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Abstract

Background—There is a strong relationship between circadian rhythms and ethanol responses. 

Ethanol consumption has been shown to disrupt physiological and behavioral circadian rhythms in 

mammals (Spanagel et al., 2005b). The Drosophila central circadian pacemaker is composed of 

proteins encoded by the per, tim, cyc, and Clk genes. Using Drosophila mutant analysis we asked 

whether these central components of the circadian clock make the equivalent contribution towards 

ethanol tolerance and whether rhythmicity itself is necessary for tolerance.

Methods—We tested flies carrying mutations in core clock genes for the capacity to acquire 

ethanol tolerance. Tolerance was assayed by comparing the sedation curves of populations during 

their first and second sedation. Animals that had acquired tolerance sedated more slowly. 

Movement was also monitored as the flies breathe the ethanol vapor to determine if other facets of 

the ethanol response were affected by the mutations. Gas chromatography was used to measure 

internal ethanol concentration. Constant light was used to non-genetically destabilize the PER and 

TIM proteins.

Results—A group of circadian mutations, all of which eliminate circadian rhythms, do not 

disrupt tolerance identically. Mutations in per, tim, and cyc completely block tolerance. However, 

a mutation in Clk does not interfere with tolerance. Constant light also disrupts the capacity to 

acquire tolerance. These lines did not differ in ethanol absorption.

Conclusions—Mutations affecting different parts of the intracellular circadian clock can block 

the capacity to acquire rapid ethanol tolerance. However, the role of circadian genes in ethanol 

tolerance is independent of their role in producing circadian rhythmicity. The interference in the 

capacity to acquire ethanol tolerance by some circadian mutations is not merely a downstream 

effect of a nonfunctional circadian clock, instead these circadian genes play an independent role in 

ethanol tolerance.
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Introduction

Alcoholism is a devastating disease worldwide. While environmental and societal factors 

play a role in succumbing to this disease, a large body of evidence indicates that alcoholism 

has a heritable component (Prescott and Kendler, 1999). While this disease is too complex to 

model completely in animal systems, the endophenotypes of alcoholism can be defined and 

studied. One such endophenotype is tolerance: a decrease in the effect of a drug caused by 

previous drug exposure. Tolerance is an important endophenotype because the reduced 

response can trigger increased alcohol consumption in order to reach the desired effect, 

thereby speeding the user down the path to addiction.

The fruit fly Drosophila melanogaster has proven to be a useful tool for identifying the 

genetic components underlying ethanol tolerance (Atkinson, 2009). Diverse genes have been 

shown to affect tolerance in the fly, including genes involved in neurotransmitter synthesis 

(Scholz et al., 2000), synaptic structure (Urizar et al., 2007), and ion channel activity 

(Cowmeadow et al., 2005). Many of these genes have been shown to have similar effects in 

mammals, demonstrating that the genes involved in this process are conserved from the fly 

to higher organisms.

The circadian clock, present in most animals (van Oort et al., 2005), allows the organism to 

anticipate circadian changes in the environment and maintain a circadian rhythm even in the 

absence of environmental cues. Circumstantial evidence indicates that the circadian clock 

also has a role in generating some endophenotypes of alcoholism. Sensitivity to ethanol in 

humans is affected by the time of day that ethanol is ingested (reviewed in Danel and 

Touitou, 2004) and similar time-of-day effects have been seen in rodents and flies (Perreau-

Lenz et al., 2009a; van der Linde and Lyons, 2011). Furthermore, ethanol has been shown to 

affect the circadian clock in rat behavioral assays where chronic alcohol intake can disrupt 

the circadian period (Rosenwasser et al., 2005; Seggio et al., 2009) and in slices of the 

mouse central pacemaker where a single dose of ethanol changes the firing pattern of the 

circadian pacemaker (Prosser et al., 2008; McElroy et al., 2009). It is well known that 

ethanol has a disruptive effect on the circadian sleep/wake cycle in humans (Brower, 2001) 

and estimates of the number of alcoholics who are also insomniacs range from 36–72% 

(Brower, 2001). In addition, it has recently been shown that raising Drosophila on high-

ethanol food shortens the period of circadian rhythms in the adult (Seggio et al., 2012). 

Nevertheless, it is still not clear whether alcohol responses are dependent on a running clock 

or on some other activity of a circadian regulatory protein.

