
CAFFEINE TOLERANCE IN DROSOPHILA 



CAFFEINE TOLERANCE IN THE FLY 

DROSOPHILA MELANOGASTER 

By 

LUCA BIANCO PREVOT, B.SC. 

A thesis 

Submitted to the School of Graduate Studies 

in Partial Fulfillment of the Requirements 

for the Degree of 

Master of Science 

McMaster University 

© Copyright by Luca Bianco Prevot, August 2006 



M.Sc. Thesis L. Bianco Prevot McMaster Psychology Department 

MASTER OF SCIENCE (2006) 
(Psychology) 

McMaster University 
Hamilton, Ontario 

TITLE: CAFFEINE TOLERANCE IN THE FLY DROSOPHILA MELANOGASTER 

AUTHOR: Luca Bianco Prevot, B.Sc. (Turin University, Italy) 

SUPERVISOR: Reuven Dukas 

NUMBER OF PAGES: v, 38 

11 



M.Sc. Thesis L. Bianco Prevot McMaster Psychology Department 

ABSTRACT 

Responding to cues that precede and signal important biological events (anticipatory 
learning) may have important fitness consequences. Anticipatory learned responses have 
high adaptive value when intervene in the regulation of physiological states, and one 
widely studied example of learning-mediated homeostatic regulation is tolerance to 
drugs. Physiological responses that offset drugs' effects, like many other autonomic 
responses, can become classically conditioned to environmental cues that are repeatedly 
paired with drug intake. Caffeine is a widely used model substance for studying 
mechanisms related to drug intake, tolerance and addiction. In this report I provided 
evidence of tolerance development to some caffeine effects in the fruit fly, Drosophila 
melanogaster, which is a novel finding. I then showed that the tolerance is mediated by 
classical conditioning. A surprising result was that tolerance was completely and not, as 
more generally found, only partially mediated by conditioning. Together with other 
drugs, caffeine appears to be a promising substance to be used in the fly to study the 
pharmacology of substances with addictive potential. Also, these results indicate that this 
system may be an optimal model for the study of the adaptive value of learning in an 
insect species. 
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Introduction 

Learning capabilities allow organisms to adjust to changing environmental 
conditions, and are likely to have positive fitness consequences when changes occur in 
the short term, that is, within the organisms' lifespan. 

The adaptive value of learning has received growing attention in recent years, and 
evidence for it has been steadily accumulating. Fitness benefits of learning are suggested 
in the literature related to a variety of organisms, from relatively simple ones like insects 
(e.g. Dukas, 2005; Papaj and Prokopy, 1989) to mammals, and its widespread distribution 
in the animal kingdom may be thought of an indication of its adaptive significance. 

One of the most basic forms of learning is classical (Pavlovian) conditioning. In 
classical conditioning, an organism learns to associate a stimulus with a biologically 
significant event, generally with the stimulus closely preceding the event. 

Responding to cues that precede and signal important biological events may have 
important fitness consequences. For example, in the Japanese quail conditioning is 
implicated in increased success in male-male competition for access to a reproductive 
female (Gutierrez and Domjan, 1996). Also, conditioning was shown to increase the 
probability that insemination would results in fertilization, and therefore reproductive 
success (Domjan et al., 2003; Adkins-Regan and MacKillop, 2003). Hollis and 
colleagues have used the blue gouramis (Trichogaster trichopterus) as model system to 
show other facets of sexual conditioning. For example, they showed that Pavlovian 
signalling of female accessibility attenuated males' aggressive behaviour and increased 
their reproductive success (Hollis et al., 1997). 

Anticipatory learned responses have high adaptive value when intervene in the 
regulation of physiological states, or homeostasis; in the words of B. Dworkin, "learning 
is one of the physiological mechanisms that give the body its wisdom" (Dworkin, 1993, 
p.185). One widely studied example of learning-mediated homeostatic regulation is 
tolerance to drugs. Drugs can profoundly disrupt organismal balance, but appropriate 
control mechanisms are in place that sense the alteration, intervene to offset the drugs' 
effects and eventually re-establish the normal state. It is now widely accepted that the 
physiological responses that offset drugs' effects, like many other autonomic responses 
(Dworkin, 1993) can become classically conditioned to environmental cues that are 
repeatedly paired with drug intake. A number of theories have been proposed that explain 
the role of conditioning in drug tolerance (Poulos and Cappell, 1991). One of the most 
successful models was proposed by Siegel (Siegel, 1976), and is known as situational 
specificity of tolerance. In this framework, a drug administration event can easily be 
thought of as a conditioning trial. The drug's effects are the unconditioned stimuli, as 
they elicit homeostatic (compensatory) responses prior to any learning, i.e., 
unconditionally. These homeostatic responses are compensatory in that they are opposite 
to the drug's effects and therefore act to reduce or offset them and reinstate homeostasis. 
With repeated pairing of the drugging procedure with the drug's effects, environmental 
and subjective cues become associated with those effects (i.e., become conditioned 
stimuli). Thus, administration of the drug in presence of the conditioned stimuli causes 
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the organism to activate in advance the compensatory responses to the drugs' effects, 
which results in tolerance (e.g., Siegel et al., 2000). 

Such kind of anticipatory conditioned responses to drugs have been shown for a 
variety of substances, in many species, and indeed the modem definition of tolerance to 
drugs incorporates them as a prominent factor (Kalant, 1996; Poulos and Cappell, 1991 ). 

Fast, plastic responses to noxious substances may play a particularly relevant role 
in the ecology of organisms that face a high risk of poisoning and intoxication. In the 
case of phytophagous insects, for example, the challenge of noxious compounds -
secondary plant compounds - is especially serious. Almost all plant species produce 
secondary compounds (also, allochemicals). Some allochemicals are both unpalatable 
and toxic, some are only toxic, and others are unpalatable but otherwise harmless; 
allochemicals in this last category may cause behavioural aversive responses and 
therefore erroneous rejection of valuable nutritious resources (e.g. Glendinning, 1996, 
2002). 

The existence of these different classes of allochemicals poses a difficult 
decision-making problem, which, together with the general problem of a nutritionally 
poor diet (Slancky, 1993) compounds the complexity of foraging for herbivorous insects. 
Accordingly, they have evolved an impressively vast and diverse array of mechanisms 
that allow a great deal of flexibility in dealing with plant allochemicals. Among others, 
preingestive (Schoohnven and van Loon, 2002) and postingestive (Glendinning, 1996) 
detection mechanisms, that lead to rejection of toxicants, comprehending aversion 
learning (e.g., Bemays and Chapman, 2000); various aversive responses overriding 
mechanisms that allow utilization of unpalatable but otherwise harmless compound 
(Shield and Mitchell, 1995; Glendinning et al., 2001a); and both constitutive and 
acquired resistance (tolerance) (Karban and Agrawal, 2002; Glendinning, 2002; Scott 
1999; Stevens et al., 2000). 

Both constitutive and inducible tolerance to noxious compounds is well 
characterized in insects. Constitutive tolerance is typical of insect species that specialize 
on particular host plants, and is mostly mediated by specific enzymatic systems. For 
example, Heliconius caterpillars employ an unusual suite of enzymes that allows them to 
convert cyanogenic glycosides into thiols, thus bypassing the release of highly toxic 
cyanide gas (Engler et al., 2000). 

Resistance to allochemicals however is more often an inducible response 
(Terriere, 1984), that is, facultatively activated by exposure to plant metabolites. This is 
the case for example of most of the alloforms of the major detoxifying enzyme system, 
the cytochrome P450 system (Feyereisen, 1999). 

Whereas most of what is known about tolerance in insects is based on work on 
enzymatic activity, in mammals at least two non-mutually exclusive physiological 
mechanisms of acquired tolerance are well characterized. First, metabolic (or 
pharmacokinetic) tolerance refers to a diminished effect due to changes in the absorption, 
distribution or degradation of a substance (Tabakoff et al., 1986). Enzymatic changes 
belong to this group. A second form of tolerance is functional (pharmacodynamic) 
tolerance, which is generally mediated by adaptations at neural level, for example, up or 
down regulation of receptors in the CNS (e.g, Fadda and Rossetti, 1998). 
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Theoretically, learning could play a role in both metabolic and functional 
tolerance, that is, both enzymatic and neuroadaptive changes could become conditioned 
to environmental cues, and thus elicited by the appropriate conditioned stimuli. This 
possibility was proposed early on, for example by Tabakoff et al. (1986). In support, they 
cited two studies that seemed to suggest conditioned metabolic tolerance to two drugs in 
mice (the two papers are Melchior and Tabakoff (1985), with alcohol, and Roffman and 
Lal (1974), with hexobarbitral). However, to my knowledge these have remained the only 
two reports of conditioned metabolic tolerance since, and the evidence was provocative 
but not conclusive. On the other hand, evidence for conditionally mediated functional 
tolerance is supported by a huge literature, and a wealth of data are available for various 
vertebrate species and for a number of chemicals. One of the most studied is ethanol. A 
widespread toxic compound in nature, ethanol is of particular interest here because it is 
the only one for which functional tolerance has been so far showed in an insect, the fruit 
fly (Drosophila melanogaster). The fruit fly has recently been introduced as model 
system in alcohol research as a powerful tool to gain access to the molecular bases of 
tolerance (Berger et al., 2004). Two different forms of tolerance, rapid and chronic, have 
been described in the fly, which closely resemble two of the three forms known in 
mammals, and with which show remarkably similarities. In mammals, tolerance can be 
acute, which occurs within the administration of a single, prolonged infusion of alcohol. 
A second form is rapid, which refers to tolerance to a second dose given between 8 hours 
and 3 days after the effects of a first dose have been completely extinguished. Lastly, 
tolerance can be chronic, which develops after a certain number of repeated 
administrations (Kalant, 996). 

