour and reduce
the number of self-administered ethanol rewards in an operant conditioning model [9]. A reduction in ethanol consumption during acquisition
in the CR25% group was also found in the present study. The amount of
10% ethanol consumed was markedly reduced within the restricted
group when calculated relative to differences in weight. These results are conﬂicting to what has been previously published when
investigating the effects of food restriction on the intake of alcohol
in non-preferring rats [31,32]. These studies have found that when
maintaining Wistar rats at 80% of their free feeding weight, food
restricted rats consumed greater amounts of ethanol compared to
their free fed counterparts. This effect, however, was only observed
when low concentrations of ethanol, ranging from 6 to 8%, were offered [31,32]. When the concentration of ethanol was increased to
12% food restricted animals did not show any increases in consumption [33]. These results may be a consequence of two factors, ﬁrstly
the restriction regimes varied, and in studies that found an increase
in consumption, the regime itself was unclear or limited to only 14 days
of restriction prior to the exposure of ethanol availability [31,32]. Secondly, these effects may be strain speciﬁc given that alcohol-preferring rats
do not consume ethanol for its caloric content [23] and therefore increases of consumption in non-preferring Wistar rats may be a results
of the maintenance of previous calorie consumption.
The overall reduction intake of 10% ethanol found in the CR25%
group over the total 28 days of acquisition was not attributable to
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Fig. 4. Mean (± SEM) of (a) intake of 10% ethanol in ml/kg 7 days pre and 7 days post deprivation for the control (n = 7) and CR25% (n = 8) groups, (b) daily intake of 10% ethanol in
ml/kg post deprivation for control animals (n = 7) and CR25% (n = 8) groups, (c) intake of both 10% ethanol and water in ml/kg 7 days post deprivation for the control (n = 7) and
CR25% (n = 8). * denotes a signiﬁcant difference from the control group at p b 0.05, *** denotes a signiﬁcant difference from the control group at p b 0.0001.

differences in overall body weight. The possibility that CR25% animals
were consuming less ethanol yet still obtaining equal blood alcohol
levels to that of controls cannot be conﬁrmed and is a limitation of
this study. The last 7 days of the acquisition period found CR25% animals consuming equivalent amounts of 10% ethanol to that of the ad
libitum fed counterparts and therefore it is possible that the CR25%
group may be achieving higher blood alcohol levels, given their reduced
body weight, relative to controls. It is interesting however that this exposure to alcohol consumption was not sufﬁcient to elicit an ADE in this
group given that CR25% animals markedly reduced their intake post
deprivation.
In addition to reduced ethanol consumption, CR25% animals also
failed to display typical relapse behaviour. An acute withdrawal
from alcohol following chronic exposure typically results in a pronounced increase in intake upon its reintroduction, known as an alcohol deprivation effect (ADE), a characteristic measure of relapse
in models of addiction [20]. An ADE is commonly inferred to be a result of two factors: a means of reducing anxiogenic withdrawal
symptoms [34] or the result of the establishment of a tolerance to
a drug [35]. In this study control animals displayed typical relapse
behaviour in the form of an ADE, demonstrating a pronounced increase in intake of 10% ethanol; however, in contrast the CR25%
group reduced their consumption of 10% ethanol following a period
of forced deprivation. Self administering ethanol following a period
of abstinence is thought to be a means of alleviating withdrawal
associated anxiety [34], given that it is typically found that anxiety
related behaviour in alcohol preferring rats will increase during
withdrawal periods [36]. With CR-induced anxiolytic effects being observed within the restricted group, an ADE may be being suppressed
as a result of calorie restriction also reducing anxiety associated with
the withdrawal from alcohol during deprivation.

Although this result was consistent with what was observed in our
previous study using a limited access operant model [9], it is important to consider that this may be attributable to reduced alcohol experience prior to deprivation. The CR25% group consumed less 10%
ethanol over the 28 day acquisition period. Previous research investigating ADEs in alcohol-preferring rats has found that the duration of
previous exposure to 10% ethanol will impact the expression of an
ADE [37]. However following several re-exposure intervals post deprivation, researchers did not ﬁnd any occurrence of a decrease in consumption from baseline intake [37]. The CR25% group displayed a
signiﬁcant reduction in ethanol intake following deprivation which
is unlike what has been found in cases where previous exposure to
10% ethanol were unsuccessful in resulting in the expression of an
ADE [37]. Therefore a future direction of this work would be to implement the CR regime during abstinence to delineate the effects of
CR25% on this characteristic of relapse behaviour.