In Drosophila, the genes that regulate the clock are well characterized, and most have 

homologous mammalian counterparts. The central component of the intracellular circadian 

clock is comprised of the PER, TIM, CYC, and CLK proteins. A dimer of CYC and CLK 

regulates transcription of PER and TIM. In turn, PER and TIM form a dimer that regulates 

the stability of the CYC and CLK dimer. This interaction results in a diurnal cycle of about 
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24 hours in levels of these proteins (reviewed in detail in Allada and Chung, 2010; and 

Hardin, 2005), thereby establishing the periodicity of the circadian clock in the fly. By 

regulating the expression of other genes, the transcription factors of the central clock can 

produce widespread circadian fluctuations in physiology and behavior (Taghert and Shafer, 

2006).

In this paper, we ask whether mutations in core circadian genes disrupt the capacity to 

acquire ethanol tolerance, and if so, whether the disruption is a consequence of the mere 

absence of a cycling circadian clock. Specifically, we tested the per01, tim01, and cyc01 and 

ClkJRK mutants. We find that despite the fact that all of the mutations ablate circadian 

rhythmicity, only some of them affect ethanol tolerance. These results indicate that these 

circadian genes have a role in producing tolerance that is independent of their role in 

producing circadian rhythmicity.

Results

Circadian mutants do not alter ethanol sensitivity

The mutant alleles, per01, tim01 and cyc01, and ClkJRK produce circadian arrhythmicity by 

disrupting the cycling of the intracellular circadian clock (Hardin, 2005). Before determining 

if these genes alter ethanol endophenotypes we back-crossed them to the wild-type strain for 

six generations to eliminate differences due to genetic background. The ethanol sensitivity of 

each of these mutants was compared to the wild type by monitoring the time to ethanol 

sedation in response to the vapor from a 35% ethanol solution. Groups of mutant and wild-

type flies were placed in plastic vials sealed with a plug containing a 35% ethanol solution. 

Because flies normally climb the walls of a vial, we can easily measure sedation by counting 

the number of flies that fall from the walls of the vial. We used a computer camera system to 

monitor the sedation profile of the flies in response to ethanol vapor. For each vial, we 

determined the time required for sedation of 50% of the population (K50). The plots in 

Figures 1A–1H show overlapping sedation (sensitivity) curves for the circadian mutants and 

the wild type (Figure 1A–1H).

When collecting the rate of sedation data for the mutants and the wild type it became clear 

that there was substantial day-to-day variation in the absolute rate of sedation. Each 

experiment in Figure 1 was performed on a different day. Notice that the sedation curves for 

the wild-type Canton S strain vary from day to day. This means either that the animals 

respond to ethanol differently each day or that there are small day-to-day changes in the rate 

of ethanol volatilization. To evaluate the cause of the variation we asked whether the K50 of 

sedation occurred at a specific internal ethanol concentration. If so, then this would indicate 

that the animals did not have different ethanol sensitivity on different days but that the rate 

of ethanol delivery (volatilization) must vary due to factors that we could not control. To 

determine whether the K50 reflects a true biological endpoint we sedated wild type flies on 

different days. When the half of the flies in a vial were sedated (K50) we collected the 

animals and measured their ethanol content. We observed that at K50, the internal 

concentration was 111 mM +/−2.3 even though the K50 ranged from 29 to 71 minutes 

(n=39; Figure 1K). This concentration of ethanol is not a ceiling effect because longer 

exposure to 35% ethanol producing 100% knockdown can produce 171 mM internal 
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ethanol, and previously using 100% ethanol (and a bubbler) we achieved 235–280 mM 

without lethality (Cowmeadow et al., 2005). Thus, the K50 reflects a biological endpoint that 

occurred when the internal ethanol concentration reached a specific value and furthermore 

that the K50 could be used as an easy way to evaluate the sensitivity and tolerance of a line. 

In addition, we demonstrated that the wild type and mutant lines do not differ in internal 

ethanol concentration after a 30 minute treatment with vapor from a 35% ethanol solution 

(Figure 1J) or a 75% ethanol solution (not shown). To avoid confusion arising from day-to-

day variability, throughout this paper data that is plotted in the same panel has been collected 

from experiments conducted at the same time.