In the fruit fly, Scholtz et al. (2000) and Dzitoyeva et al. (2003) have reported on 
tolerance development to alcohol motor impairing effects after a single (rapid tolerance) 
or multiple exposures (chronic tolerance). Berger et al. (2004) have demonstrated for the 
first time a form of chronic ethanol tolerance that seems to be dissociable genetically and 
pharmacologically from rapid tolerance. Both forms of tolerance appear to be functional 
in nature, that is, involving neural adaptations. Furthermore, development of tolerance 
was impaired in a number of neurally impaired mutant strains. Likewise, functional 
biosynthesis of octopamine, a neuromodulator and neurotransmitter analogous to 
mammalian norepinephrine (Roeder, 1999; 2005), was required for tolerance to develop. 

Another widely used toxic substance that appears especially suitable for studying 
functional tolerance is caffeine (Rozin et al., 1984). A number of reasons guided the 
decision to use caffeine in this project. First, caffeine is a toxic plant secondary 
compound (alkaloid), and occurs naturally in the leaves, seeds or fruit of more than fifty 
species (Carrillo, 2004), the most well known being coffee, tea and cocoa. Second, 
caffeine is a toxic agent that shares some of the alcohol's characteristics. It has been long 
known as a poisonous agent in insects (Nathanson, 1984; Mathavan et al., 1985) where 
its toxic action has been characterized (e.g., Slansky and Wheeler, 1992). At the same 
time, caffeine is well known for its neuromodulatory effects in mammals. In fact, caffeine 
is the most used neuromodulatory substance in humans, who profit from its positive 
effects like sleep removal, enhanced attention and mood improvement (reviewed e.g. in 
Smith, 2002). This opens the interesting possibility that caffeine, like alcohol, may have a 
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dual pharmacological action in insects. Third, in mammals tolerance to some of 
caffeine's effects is well documented. Importantly, there is some evidence that tolerance 
to some effects of caffeine is mediated by conditioning (e.g, Andrews et al., 1998; Corti 
et al., 2002; Rozin et al., 1984). Finally, the fruit fly has been recently shown to respond 
to caffeine in much the same way mammals do. Shaw et al., (2000) and Hendricks et al. 
(2000) were interested in circadian activity regulation in the fruit fly, and produced two 
detailed studies of its nighttime rest behavior, which they referred to as a sleep-like state. 
In fact, night rest in the fly shares many of the features that characterize sleep in 
mammals. One of these is that it is similarly affected by two psychoactive substances, 
caffeine and hydroxyzine, that modulate waking and sleep in mammals. Specifically, 
caffeine was shown to dose-dependently decrease nighttime rest, and hydroxyzine to 
decrease sleep latency. Taken together, these results suggest that caffeine may acts on 
neural substrates in the fly, as it does in mammals. 

In sum, coping with toxic chemicals is critical to insect survival; tolerance 
mechanisms play a relevant role in it, and conditioning is known to play a major role in 
tolerance expression, at least in mammals. Functional tolerance requires neuroadaptive 
changes, and recent evidence was provided of neuromodulatory actions underlying 
tolerance to a toxic agent in the fruit fly. All in all, there seem to be the preconditions to 
advance the hypothesis that conditioning-mediated, anticipatory responses may also have 
evolved in insects, a further mechanism among many, to cope with ubiquitously 
occurring noxious compounds. 

The methods section of this manuscript is divided into fours parts. The goal of the 
first experiment, in the first section, was to reproduce the published results on the 
circadian organization of rest and activity during a 12:12, dark:light cycle in individual 
flies. In the second section, I describe an experiment that addressed the question of 
caffeine effects on fly's nighttime rest, and tried to replicate its published rest-disrupting 
effect. The experiment followed a protocol similar to Hendricks et al. (2000); I gave flies 
a caffeinated solution just before dark, and recorded their activity for the following 12 
hours long night. I predicted that flies given caffeine just before night would rest less than 
control flies receiving a placebo. After showing rest-disrupting effects of caffeine, the 
third section reports on an experiment aimed at testing development of tolerance to those 
effects. In the experiment, I gave flies caffeinated solution before night for several 
consecutive nights to elicit development of tolerance, and then recorded their nighttime 
rest on the final, test night. I hypothesized that flies given caffeine for a period of several 
consecutive nights would rest more after a final challenge with caffeine - that is, would 
become tolerant - than flies similarly challenged after receiving for the same period a 
placebo. As hypothesized, I found evidence of development of tolerance to the rest
disrupting effects of the drug. The fourth section of this manuscript reports on an 
experiment that tested the possibility that the acquired tolerance is partly mediated by 
learning (classical conditioning). I administered flies either a caffeine solution flavoured 
with either one of two flavours, pineapple or orange, or a non-caffeinated solution 
flavoured with the other flavour on alternate nights, for 6 nights; this was the conditioned 
tolerance acquisition phase. On the 7th night (test night), half the flies received a 
pineapple-flavoured caffeinated solution, the other half an orange-flavoured caffeinated 
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solution. I predicted that flies receiving, on test night, a flavour-caffeine pairing different 
from the pairing experienced during their conditioned tolerance acquisition phase would 
exhibit a significant loss of tolerance to caffeine. 

General methods 

I used a stock of D. melanogaster flies initiated from wild flies collected in 
Hamilton, Ontario. The flies were kept in a population cage inside an environmental 
chamber, at constant temperature of 25°C and 70% RH, on a 12:12 dark: light cycle, with 
light on at 0600h. The population cage contains a few thousands flies and two bottles of 
standard fly food. The flies used in the experiments developed at low density from bottles 
containing ca. 300 larvae. I collected and sexed flies within 8 hours from eclosion and 
placed them in 40-ml vials containing 5 ml of standard medium, 10 flies per vial, if not 
otherwise specified in the methods subsections below. I kept the flies inside the 
environmental chamber until they reached the appropriate age for each experiment. In all 
experiments I used virgin females. In the following methods subsections, test day refers 
to the day when activity recording was performed. 

In experiments 2 to 6, I gave flies different types of solutions to drink before 
night. Plain sucrose solution was used as control in experiments where the other(s) 
treatrnent(s) received caffeinated or quininated solutions. Irrespective of type however, 
all the solutions contained 100 mg/ml of sucrose (10% w/v). Drinking behaviour varied 
among flies. Therefore, the solutions provided were blue colored with food color, 
allowing approximate quantification of flies' drinking with close inspection of the flies' 
abdomen color. 
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1. Circadian rest-activity patterns 

Experiment 1 

Rationale 

In two recent papers (Shaw et al., 2000; Hendricks et al., 2000) two separate 
laboratories provided evidence supporting the notion that night time rest in the fruit fly 
may be a sleep-like state, since it presents most of the features that define sleep in 
mammals. Flies' developmental rest pattern parallels the mammalian's, is 
homeostetically regulated and shows the typical rebound effect after deprivation. Also, 
they were able to show that caffeine, hydroxyzine, and cyclohexyladenosine, three agents 
that modulate sleep and waking in mammals (see below, experiment 1 ), have comparable 
effects on flies; caffeine increased motor activity and waking, whereas hydroxyzine and 
cyclohexyladenosine increased rest. 

In the series of experiments reported in this manuscript, I used night time rest as a 
behavioural measure of caffeine effects. Therefore, as a first step, I needed to reproduce 
the published result and show the circadian organization of rest during the 24 hours cycle. 
I expected that flies would show higher activity during the light period and that rest 
would be concentrated during the dark period. 

Further details regarding the activity monitors' technical parameters and details 
on raw data treatment are reported in appendix B. 

Methods 

I used 5 days old females. I kept flies in groups of ca.10 in 40 ml vials with 
standard food until recording; vials were substituted every two days. I constrained the 
space in the vials with a cotton plug to habituate the flies to the dimensions of the 
recording tubes (see Appendix B). At 1800h of test day, I placed the flies into the activity 
monitor and their activity was recorded for the ensuing 24 hours, of which 12 hours of 
dark (night) and 12 hours of light (day). For this study, only one activity monitor was 
available, therefore the study had 4 replicates, each conducted on a different day, with 7 
flies recorded each replicate. I used a repeated measures ANOV A (period as within and 
replicate as between sbj. factor) to compare the two periods. The reported sample size of 
26 instead of 28 flies was due to loss of two flies during handling. 

Results and discussion 

Flies subjected to 12 hour: 12 hour light: dark cycles exhibited sustained periods of 
activity and quiescence, with most of quiescence occurring during the dark period (Fig. 
1 ). In figure 1 it is clearly visible the high activity displayed upon introduction in the 
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activity chamber that lasted for approximately one hour. Examples of other activity 
patterns throughout the 24 hours for individual flies are reported in Appendix A. Flies 
rested more during the night than during the day (F1,25 = 60.5, p < 0.001; Fig.2). Time(± 
SE) spent resting was 50.6 ± 1.3 min and 33.4 ± 1.9 min for night and day, respectively; 
flies showed a 44% reduction in rest during the day. 