Interestingly, in contrast to what was found in an operant model of
alcohol self-administration [9], CR25% animals did not show a preference for 10% ethanol over water in both acquisition or post deprivation
phases. This result however may have not been revealed in the previous
study due to the experimental design, whereby access to 10% ethanol
was limited and therefore preference is expected to be higher [20]. In
light of the CR25% group not showing a preference for 10% ethanol,
the absence of an ADE may be attributable to effects of calorie restriction beyond those associated with reducing anxiety. In fact, CR25% animals also showed differences in water consumption during both the
acquisition and deprivation phases, with the CR25% group consuming
more water than that of controls. Given that there were no differences
in total ﬂuid intake between control and CR25% groups, results suggest
that calorie restriction may be potentially mediating consumption
through altering the hedonic impact of 10% ethanol in CR25% animals.
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Hedonia is often discussed in terms of like, being the pleasure component or hedonic impact of a reward, and in terms of wanting being
the motivation for obtaining the reward [38]. It is suggested from
these results, that both factors associated with hedonia may be impacted within the CR25% group. A lack of preference for ethanol together
with an increased consumption of water within the CR25% group, suggests that CR25% animals do not display a like for 10% ethanol when
compared to control animals. In addition, an indication of motivation
within this paradigm can be drawn from both the ADE within a group
as well as how persistent an elevation in ethanol consumption post
deprivation is, upon the reintroduction of ethanol. Therefore the absence of an ADE in the CR25% group may be attributable to a lack of motivation for obtaining the reward given that their wanting of ethanol
may be altered. This is also observed in the 7 days following deprivation,
whereby control animals maintain an elevated consumption of 10% ethanol in comparison to CR25% animals which show an initial spike in
intake, followed by a return to intake at a pre-deprivation level. These
patterns of initial consumption as well as the absence of relapse within
the CR25% group, possibly suggests that calorie restriction has the ability to reduce the hedonic impact of ethanol (the lack of pleasure, liking
or the lack of wanting) [38] in the alcohol preferring rat, a strain that
naturally prefers alcohol [39].
The association of drug liking has been suggested to be dependent upon dopamine 2 receptor (D2R) availability [40,41]. It has
been found that D2R availability inversely correlates with the degree of perceived liking of a drug [40,41] as well as the degree of
self-administration of alcohol [42]. In addition, D2R activity within
the nucleus accumbens, an area considered to be a major hedonic
hotspot [38], has also been found to prevent somatic signs of withdrawal in opiate dependant animals [43]. Interestingly, the number
of D2Rs as well as the functional coupling of dopamine and D2R, has
been found to be increased in food restricted animals [44,45]. Similarly, obese patients that undergo gastric bypass surgery, and as a
result are forced to reduce their food intake, also show increases
in D2R [46]. The reduction of 10% ethanol intake as well as the inhibition of preference and relapse to alcohol observed in the CR25%
group may therefore be a consequence of alterations in D2R coupling
and availability, being mediated by a restricted dietary regime. If this
is in fact occurring within these animals, it is not surprising that
CR25% group is displaying altered drug liking in the form of a lack of
preference for alcohol as well as a reduced consumption.
Taken collectively, results obtained in this study provide further
support that a moderate calorie restriction of 25% can inhibit relapse,
in the form of an ADE, and reduce intake of 10% ethanol in the
alcohol-preferring rat. Intake of 10% ethanol within a two-bottle
fee choice paradigm was found to be signiﬁcantly reduced in the
CR25% group, irrespective of differences in weight. This study also
identiﬁed that CR25% animals, when given 24 h access to both 10%
ethanol and water, will consume more water than control animals
and do not display a preference 10% ethanol. These ﬁndings suggest
that in addition to calorie restriction resulting in anxiolytic effects,
it is also likely that a caloric restriction is reducing the hedonic impact of ethanol as a reward in the alcohol-preferring rat. Future research should aim at investigating the effects of calorie restriction
on hedonic hotspots linked with addiction in the alcohol-preferring
rat.
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