Tolerance to ethanol sedation is eliminated in only some circadian mutants

Each strain was then tested for the capacity to acquire ethanol tolerance using a similar 

method to that described above. Two groups of age- and sex-matched flies from the same 

strain were used. One group was exposed to the vapor from a 75% ethanol solution for one 

hour while the other group was mock treated (day 1 treatment). Twenty-four hours later, 

both groups were exposed to the vapor from a 35% ethanol solution until sedated (day 2 

treatment). During the day 2 treatment, the rate of sedation was recorded and the 50% 

knock-down time (K50) was determined. A population was said to be tolerant if the K50 of 

the group receiving a second sedation was significantly higher than that of the group 

receiving a first sedation. Again, all data plotted in the same panel has been collected at the 

same time, and all quantitative comparisons are only made between data collected at the 

same time. We did not compare the magnitudes of any of our measures between stocks. We 

only ask whether a mutation prevented the acquisition of functional ethanol tolerance with 

respect to the K50 of sedation. Figure 2A shows that wild-type CS flies developed tolerance 

to this dose of ethanol. However, per01 (Figure 2B, 2G) and tim01 (Figure 2C, 2H) mutants 

failed to acquire tolerance. The cyc01 circadian mutant appears to weakly acquire tolerance 

(Figure 2D, 2I) but this is later demonstrated to be due to another attribute of this mutant 

(below). However, the ClkJRK (Figure 2E, 2J) mutant unambiguously acquires tolerance. 

The relationships between mutant allele and the ethanol tolerance response were 

experimentally repeatable. Another non-wild type behavior that we observed was that during 

the second ethanol treatment, a significant portion of the ClkJRK mutants began the 

experiment on the bottom of the vial and were not counted. However, soon after as the 

ethanol vapor entered the vial they moved to the wall of the vial and were counted. The 

tim01 mutant also showed a related phenotype in that at about 10 minutes into the ethanol 

exposure a significant portion of the second sedation flies moved/fell to the bottom of the 

vial. However, these were not sedated because shortly after this time point they reappeared 

on the vial walls and were counted as non-sedated animals.

Effect of circadian mutations on specific components of tolerance

When initially exposed to a sedating dose of ethanol vapor, net activity measurements have 

shown that flies display a hyperactive phase before they enter the sedation phase (Moore et 

al., 1998). Because the analysis of tolerance described above measures only the number of 

flies climbing on the wall of the vial, it does not distinguish whether a mutation disrupts the 

production of tolerance by altering the hyperactive phase, the sedation phase, or both. To 

address this question, we used the same tolerance-inducing paradigm, but measured the 
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locomotor activity of the flies throughout the ethanol exposure. The activity curve provides a 

way to classify how mutations change the ethanol response. This approach has been used by 

others to characterize the effect of mutations on different phases of tolerance (Kong et al., 

2010). Because the method used to sedate the flies involves passive evaporation of ethanol 

from a fiber plug the ethanol vapor concentration gradually climbs so that the animals 

experience a gradual increase in the ethanol dose. The rationale behind this delivery method 

was that animals were exposed to a range of ethanol concentrations which provides added 

opportunity to see differences between mutant and wild type behavior.

The same data plotted in Figure 2 was reanalyzed to capture the net activity of the flies. The 

movement curves typically had a side-ways S-shape. There was a peak of activity at t=0 

min, followed by a decline, and a second activity peak (Figure 3A). The zero time point peak 

was thought to be analogous to the startle peak which, as described by Wolf et al. (2002), 

occurs when flies perceive the odor of ethanol–a new stimulus. In our system, flies have also 

just been moved into a new chamber and therefore the startle peak might be in response to 

the act of being moved to the new chamber and/or to the odor of ethanol. To determine the 

origin of the first peak, the baseline activity profile was measured in flies placed into a 

chamber that did not contain ethanol. As shown in Figure 3B, wild type flies placed in a new 

chamber show an initial burst of activity that corresponds to the first peak during ethanol 

treatment, and which rapidly declines to a low level of movement. The movement curves do 

not decline to zero because the flies are not being sedated and occasionally a fly moves to a 

new position throughout the assay. The wild type baseline curves were highly reproducible 

and not even sedating flies with ethanol 24 h before measuring the baseline noticeably 

altered baseline activity (Figure 3B).

To isolate the activity changes produced by ethanol vapor we subtracted the baseline activity 

data from the corresponding raw activity data of the flies in the ethanol exposure vials for 

each individual trial (conceptually, for the wild type, this is a subtraction of Figure 3B from 

Figure 3A). The resulting values were averaged to produce the isolated ethanol response 

component, which takes the form of a Gaussian distribution (Figure 3C). Prior ethanol 

sedation produces ethanol tolerance and obviously shifted the ethanol activity curve to the 

right. To evaluate the statistical significance of this shift we collected critical values that 

characterize the activity response curves. A Guassian distribution was fit to the isolated 

ethanol response component (Figure 3C) and curve-fitting equations were used to capture 

three parameters from the curves: 1) the T50 of the rising phase (time of 50% activation), the 

Tmax (Time of maximal excitation), and the T50 of the falling phase (time of 50% decay). 