0.04 

1/) ..... 
c 0.03 ::3 
0 
() 

>-..... ·:::; 
:.;::::; 0.02 (.) 

<( 

0.01 

0 100 200 300 400 500 600 700 800 900 1000 11 00 1200 1300 1400 

Night Day 

Minutes 

Figure 1. Activity record of a sample fly maintained on a 12 hour/12 hour light (horizontal open 
bar) /dark (horizontal solid bar) cycle. Activity counts indicate the number of perturbations of the infrared 
beam detected over 1-min bins. 
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Figure 2. Average (± SE) % rest per hour spent resting during the night and the day (ANOVA, 
p<O.OOl, n = 26 flies). 
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2. Effects of caffeine on night time rest 

Experiment 2 

Rationale 

Flies in experiment 1 showed a robust circadian organization of activity and rest, 
with rest concentrated during the night hours. The two published studies referred to above 
(Shaw et al., 2000; Hendricks et al., 2000) showed that two agents that neuromodulate 
arousal in mammals produce the same effects in the fly. Caffeine was shown to dose
dependently decrease night rest. Concentrations of 2.5 mg/ml and 5 mg/ml of caffeine in 
sucrose solution reduced sleep of about 20% and 45% respectively. While the results are 
intriguing, and may suggest that caffeine acts on conserved neural mechanisms, a simpler 
explanation is that in fact the reduction in rest is due to stress or a non-specific effect of 
the substance. To examine this possibility, flies were also treated with agents known to 
increase sleep and sleep latency in mammals. In one study, the highly selective A 1 
adenosine receptor agonist cyclohexyladenosine caused a significant increase in rest 
(Hendricks et al., 2000). In the second study, the HI histamine receptor antagonist 
hydroxyzine was shown to increase rest as well as to reduce its latency (Shaw et al., 
2000). 

In the following experiment I replicated the cited caffeine effects. I tested the 
prediction that a caffeinated solution at two different concentrations of 4 mg/ml and 5 
mg/ml would reduce a fly's night rest, when ingested just before onset of the night. 

Methods 

I used 5 days old females. On the morning of the test day, I transferred the flies 
into empty vials in groups of 10, and starved them for 8 hours at 25°C and 30-40% RH, 
from 0930 to 1730 h. After starvation, I gave control flies a drop of plain sucrose solution 
(see general methods), and treatment flies a drop of sucrose solution containing either 4 
mg/ml or 5 mg/ml caffeine, allowing drinking for 5 min. To increase motivation to drink 
I placed the vials for additional 10 min into a chamber kept at 30°C. I then transferred 7 
control and 7 treatment flies to the activity monitor and at 1800h I turned the lights off 
and activity recording began, for the ensuing subjective night (12 hours). 

Analysis 

To compare tolerant with control flies I used repeated measures ANOVA for the 4 
mg/ml caffeine concentration. For caffeine 5 mg/ml I used Mann-Whitney U tests since 
normality assumptions were not met and I could find no suitable transformation to 
normalize them. I discarded the first hour of recording because all flies, irrespective of 
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treatment, showed the same high level of activity upon placement in the small tubes in 
the activity monitor, (for both caffeine 4 and 5 mg/ml, ps > 0.05, for the average time rest 
during the first hour in control and caffeine flies respectively). 

Results 

Caffeine 5 mg/ml decreased the average time spent resting per hour during both 
the 1900-2200 hours interval (Mann-Whitney Utest: U=218.5, N 1=30, N2=34; P<0.001; 
Fig.3), and the 1900-0100 interval (Mann-Whitney U test: U=307, N 1=30, Nz=34; 

P=0.006). The mean (± SE) minutes rest per hour was 43.5±2.2 min (72% average time 
rest per hr) for control, and 28.2±2.1 min ( 42% average time rest per hr) for treatment 
flies; caffeine-treated flies showed a 36% reduction in rest. Caffeine 4 mg/ml also 
decreased the average time spent resting per hour during 1900-0100 hours (FI,24=4.7, 
P=0.04; Fig. 3), although for the interval 1900-2200 hours the difference was only 
marginally significant (p=0.1 ). 

As figure 4 shows for the 5 mg/ml caffeine concentration, the two treatments 
showed significantly differences in rest for the first 4 hours (F=25, p<0.001; F=12, 
p=O.OOl; F=ll, p=O.OOI; F=7, p=O.Ol respectively), and in the caffeine-treated group rest 
tended to return to normal values with time, most likely due to a decline in caffeine's 
action. Although no data are available in insects, the half-life of caffeine for doses 
comparable to ones used here is 0.7-1.2 h in rodents and 2.5-4.5 hours in humans (Nehlig, 
1999). Based on these considerations, in the successive experiments I expressed the 
results as average of the hours in the 1900-2200 h interval. 
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Figure 3. Mean (±SE) percent time rest per hour. Bars represent averages for the period 1900 PM-
0100 AM for caffeine 4 mg/ml (ANOVA, p=0.04), and 1900 PM-2200 PM for caffeine 5 mg/ml (Mann
Whitney Utest, p<0.001). 
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Figure 3. Mean (± SE) %rest per hour, during the period 1900 PM-0100 AM, for flies that did 
and did not drink caffeine (5 mg/m1). 
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3. Caffeine tolerance development 

3.1 - Experiment 3 

Rationale 

In experiment 2, caffeine was shown to reduce night time rest in the flies. With 
the following experiment I tested the prediction that flies would develop tolerance to 
caffeine rest-disrupting effects over the course of repeated administrations. 

Evidence of caffeine tolerance is varied. Studies have been mostly carried out in 
rodents and humans, but in the two the focus is placed on different caffeine effects. 

In humans, caffeine has a variety of pharmacological effects as a psycho- and 
motor-stimulant, cardiotonic and diuretic (for review see e.g. Benowitz, 1990; and 
especially Freedholm et al., 1999). Evidence of tolerance is strong for some and mixed 
for other effects. For example, in the most recent review of pressor effects, Nurminen et 
al. ( 1999) concluded that a wide interindividual variability doesn't allow general 
statements to be made. 

The literature on tolerance to cognitive effects also provides mixed results, but 
this is mostly due to the fact that until very recently many studies were systematically 
flawed by the use of withdrawn subjects. It is well established that humans develop 
addiction to caffeine and upon discontinuation suffer from withdrawal symptoms, for up 
to 7-14 days. Therefore, only studies where either the subjects maintain their normal 
caffeine consumption or are tested after a washout at least 1 week long provide 
meaningful data. It has been just relatively recently that this notion was assimilated, and 
as a result demonstration of tolerance to psychostimulant and mood and cognitive
enhancing effects of caffeine remains unclear. 

Of the few studies that investigated tolerance to sleep-disrupting effects of 
caffeine in humans strong evidence was provided by Zwyghuizen-Doorenbos et al. 
(1990). Their protocol utilized a mixed model design with day as within subject factor (3 
days) and a caffeine and placebo groups as levels of the between subject factor. Subjects 
in the two treatments received either 500 mg of caffeine in 2 cups of coffee during the 
day (the equivalent of 4 to 5, 150 ml cups of percolated coffee), or decaffeinated coffee. 
Among other tests, a multiple latency test (MSL T) was performed 4 times a day to assess 
the latency to sleep during brief (20 min) naps. It was shown that whereas latency 
remained low and constant for the placebo group, caffeine group showed a significantly 
higher and linearly declining latency to sleep over the course of the 3 days, that is, 
caffeine disrupted sleep, but tolerance to that effect developed over the three days. 

In rodents, most of the work has concentrated on the increase in locomotory 
activity, tolerance to it, and neurological mechanisms underlying this tolerance. Motor 
stimulation is due to a synergistic blockade of adenosine A1 and A2A receptors (Karcz
Kubicha et al., 2003; Halldner et al, 2004). It is now established that tolerance to motor
activation effects of caffeine occurs in rodents chronically treated with caffeine 
concentrations similar to the typical concentrations experienced by habitual coffee 
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drinkers, and the most likely underlying mechanism involves mainly upregulation of A1 

and downregulation of A2A receptors, whereas metabolic changes seem not to play a role 
(Dassesse et al., 2001; Svenningsson et al., 1999). In sum, there is good evidence that in 
mammals tolerance develops to the type of effects that are the subject of the present 
investigation. 

In this experiment, flies were tested for nighttime rest on the first and the last day 
of the tolerance development period, in a within-subject design. On the first night, all the 
flies received a caffeinated solution; the first night's recording thus provided for each 
naive fly a measure of caffeine rest-disrupting effects. I then treated flies in the Daily 
Caffeine group with caffeine during a tolerance acquisition period of several consecutive 
days, whereas flies in the Control group underwent a similar manipulation, but received a 
non-caffeinated solution, containing only sucrose, for the same period. I predicted that 
flies in the tolerance group, when receiving a caffeinated solution before dark on the last 
night, at the end of the tolerance development period, would show more sleep in the 
subsequent night than control flies receiving the same caffeinated solution. 

Methods 

Tolerance development phase 
I used 1.5 days old (<36 hrs) flies. All flies were kept individually inside wells in 

12-wells tissue cell plates (Falcon 353043) covered with perforated lids. On the morning 
of day 1, I starved the flies for 10 hours at 26°C and ~40% RH, from 0730-1730 hours. 
After starvation, I gave flies in both the Control and Daily Caffeine groups a drop of 
caffeinated (5 mg/ml) sucrose solution. To increase motivation to drink I placed the flies 
for additional 10 min into a chamber kept at 30°C. I then transferred them into the 
activity monitor for nighttime recording. The next morning, and for the successive 7 
days, I starved the flies for the same 10 hour period in empty cell plates. Just before night 
I then gave Control flies sucrose solution and Daily Caffeine flies caffeinated solution, 
and after 10 min in the 30°C chamber I transferred the flies into another cell plate with 
fresh standard food for the night. 

Last day test phase 
On day 8, I repeated the above procedure until starvation, but I then gave both 

Control and Daily Caffeine group flies the caffeinated solution. I placed the flies into the 
30°C and then introduced them into the activity monitor; starting at 1800h, their activity 
was recorded for the ensuing subjective night (12 hrs). 

Analysis 
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I used a mixed model repeated measures ANOV A to compare Daily Caffeine with 
Control flies, with Day as within subject factor and Treatment as the between subject 
factor. I discarded the first hour of recording because all flies, irrespective of treatment, 
showed the same high level of activity upon placement in the small tubes in the activity 
monitor. In the first hour, mean(± SE) rest was 18.2 ± 3.4 min and 15.1 ± 3.3 min for 
control and tolerant flies on day 1, and 21.1 ± 2.4 min and 17.1 ± 2. 8 min on day 8, and 
they didn't differ (bothps>0.1). 

Results and discussion 

Figure 5 shows that flies in both tolerance (n=18) and control (n=14) group rested 
more at the end of the tolerance development period. The main effect of the within 
subject factor, Day, was highly significant (F(1,26)=30, p<O.OOI), the interaction was non 
significant. 
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Figure 4. Mean (± SE)% rest per hour, during the period 1900-2100 PM. Control group, n=l4; 
tolerant group, n=l8. 
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These results appear puzzling. One the one hand, flies in the Daily Caffeine group 
rested more on the last night, which is consistent with the development of tolerance to 
caffeine. On the other hand, the Control group showed the exact same pattern, even 
though they didn't undergo a tolerance-inducing period. There are at least two possible 
explanations for these results. First, it must be considered that the Control flies in fact 
were given caffeine on the first day, and so potentially may have developed tolerance 
after just that one administration. As discussed in the introduction, this would constitute 
an instance of rapid tolerance, which in flies has been repeatedly reported occurring with 
alcohol (Berger et al., 2004; Dzitoyeva et al., 2003; Scholz et al., 2000). Second, the 
experiment lasted 8 days and manipulations of the flies may have been stressful. 
Therefore fatigue or distress may partly account for lack of responsiveness to caffeine in 
both treatments on the final test day. In order to address these concerns, I conducted two 
other tolerance experiments, which are discussed below. 

3.2- Experiment 4 

Rationale 

The main issue I wanted to address was avoiding a possible development of rapid 
tolerance as is suggested in experiment 3, which requires that Control flies don't receive 
caffeine on the first night. In such a protocol, one would expect Control flies to show 
normal sleep during the first night, and reduced rest on the last, when given caffeine; and 
that Daily Caffeine flies to show reduced rest (due to caffeine) during the first night but 
normal rest (due to tolerance) during the last night. However, this design introduces a 
further problem, i.e., that the control group would then experience caffeine for the first 
time on the test night. Therefore, an alternative explanation for the predicted results 
would be a novelty effect, that is, that are not the neuromodulatory properties of caffeine 
per se, but the experience of a novel, unexpected, and bitter substance that causes rest 
reduction in the control flies on the last night. 

To control for novelty effects, in these experiments I therefore introduced other 
control groups: on the last test night, I divided both Control and Daily Caffeine flies in 
two subgroups, one of which received the caffeinated solution, the other a solution 
containing a bitter substance, quinine. In the remainder, I will refer to these groups as 
control-caffeine group, control-quinine group, caffeine-caffeine and caffeine-quinine 
group. 

I predicted that (1) at the end of the tolerance development phase, when given 
caffeine before night, flies in the control-caffeine group would display less rest than 
caffeine-caffeine flies, whereas (2) flies in the control-quinine group would display 
similar amount of rest as caffeine-quinine flies. 
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Methods 

Quinine concentration was chosen such as to mimic the bitterness of the 
caffeinated solution. In preliminary egg laying choice experiments, I found that 5 days
old, mated females didn't show a preference between a food 0.1 mg/ml in quinine and a 
food 5 mg/ml in caffeine (paired t-test, t19= 1.4, p= 0.17); a higher quinine concentration 
of 0.4 mg/ml was on the contrary more aversive than the same caffeine solution (paired t
test, t19= 2.3, p= 0.03). 

Tolerance development phase 
I used 1.5 days old (<36 hrs) flies, kept in groups of 15 in standard 40 ml 

polypropylene vials. On the morning of day 1 of the tolerance phase, I starved flies for 10 
hours at 26°C and ~40% RH, from 0730-1730 hours in empty vials. After starvation, I 
gave control groups sucrose solution and tolerance groups a drop of caffeinated (5 
mg/ml) sucrose solution. I then transferred the flies into vials with fresh food for the 
night. I repeated this procedure for 7 days. 

Last day test phase 
On day 8, I repeated the above procedure until starvation, but I then gave the 

control-quinine and caffeine -quinine flies a novel solution, containing 10% sucrose and 
0.01% quinine, and the control-caffeine and caffeine -caffeine the caffeinated solution. I 
placed the flies into the 30°C chamber, then I introduced them into the activity monitor 
and, starting at 1800h, their activity was recorded for the ensuing subjective night (12 
hrs). For each pair of replicates (2 consecutive nights), I used a counterbalanced number 
of flies for each treatment; that is, on the first night, I used 3 quinine-treated (for both 
control and caffeine groups) and 4 caffeine-treated flies (for both control and caffeine), 
whereas on the second night, I used 4 quinine-treated and 3 caffeine-treated flies, for a 
total of 7 flies in each of the four groups. Unequal sample sizes were due to mortality. 

Analysis 

I used a one-way ANOV A with a priori Bonferroni-corrected contrasts. As in 
experiment 3, I discarded the first hour of recording because flies showed the same high 
activity level irrespective of treatment (F<1, p>0.1 ). 

Results and discussion 

As shown in Figure 6, flies in the control-caffeine group rested significantly less 
than caffeine-caffeine flies (ANOVA, linear contrast, t27=2.4, p=0.026), whereas rest by 
control-quinine flies was not significantly different from either the caffeine-caffeine or 
control-caffeine group (ANOV A, linear contrasts, p=0.2 and p=0.6 respectively). 
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Figure 6. Mean {± SE)% rest per hour, during the period 1900-2100 PM. Control-caffeine flies 
rested significantly less than caffeine-caffeine flies 

Flies in the control groups received caffeine only on the last day, thus cannot have 
developed rapid tolerance. Although they did show a tendency to rest more, the 
behaviour of control flies given quinine remains unclear, and therefore these data cannot 
rule out the possibility of a novelty effect. However, the somewhat big standard error for 
that particular group, the low sample size and the between subject design are all factors 
that reduced the power to detect differences between treatments. Moreover, the 
experiment lasted 8 days, as experiment 3, due to schedule overlapping for the use of the 
activity monitor. With the following experiment, I thus addressed these issues by using a 
within-subject protocol and reducing the tolerance phase to 4 days. 
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3.3- Experiment 5 

Rationale 

This experiment's design was similar to that of experiment 3. Flies were tested for 
nighttime rest on the first and the last day of a tolerance development period, in a within
subject design. There were three, and not four, treatments: a control-caffeine group, a 
control-quinine group and a daily caffeine-caffeine group, that is, the caffeine-quinine 
group was eliminated from the design. As in experiment 4, to avoid the possibility of 
rapid tolerance development, control flies were given sucrose solution on the first night. 

I predicted that (1) control-caffeine flies would show more rest during the first 
than the last night; (2) caffeine-caffeine flies would show an increase in rest between the 
two nights, whereas (3) control-quinine flies would show no difference in rest between 
the two nights. 

Methods 

Tolerance development phase 
I used 1.5 days old (<36 hrs) females. Flies were kept individually into wells in 

12-wells tissue cell plates (Falcon 353043) covered with a perforated lid. On the morning 
of day 2, I starved flies inside empty vials for 10 hours at 26°C and -40% RH, from 
0730-1730 hours. After starvation, I gave control flies a drop sucrose solution, and 
treatment flies a drop of 5 mg/ml caffeinated solution. To increase motivation to drink I 
placed the vials for additional 10 min into a chamber kept at 30°C. I then transferred the 
flies into the activity monitor for the first night's activity recording. The next morning, 
and for the successive 4 days, I transferred the flies into empty tissue cell plates for day
long starvation. I then gave control flies sucrose solution, whereas flies in the tolerance 
group received caffeinated solution. After 10 min in the 30°C chamber, at 1800h I 
transferred the flies into another plate with standard food for the night. 

Last day test phase 
On day 5, I repeated the above procedure until starvation. Then, I further divided 

the control flies in two groups, as mentioned above. After starvation, I gave the control
quinine a novel solution 0.1 mg/ml in quinine, whereas control-caffeine and caffeine
caffeine flies received the 5 mg/ml caffeinated solution. After 10 min in the 30°C 
chamber I introduced them into the activity monitor and, starting from 1800h, their 
activity was recorded for the ensuing subjective night (12 hrs). The number of flies in 
each treatment was counterbalanced across replicates in order to obtain approximately 
equal Ns. The experiment had 5 replicates, each conducted on a different day. Final 
sample size differences among groups were due to mortality, which was negligible 
(<10%). 
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Analysis 

I used a mixed model repeated measures ANOV A to compare tolerant with 
control flies, with Day as within subject factor and Treatment as the between subject 
factor. As above, the first hour of recording was discarded because all flies, irrespective 
of treatment, showed the same high level of activity upon placement in the small tubes in 
the activity monitor (ps>0.05 on both first and last day) 

Results and discussion 

The main analysis revealed a not significant main effect of Day (p=0.3), and 
significant DayxTreatment interaction (F(2,45)=8.9, p=O.OOl). As shown in Figure 7, 
flies in the daily caffeine group developed tolerance to the caffeine rest-disrupting effects 
over the course of 5 days (simple main effect of Day, F(1,45)=14, p=O.OOl), and flies in 
the control-caffeine group showed the predicted reduction in rest (simple main effect of 
Day, F(1,45)=4.8, p=0.034). Flies in the control-quinine group showed no difference in 
rest (simple main effect of Day, p=0.8). This pattern of results therefore supports the idea 
that reduction in rest is caused by caffeine and not by non-specific effects of a novel 
substance. 
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Figure 7. Mean(± SE) %rest per hour during the period 1900-2200 PM. Control-caffeine group 
showed a significant decrease in rest (ANOVA, p=0.03, n=l8); control-quinine showed no variation 
(ANOVA, p=0.8, n=21); and caffeine-caffeine group showed a significant increase (ANOVA, p=O.OOl, 
n =21 ), over the course of 5 days. 
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4. Conditioned tolerance to caffeine 

Experiment 6 

Rationale 

As stated in the introduction, in the literature there is some evidence to support 
the idea of conditioned tolerance to caffeine. First, early on Rozin and colleagues (1984) 
provided evidence that tolerance showed by regular coffee drinkers to salivation-inducing 
effects of caffeine was mediated by conditioning. Especially interesting was the fact that 
decaffeinated coffee caused reduced salivation, which can be seen as indication of 
compensatory conditioned responses (CCRs) to decaffeinated coffee. Another interesting 
report of CCRs to an autonomic response to caffeine is the study of Andrews et al. (1998) 
on startle eyeblink reflex in humans, where they showed that onset latency of the startle 
was longer in subjects given decaffeinated compared to caffeinated coffee. Recently, 
Corti et al. (2002) reported on a study on caffeine effects on blood pressure and muscle 
nerve sympathetic activity. The effects of the same plasma-level concentration of caffeine 
administered via intravenous bolus and caffeinated coffee was studied in habitual and 
nonhabitual coffee drinkers. Whereas intravenous caffeine increased systolic pressure in 
both groups, caffeinated coffee produced the same effect only in nonhabitual coffee 
drinkers. Siegel and al. (2003) suggested that this effect may be interpreted as an 
instance of situational specificity of tolerance to caffeine, because coffee, but not 
intravenous administration (IV), provides the CS associated with caffeine effects, and 
therefore no compensatory responses were produced to contrast the caffeine IV. 

With the following experiment I directly tested whether conditioning is involved 
in caffeine tolerance. This experiment's design was similar to that of experiments 3 and 
5. Flies were tested for nighttime rest on the first and the last day of a tolerance 
development period, in a within-subject design. I predicted that flies receiving a flavour
caffeine pairing different from the pairing that they experienced during their conditioned 
tolerance acquisition phase would exhibit a significant loss of tolerance to caffeine. 

Methods 

Conditioning phase 
The conditioning protocol consisted of administration of either a 0.1 mg/ml 

sucrose, 5 mg/ml caffeine solution (denoted as +) flavoured with either one of two 
flavours, pineapple (P) or orange (0), or a non-caffeinated, 0.1 mg/ml sucrose solution 
(denoted as - ) flavoured with the other flavour. Flavour was provided by adding enough 
concentrated fruit juices (No Name brand) such as to obtain a dilution of 1:4 and the 
correct sucrose concentration. Each night, flies received one of the two solutions; and 
each solution was given for the same number of nights, with the order of presentation 
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randomized in 2-days blocks. To control for flavour effects, 2 treatments experienced one 
caffeine-flavour pairing (P+ and 0 -),and 2 treatments the reverse pairing (0+ and P -). 
In preliminary experiments flies showed no preference for either flavour in the 
concentration used. 

I used 1.5 days old (<36 hrs) flies. Flies were kept individually inside wells in 12-
wells tissue cell plates (Falcon 353043) covered with perforated lids. On the morning of 
the first day of the conditioning phase, I put flies to starve at 26°C and -40% RH, from 
0730-1730 hours. After starvation, I administered the scheduled solution, which in all 
cases was the caffeinated one. After 10 min into the 30°C chamber, I transferred the flies 
into the activity monitor for the first night's activity recording. 

The next morning, and for the successive 5 days I repeated the following 
procedure: I transferred the flies into empty tissue cell plates for day-long starvation in 
the morning, administered the scheduled solution before night, and transferred the flies 
back to a cell plate with fresh food at 1800h for the night. 

Test phase 
On day 7, I repeated the above procedure identical until starvation. Then, I 

divided the flies in 2 groups which both received a caffeinated solution, one flavoured 
with pineapple and one with orange. Therefore, half the flies received the previously 
conditioned caffeine-flavour pairing (conditioned group) and half received caffeine 
paired with the flavour that during training was not associated with caffeine (not
conditioned group). After 10 min in the 30°C chamber, I introduced the flies into the 
activity monitor and, starting at 1800 h, their activity was recorded for the ensuing 
subjective night (12 hrs). In total, the sample size was 21 and 24 flies for the conditioned 
and non-conditioned group. Mortality was negligible ( -12% ). 

Analysis 

I used a mixed model repeated measures ANOV A to compare tolerant with 
control flies, with Day as within subject factor and Treatment as the between subject 
factor. As above, the first hour of recording was discarded because all flies, irrespective 
of treatment, showed the same high level of activity upon placement in the small tubes in 
the activity monitor (ps>0.1 on both first and last day). 

Results 

The main analysis produced a significant main effect of Day (F(l,37)=10.4, 
p=0.003), and a significant DayxTreatment interaction (F(1,37)=7.6, p=0.009). 

In Figure 8, Learned Pairing treatment refers to those flies that on the last night 
received the same flavour-caffeine pairing they had experienced during the training; as 
predicted, they rested more on the last than on the first night (simple main effect of Day, 
F(1.37)=19.5,p<0.001); that is, they showed tolerance to caffeine. Dijf. Pairing treatment 
refers to the flies that received a different flavour-caffeine pairing than that they were 
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trained with, and showed no tolerance (simple main effect of Day, F(1,37)=0.1, p=0.7), 
which can be interpreted as a loss of tolerance due to the missing proper flavour CS. 
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Figure 8. Mean (± SE) % rest per hour during the period 1900-2200 PM. Diff. Pairing group, 
n=21, Learned Pairing group, n=24. 
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General discussion 

The results reported here reproduce and extend previous findings. First, I showed 
that flies display a higher amount of behavioural quiescence during the night than during 
the day. Following two previous reports (Hendrick et al., 2000; Shaw et al., 2000), I 
defined this behavioural quiescence rest. Hendrick et al. (2000) and Shaw et al. (2000) 
have investigated the features of nighttime rest in the fruit fly and found suggestive 
parallels with those of sleep in mammals. One finding was that, as I report here, flies 
showed a higher amount of behavioural quiescence during the subjective night than the 
day. In the cited papers, a number of other features of fly's nocturnal quiescence were 
shown to mimic those of mammalian sleep. First, flies, as mammals, had an increased 
arousal threshold while resting. For example, vibratory stimuli of greater intensity (6 g 
(acceleration)) were necessary to elicit a response in flies that were resting than those 
(0.05g and 0.1 g) necessary in flies that had been behaviourally awake. Second, flies 
showed the phenomenon of rest rebound, that is, flies deprived of rest for 12 hours during 
the night exhibited a large increase in rest in the next 12 light hours compared to baseline. 
This suggests that in flies, as in mammals, nighttime rest is homeostatically regulated 
(Edgar et al., 1993). A third finding was that two well known substances that exert a 
neuromodulatory action in mammals produced the same effects in the fly: caffeine was 
shown to dose-dependently decrease nighttime rest, and hydroxyzine to decrease sleep 
latency. On the basis of these parallels, I was thus encouraged to use rest as a measure of 
caffeine effects. 

Before proceeding with the illustration of further results, a word of caution is 
needed in relation to the definition of rest in the fly. The idea of nighttime rest as a sleep
like state in the fly is a novel construct and its definition remains somewhat arbitrary. 
Shaw et al. (2000) decided to define rest any bout of uninterrupted behavioural 
quiescence lasting at least 5 minutes, whereas Hendrick and colleagues (2000) considered 
rest bouts longer than 1 minute. In my analysis I initially adopted this second definition in 
the evaluation of differences in rest and tolerance. A more careful observation of the data 
(not shown) however suggested that, differently from what reported by Hendricks et al. 
(2000, p.129), rest bouts lasting 1 min are quite common and are typically interspersed 
within normal daytime activity bouts. In other words, at least judging from my data, 
behavioural quiescence up to 5 minutes appears to be a normal feature of daytime 
activity. All the data presented here are therefore based on the 5 minutes definition of 
rest, notwithstanding that it is not less arbitrary. However, at this stage, for the purpose of 
investigating caffeine effects and tolerance to them, it is not strictly necessary that the 
behavioural quiescence is indeed a form of sleep. In fact, the overall effect of caffeine in 
mammals is a general increase in arousal, which in rodents is always measured as 
locomotory activity. Indeed, tolerance to caffeine has been shown most clearly to these 
effects in rodents. After all, the operational definition of rest used here is in fact 
decreased locomotory activity, occurring during the night. 

As a second step in my investigation, I showed that caffeine decreases nighttime 
rest, and there is an indication of a dose-dependent action, since caffeine 4 mg/ml 
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decreased rest for the period 1900-0100 hours, although the difference was not significant 
for the sole first 3 hours of the night (1900-2200 hours). 

The third step in my investigation was to test for development of tolerance to 
caffeine rest-disrupting effects. In previous work, using alcohol as toxicant, two different 
form of tolerance were reported in the fly. Scholtz et al. (2000) and Berger et al. (2004) 
showed rapid tolerance, which developed after a single intoxicating dose of alcohol, and 
the latter showed chronic tolerance, which developed over the course of 4 to 48 hours. 
Here I report on development of tolerance to caffeine over the course of 5 days. In 
experiments 4 and 5, the flies that received caffeine for 5 consecutive nights became 
tolerant compared to naive flies that received placebo solution for the same period and a 
caffeine challenge on the last night. In experiment 3 I used a different protocol, in which 
flies received caffeine on the first night in order to measure baseline caffeine effects. 
Then, control and tolerance group were treated as in experiments 4 and 5 and tolerance 
was assessed on the 8th night. The results were unexpected, because all the flies, in both 
groups, showed the same increase in rest, thus apparently developing tolerance. Stress 
related phenomena might account for the lack ofresponsivity to caffeine due to the length 
of the experiment. However, based on the data presented here, it is not clear whether in 
fact manipulation for a period as long as 8 days can be considered an adverse factor. In 
experiment 3 mortality was 20%, a value somewhat higher than that in the other 
experiments; however, experiment 6 was almost as long (7 days) and mortality was only 
10%. 

Another possible explanation is that flies developed rapid tolerance following the 
exposure to caffeine on the first night. Rapid tolerance is a well-established phenomenon 
that appears to mirror most of the features of chronic tolerance and responds in the same 
way as chronic tolerance to most pharmacological manipulations (see Kalant, 1996, for 
references). In most alcohol experiments, it typically requires two days to be instated, 
which is also the type of protocol in experiment 3. According to Khanna et al., (1992), 
there is evidence that rapid tolerance, at least in mammals and in alcohol studies, is 
functional in nature and does not include a dispositional (metabolic) component. Recent 
data on rapid tolerance to alcohol in the fly provide a direct support to those finding. 
Berger et al. (2004) have explored features of rapid and chronic tolerance to alcohol in 
the fly. First, they showed that neither forms involve changes in ethanol 
pharmacokinetics, which strongly suggests a functional nature. Second, the rapid but not 
the chronic form was impaired in mutant TPH flies lacking octopamine, a 
norepinephrine-analog. As discussed below when considering in more details the 
connection between tolerance and learning, this point may be particularly interesting. 
Octopamine in the fly is required in some forms of classical conditioning, and a 
possibility is that it is thus required for the development of conditioned tolerance; in such 
case, rapid tolerance development may prove to be a better paradigm than chronic. 
Finally, I must draw the attention to one of the findings in the two studies reporting rapid 
tolerance in the fly, which may undermine rapid tolerance as an explanation of the results 
in experiment 3. Berger et al. (2004) found that chronic tolerance lasted longer than rapid 
tolerance, the two being completely dissipated after 24 and 48 hours respectively. Scholz 
et al. (2000) showed that the rapid form lasted at least 24 hours. Clearly, if a parallel can 
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legitimate be drawn from alcohol to caffeine, then rapid tolerance cannot explain my 
results since I tested tolerance 7 days after the 1st exposure, a period after which rapid 
tolerance should have been long dissipated. 

Experiment 6 was a first step towards exploring the role of classical conditioning 
in tolerance to caffeine in the fruit fly. My results supported the hypothesis that tolerance 
is mediated by learning; in fact, the magnitude of tolerance loss in flies that experienced 
the non-conditioned caffeine-flavour pairing was surprisingly large. Tolerant flies 
displayed a 41 % increase in rest, whereas flies in the other group displayed almost no 
tolerance showing only a 3.2 %. 

These preliminary results are suggestive, but don't address the question of which 
mechanism is involved. The next logical step to follow up the present investigation would 
then be to first differentiate between metabolic or neuroadaptive changes, which is rather 
straightforward, because of the general features of metabolic and functional tolerance. As 
a general pharmacological principle (Fadda and Rossetti, 1998), if tolerance is metabolic 
in nature, a tolerant individual needs the same circulating concentration of a drug as a 
non-tolerant individual to display the same effects, but a longer acute exposition to the 
drug is needed for that concentration to be reached, because absorption is reduced and/or 
toxicant's clearance is faster. Conversely, the definition of functional tolerance implies 
that a tolerant individual will display the same degree of impairment as a nai"ve individual 
only at significantly higher circulating concentrations of drug. Therefore, as has been 
done in alcohol studies, it would be easy to determine the content of circulating caffeine 
in nai"ve and tolerant flies (Berger et al., 2004) after a challenge with the drug. Lack of 
difference between the two groups would support the idea that no changes in absorption 
or metabolism occour. However, caution should be used, since this approach may be 
complicated by the fact that, at least in mammals, caffeine is metabolized to other active 
metilxanthines. Theophylline, theobromine and some other paraxanthines act on the same 
receptors and have the same or even higher activity than caffeine (Svenningssonn et al. 
1999), and their pharmacokinetics and distribution are unknown in the fly. 

A second point that could be addressed is the nature of the conditioned response 
that was showed in experiment 6. The modem definition of tolerance incorporates 
learning processes as a prominent factor (Kalant, 1996). As briefly described in the 
introduction, according to Siegel's model of conditioned tolerance, tolerance results from 
compensatory responses (CRs) that become conditioned to the situational-specific stimuli 
(CS) after repeated drug administations and that are opposite in direction to the drug's 
effects. One of the implications is that when the conditioned stimuli are presented in the 
absence of the drug, the CRs cause a perturbation of homeostasis, but that is opposite in 
direction to that unconditionally produced by the drug. In experiment 6, I showed 
tolerance and the loss of tolerance caused by the elimination of the conditioned stimulus 
(flavour) that supposedly elicited the CRs. A further direct prediction of the model is that 
a third group that received the caffeine-paired flavour without caffeine may evidence the 
sole effect of the CRs, that is, increased rest. It would be easy to introduce such third 
group in a next experiment. Negative results however would not necessarily indicate lack 
of compensatory responses, since, for example, they may involve anticipatory 
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physiological adjustments that however don't result in increase in rest, like decoupling at 
the receptors' level. Therefore, any further investigation of the compensatory model 
would need careful thinking in order to take into account such alternative mechanisms. 

Further investigation of role of learning in tolerance to caffeine should capitalize 
on the recent findings in both learning and tolerance studies in the fly. In the fruit fly 
classical conditioning has been extensively studied in paradigms typically using electric 
shocks (Roman, 2001) and odours (e.g., Mery and Kaweky, 2002) as conditioned stimuli. 
The fly has been shown to be able to associate these CS with food, egg laying sites, 
mates. The cellular basis of associative learning in the fly is currently successfully 
investigated using mutants strains with various impaired neural functions (e.g., 
Schwaerzel et al., 2003 and references therein). Schwaerzel and colleagues (2003) 
showed that two different neurotransmitters are selectively involved in the acquisition of 
olfactory memory in the fly. Octopamine, a neuromodulator and neurotransmitter 
analogous to mammalian norepinephrine (Roeder, 1999; 2005) was required for the 
acquisition of an olfactory memory with sugar as US (a positive reinforcer). Dopamine 
was involved in acquisition with electric shock US (a negative reinforcer). Lack of either 
one neurotransmitter selectively impaired the formation of one or the other type of 
memory. What is extremely interesting is the fact that dopamine and octopamine are 
involved in tolerance processes where learning is though to play a role. First, as 
mentioned above, Scoltz et al. (2000) reported evidence that T~H mutants flies, lacking 
the key octopamine-synthesizing enzyme showed impaired rapid and tolerance. In other 
words, a neurotransmitter that is necessary for conditioning acquisition also impaired 
acquisition functional tolerance to alchol, suggesting a possible role of conditioning in 
the process. 

Second, in mammals dopamine is involved in acquisition of tolerance to caffeine. 
It is firmly established that caffeine causes increase in activitiy by modulating the 
function of adenosine receptors in the brain, more specifically, synergic blockade of A1 

and A2A receptors is needed. But also, caffeine effects are produced by indirectly 
modulating the dopaminergic system, with a reciprocal antagonist interaction of A2A and 
D2 receptors (Fuxe et al., 2003; Cauli and Morelli, 2005). It is also clear that tolerance 
involves neuroadaptive responses within these neurotransmitting systems (Svenninngsson 
et al., 1999 for adenosine; Powell et al., 2001 for dopamine). Thus, a neurotransmitter 
that is involved in tolerance to caffeine, at least in mammals, is also a key element of 
acquisition of conditioning in the fly. 

A typical strategy in tolerance research is to choose a specific neural system or 
neuromodulator that one suspects is involved in the development of tolerance, selectively 
alter its function and then verify the results on tolerance acquisition (Kalant, 1996). In 
light of the promising parallels discussed above, the wealth of knowledge on conditioning 
in the fly, paired with the readily available neurally impaired mutant strains make seem 
such approach a very powerful tool in the context of caffeine tolerance research. 

29 



M.Sc. Thesis L. Bianco Prevot Psychology Department McMaster 

References 

Adkins-Regan E., and A. MacKillop ER. (2003). Japanese quail (coturnix japonica) 
inseminations are more likely to fertilize eggs in a context predicting mating 
opportunities. Proc.R.Soc.Lond.B 270:1685-1689. 

Andrews SE, Blumenthal TD, Flaten MA.(1998) Effects of Caffeine and Caffeine
Associated Stimuli on the Human Startle Eyeblink Reflex. Pharmacology, Biochemistry, 
and Behavior 59:39-44. 

Ashburner, M.(l998). Speculations on the subject of alcohol dehydrogenase and its 
properties in drosophila and other flies. BioEssays 20:949-954. 

Benowitz NL.(1990) Clinical Pharmacology of Caffeine. Annual Review of Medicine 
41:277-88. 

Berger, K.H., Heberlein, U., Moore, M.S.(2004). Rapid and Chronic: Two Distinct Forms 
of Ethanol Tolerance in Drosophila. Alcoholism: Clinical & Experimental Research 
28: 1469-1480. 

Bernays, E. A., Chapman, R. F. E., (2000). Plant secondary compounds and 
grasshoppers: Beyond plant defenses. Journal of Chemical Ecology 26:1773-1794. 

Bernays EA, Rodrigues D, Chapman RF, Singer MS, Hartmann T. (2003). Loss of 
Gustatory Responses to Pyrrolizidine Alkaloids After their Extensive Ingestion in the 
Polyphagous Caterpillar Estigmene Acrea. The Journal of Experimental Biology 
206:4487-96. 

Carrillo, R. (2004). Pharmacogenetic analysis of nicotine and caffeine resistance m 
Drosophila melanogaster. Ph.D. unpublished thesis. 

Cauli 0 and Morelli M. (2005). Caffeine and the Dopaminergic System. Behavioural 
Pharmacology 16:63-77. 

Childs E and de Wit, Harriet ER (2006). Subjective, Behavioral, and Physiological 
Effects of Acute Caffeine in Light, Nondependent Caffeine Users. Psychopharmacology 
185:514-23. 

Corti R, Binggeli C, Sudano I, Spieker L, Hanseler E, Ruschitzka F, Chaplin WF, 
Luscher TF, Noll G., (2002). Coffee acutely increases sympathetic nerve activity and 

30 



M.Sc. Thesis L. Bianco Prevot Psychology Department McMaster 

blood pressure independently of caffeine content: role of habitual versus nonhabitual 
drinking. Circulation 106:2935-40. 

Dager SR, Layton ME, Strauss W, Richards TL, Heide A, Friedman SD, Artru AA, 
Hayes CE, Posse S. (1999). Human Brain Metabolic Response to Caffeine and the 
Effects of Tolerance. The American Journal ofPsychiatry 156:229-37. 

Dassesse D, Ledent C, Parmentier M, Schiffmann SN. (2001). Acute and Chronic 
Caffeine Administration Differentially Alters Striatal Gene Expression in Wild-Type and 
Adenosine A(2A) Receptor-Deficient Mice. Synapse 42:63-76. 

Dijk DJ, Duffy JF, Riel E, Shanahan TL, Czeisler CA. (1999) Ageing and the Circadian 
and Homeostatic Regulation of Human Sleep during Forced Desynchrony of Rest, 
Melatonin and Temperature Rhythms. The Journal of Physiology 516:611-27. 

Domjan, M., Mahometa, M. J., and Mills, A. D. (2003). Relative contributions of the 
male and the female to sexual behavior and reproductive success in the japanese quail 
(coturnixjaponica). Journal ofComparative Psychology 117:391-399. 

Dukas, R. (2005). Experience improves courtship in male fruit flies. Animal behaviour 
69:1203-1209. 

Dworkin, B.R. (1993). Learning and Physiological Regulation. Univ. Chicago Press. 

Dzitoyeva S, Dimitrijevic N, Manev H (2003). Gamma-aminobutyric acid B receptor 1 
mediates behavior-impairing actions of alcohol in Drosophila: adult RNA interference 
and pharmacological evidence. Proc Natl Acad Sci USA 100:5485-5490. 

Edgar DM, Dement WC, Fuller CA. (1993). Effect of SCN Lesions on Sleep in Squirrel 
Monkeys: Evidence for Opponent Processes in Sleep-Wake Regulation. The Journal of 
Neuroscience 13:1065-79. 

Engler, HS., Spencer, KC., Gilbert, LE. (2000). Insect metabolism: Preventing cyanide 
release from leaves. Nature 406:144-145. 

Fadda, F., Rossetti, Z.L. (1998). Chronic ethanol consumption: from neuroadaptation to 
neurodegeneration. Prog Neurobiol. 56:385-431. 

Feyereisen, R. (1999). Insect P450 enzymes. Annual Review of Entomology 44:507-533. 

Fredholm BB, Battig K, Holmen J, Nehlig A, Zvartau EE. (1999). Actions of Caffeine in 
the Brain with Special Reference to Factors that Contribute to its Widespread use. 
Pharmacological Reviews 51:83-133. 

31 



M.Sc. Thesis L. Bianco Prevot Psychology Department McMaster 

Fuxe K, Agnati LF, Jacobsen K, Hillion J, Canals M, Torvinen M, Tinner-Staines B, 
Staines W, Rosin D, Terasmaa A, Popoli P, Leo G, Vergoni V, Lluis C, Ciruela F, Franco 
R, Ferre S. (2003) Receptor Heteromerization in Adenosine A2A Receptor Signaling: 
Relevance for Striatal Function and Parkinson's Disease. Neurology 61:S19-23. 

Geer, B.W.; Heinstra, P.W.; McKechnie, S.W. (1993). The biological basis of ethanol 
tolerance in Drosophila. Comp.Biochem.Physiol.B 105:203-229. 

Glendinning, J. I. (1996). Is chemosensory input essential for the rapid rejection of toxic 
foods? The Journal ofExperimental Biology 199:1523-1534. 

Glendinning, J. I. E. (2002). How do herbivorous insects cope with noxious secondary 
plant compounds in their diet? Entomologia Experimentalis Et Applicata 104:15-25. 

Glendinning, J. 1., H. Brown, M. Capoor, A. Davis, A. Gbedemah and E. Long (2001a). 
A peripheral mechanism for behavioral adaptation to specific 'bitter' taste stimuli in an 
insect. The Journal of Neuroscience 21:3688-3696. 

Glendinning JI, Domdom S, Long E., (2001b). Selective Adaptation to Noxious Foods by 
a Herbivorous Insect. The Journal of Experimental Biology 204:3355-67. 

Glendinning, J. I. and N. A. Gonzalez (1995). Gustatory habituation to deterrent 
compounds in a grasshopper: concentration and compound specificity. Animal Behaviour 
50:915-927. 

Graham, J. M., and Desjardins, C. (1980). Classical conditioning: Induction of luteinizing 
hormone and testosterone secretion in anticipation of sexual activity. Science 210:1039-
1041. 

Gutierrez, G., and Domjan, M. (1997). Differences in the sexual conditioned behavior of 
male and female japanese quail (coturnix japonica). Journal of Comparative Psychology 
111:135-142. 

Halldner L, Aden U, Dahlberg V, Johansson B, Ledent C, Fredholm BB. (2004). The 
Adenosine A(1) Receptor Contributes to the Stimulatory, but Not the Inhibitory Effect of 
Caffeine on Locomotion: A Study in Mice Lacking Adenosine A(1) and/or A(2A) 
Receptors. Neuropharmacology 46:1008-17. 

Hendricks, J.C.; Finn, S.M.; Panckeri, K.A.; Chavkin, J.; Williams, J.A.; Sehgal, A., 
Pack, A.I. (2000). Rest in Drosophila is a sleep-like state. Neuron 25:129-138. 

Hollis, K.L., Pharr, V.L., Dumas, M.J., Britton, G.B., and Field, J. Pecina, S., Berridge, 
K.C., and Parker, L.A. (1997). Classical conditioning provides paternity advantage for 

32 



M.Sc. Thesis L. Bianco Prevot Psychology Department McMaster 

territorial male blue gouramis (Trichogaster trichopterus ). J. Comp. Psycho I. Ill :219-
225. 

Kalant,H. (1996). Current state of knowledge about the mechanisms of alcohol tolerance. 
Addiction Biology 1: 133-141. 

Karban, R., and Agrawal, A. A. (2002). Herbivore offense. Annual Review of Ecology 
and Systematics 33:641-664. 

Khanna JM, Kalant H, Shah G, Weiner J. (1991). Rapid Tolerance as an Index of Chronic 
Tolerance. Pharmacology, Biochemistry, and Behavior 38:427-32. 

Mathavan, S.Y. Premalatha R., and Christopher, M.S. M., (1985). Effects of caffeine and 
theophylline on the fecundity of four lepidopteran species. Exper. Bioi. 44:133-138. 

Melchior CL and Tabakoff B. (1985). Features of Environment-Dependent Tolerance to 
Ethanol. Psychopharmacology 87:94-100. 

Mery F and Kawecki TJ. (2002). Experimental Evolution of Learning Ability in Fruit 
Flies. Proceedings of the National Academy of Sciences of the United States of America 
99:14274-9. 

Mercot, H., Defaye D., Capy P., Pia E., David JR. (1994). Alcohol tolerance, ADH 
activity, and ecological niche of Drosophila species. Evolution 48:746-757. 

Mitchell MJ, Keogh DP, Crooks JR, Smith SL. (1993). Effects of Plant Flavonoids and 
Other Allelochemicals on Insect Cytochrome P-450 Dependent Steroid Hydroxylase 
Activity Insect Biochem. Molec. Bioi. 23:65-71. 

Nathanson, J. A., (1984). Caffeine and related methylxanthines: possible naturally 
occurring pesticides. Science 226:184-187. 

Nehlig A., (1999). Are we dependent upon coffee and caffeine? A review on human and 
animal data. Neurosci Biobehav Rev. 23:563-76. 

Papaj, D. R., and Prokopy, R. J. (1989). Ecological and evolutionary aspects of learning 
in phytophagous insects. Annual Review of Entomology 34:315-350. 

Poulos CX, Cappel H. (1991). Homeostatic theory of drug tolerance: a general model of 
physiological adaptation. Psycho!. Rev. 98:340-408. 

Powell KR, Iuvone PM, Holtzman SG. (2001) The Role of Dopamine in the Locomotor 
Stimulant Effects and Tolerance to these Effects of Caffeine. Pharmacology, 
Biochemistry, and Behavior 69:59-70. 

33 



M.Sc. Thesis L. Bianco Prevot Psychology Department McMaster 

Roeder T. (1999). Octopamine in Invertebrates. Progress in Neurobiology 59:533-61. 

Roeder T. (2005) Tyramine and Octopamine: Ruling Behavior and Metabolism. Annual 
Review ofEntomology 50:447-77. 

Roffman M and Lal H. (1974) Stimulus Control of Hexobarbital Narcosis and 
Metabolism in Mice. The Journal of Pharmacology and Experimental Therapeutics 
191:358-69. 

Roman G and Davis RL. (200 1) Molecular Biology and Anatomy of Drosophila 
Olfactory Associative Learning. BioEssays 23:571-81. 

Schoonhoven, L. M. and J. J. A. van Loon (2002). An inventory of taste in caterpillars: 
each species is its own key. Acta Zoologica Academiae Scientiarum Hungaricae 48: 215-
263. 

Schwaerzel, M., Monastirioti, M., Scholz, H., Friggi-Grelin, F., Birman, S., Heisenberg, 
M. (2003). Dopamine and octopamine differentiate between aversive and appetitive 
olfactory memories in drosophila. The Journal ofNeuroscience 23:10495-10502. 

Scott J.G. (1999). Cytochromes P450 and insecticide resistance. Insect Biochemistry and 
Molecular Biology 29:757-777 

Shaw PJ, Cirelli C, Greenspan RJ, Tononi G. (2000). Correlates of sleep and waking in 
Drosophila melanogaster. Science 287:1834-37 

Shields, V. D. C. and B. K. Mitchell (1995a). Sinigrin as a feeding deterrent in two 
crucifer-feeding, polyphagous lepidopterous species and the effects of feeding stimulant 
mixtures on deterrency. Philosophical Transactions of the Royal Society of London B 
347: 439--446. 

Scholz, H., Ramond, J., Singh, M. C., Heberlein, U., (2000). Functional Ethanol 
Tolerance in Drosophila. Neuron 28:261-271. 

Scott JG. (1999). Cytochromes P450 and insecticide resistance. Insect Biochem Mol Bioi 
29:757-77. 

Siegel, S. (1976). Morphine analgesic tolerance: its situation specificity supports a 
pavlovian conditionin model. Science 4250:323-325. 

Siegel, S., Sokolowska, M. (2003). Caffeine and coffee tolerance. Circulation 12:108(6), 
e38-40. 

34 



M.Sc. Thesis L. Bianco Prevot Psychology Department McMaster 

Siegel S., Baptista M.A., Kim J.A., McDonald R.V., Weise-Kelly L., (2000). 
Pavlovian psychopharmacology: the associative basis of tolerance. Experimental Clinical 
Psychopharmacology 8:276-93. 

Slansky, J. F. (1993). Nutritional ecology: the fundamental quest for nutrients. In: N. E. 
Stamp & T. M. Casey (eds), Caterpillars: Ecological and Evolutionary Constraints on 
Foraging, Chapman & Hall, New York, pp. 29-91. 

Smith, A. (2002). Effects of caffeine on human behaviour. Food and Chemical 
Toxicology 40:1243-1255. 

Stevens J.L., Snyder M.J., Koener J.F., Feyereisen R., (2000). Inducible P450s of the 
CYP9 family from larval Manduca sexta midgut. Insect Biochemistry and Molecular 
Biology 30:559-68. 

Stewart, J., Badiani, A. (1993). Tolerance and sensitization to the behavioral effects of 
drugs. Behavioural Pharmacology 4:289-312 

Svenningsson P, Nomikos GG, Fredholm BB. (1999) The Stimulatory Action and the 
Development of Tolerance to Caffeine is Associated with Alterations in Gene Expression 
in Specific Brain Regions. The Journal ofNeuroscience 19:4011-22. 

Szentesi, A. & EA Bernays, (1984). A study of behavioural habituation to a feeding 
deterrent in nymphs of Shistocerca gregaria. Physiological Entomology 9: 329-340. 

Tabakoff B, Cornell N, Hoffman PL. (1986). Alcohol Tolerance. Annals of Emergency 
Medicine 15:1005-1012. 

Terriere, L. C. (1984). Induction of detoxication enzymes in insects. Annual Review of 
Entomology 29:71-88. 

Yacoubi ME, Ledent C, Menard J, Parmentier M, Costentin J, Vaugeois J. (2000). The 
Stimulant Effects of Caffeine on Locomotor Behaviour in Mice are Mediated through its 
Blockade of Adenosine A2A Receptors. British Journal of Pharmacology 129:1465-73. 

Zwyghuizen-Doorenbos A, Roehrs TA, Lipschutz L, Timms V, Roth T. (1990). Effects 
of Caffeine on Alertness. Psychopharmacology, 100:36-9. 

35 



M.Sc. Thesis L. Bianco Prevot Psychology Department McMaster 

Appendix A. 

Activity recordings of 4 different flies during a 12:12 h, dark: light cycle, represented in 
1-sec bins. Notwithstanding a clear circadian organization, figures show a certain amount 
of interindividual variation in activity and rest patterns both during the day and the night. 
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Appendix B. Activity monitor specifics and data considerations. 

The activity monitor records activity signals using an infrared (935 nm) transmitter
receiver mounted on small plastic, transparent test tubes (length, 60 mm, 0 5 mm). The 
IR beam crosses lengthwise the tube, encompassing the whole tubes' internal area, and is 
modulated by movements of the fruitfly. Infrared light is invisible to fruitflies, whose 
vision extends only up to 650 nm. (Bertholf, 1932). The output signal is an AC voltage 
waveform. When the animal is at rest, output is equal to zero volts, and movements cause 
output voltage variations proportional to their amplitude. The device is insensitive to 
variations in external light, sound, temperature, electromagnetic interference, humidity. 
During the night recordings however, the tubes are kept in complete darkness, at constant 
temperature and RH. The tubes are perforated for air circulation and humidification; a 
small opening in the tube is filled with standard food. 

Activity monitor schematic. 

Each of the 8 tubes output to an analogue/digital (AID) converter's separate channel 
(16-bit accuracy). The output is logged on a PC with the Logger VI software (National 
Instruments). Signal is sampled at 50 Hz. One tube is always empty and provides a 
baseline noise signal. The signal from each other tube, where a fly is placed, is then 
subtracted from the empty tube signal to generate the raw data. I wrote a program that 
does successive data processing. I currently generate activity values for 1-sec bins (that 
is, a median absolute deviation (m.a.d.) values of activity per each sec). Median values 
for each minute are then calculated from the m.a.d. values. 

Sleep-like states in insects lack an agreed upon definition, that is, what is the 
minimum duration of an immobility bout that meaningfully defines an instance of sleep. 
For example, isolated, 1 min long events of quiescence that occur among bursts of 
activity are more unlikely to represent sleep than longer, sustained periods of immobility. 
Nevertheless, following Shaw et al. (2000), I defined 'rest' as a period of uninterrupted 
behavioural quiescence ::::: 5 minutes long. In order to obtain the data analyzed and 
reported in the results sections above, I calculated frequencies of rest bouts thus 
categorized: 1 min, 2-4 min, 5-9 min, 10-19 min, 20-29 min, :::::30 min long, and unless 
otherwise specified, I used only rest bouts ::::: 5 minutes long. 
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