The falling phase of the activity curve directly correspond to the animal sedation (c.f. Figure 

2A and Figure 3C). Ethanol tolerance can be detected using any of these parameters–the 

time of 50% activation, maximal activity, and 50% decay from maximal activity are all 

larger in animals receiving their second sedation than in wild type animals receiving their 

first sedation. For the wild type, these parameters are shown in Figure 3D–F.

The no-ethanol baseline activity values for the circadian mutants was not statistically 

different from the wild type (2-way ANOVA with Bonferonni posttest, P=0.061 for the 

entire curves, but P=0.3 after the initial acclimation period-plateau from 30 to 80 min). 

Furthermore, with the exception of the cyc01 mutation, ethanol sedation 24 h prior also did 
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not affect baseline activity. Prior ethanol sedation caused a slight increase in the baseline 

activity of the cyc01 line (Fig.6B).

When analyzing the circadian mutants for the capacity to acquire ethanol tolerance (below), 

we only asked whether the stock could acquire tolerance. We never compared the magnitude 

of the parameters between stocks. In all cases, profiles for the first ethanol response and 

second ethanol response were determined at the same time such that the capacity to acquire 

tolerance was always evaluated using animals that were tested in parallel.

Analysis of the isolated ethanol response curves showed that the per01, tim01 and cyc01 

mutant animals did not show tolerance in any of the three quantitative parameters derived 

from the activity curves (Tmax, and the T50 of the rising and falling phases of the curve; see 

Figures 4, 5, and 6). These three mutations appear to interfere with all aspects of functional 

tolerance.

However, the ClkJRK mutant displays a wild type ethanol tolerance phenotype (Figure 7). 

Like wild type, the ClkJRK mutants receiving their second ethanol sedation had a right 

shifted ethanol response curve and an increase in T50 of the rising phase (time of 50% 

activation), time of maximal excitation (Tmax) and the T50 of the falling phase (time of 50% 

decay). These results strongly indicate that the Clk gene is not important in the production of 

ethanol tolerance.

A non-genetic method of disrupting the molecular circadian clock blocks the acquisition of 
ethanol tolerance

We sought a non-genetic method of disrupting the circadian clock as a way to validate the 

role of the circadian proteins in producing functional ethanol tolerance. In Drosophila, 

constant light exposure molecularly disrupts the cycling of the circadian clock and 

eliminates circadian behavioral rhythmicity (Konopka et al., 1989; Myers et al., 1996; Lin et 

al., 2001). One- to two-day old flies were collected and placed in a constant-light 

environment for five days causing them to lose circadian rhythmicity. These arrhythmic 

animals were tested for the capacity to acquire ethanol tolerance (Figure 8). These flies were 

divided into two groups. One group was sedated using ethanol vapor and the other group 

was mock sedated. Twenty-four hours later, both groups were sedated with the vapor from a 

35% ethanol solution, and the rate of sedation was recorded. A tolerance assay was also 

performed on flies that were incubated under a 12:12 light-dark cycle in parallel. As shown 

in Figure 8, exposure to constant light blocked the acquisition of tolerance.

Discussion

In this paper, we show not only that circadian genes are involved in the generation of 

tolerance to ethanol in the fruit fly but that this involvement is independent of the regulation 

of circadian rhythmicity. This is in concordance with an observation by van der Linde and 

Lyons (2011) that the magnitude of ethanol tolerance does not cycle in a circadian fashion. 

The mutations that we examined all eliminate circadian rhythmicity but not all of them 

eliminate the capacity to acquire ethanol tolerance. Mutations in per or tim block tolerance 

to the sedative effects of ethanol, as measured in a simple sedation assay. In the sedation 
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curve, a mutation in cyc does not appear to completely eliminate tolerance however the basal 

activity curve suggests that the apparent difference in the rate of sedation can be attributed to 

the increase in basal activity produced by prior ethanol sedation. Only the cyc01 mutant 

showed this lasting effect of ethanol on baseline activity. Finally a mutation in the Clk gene 

does not appear to have any affect on the capacity to acquire tolerance even though it, like all 

of the other circadian mutations tested, eliminates circadian rhythms. This indicates that role 

of the circadian genes in producing ethanol tolerance is independent of their role in 

producing circadian rhythmicity. Furthermore, subjecting wild-type flies to constant light—

which produces behavioral arrhythmicity (Konopka et al., 1989)—disrupted the capacity to 

acquire ethanol tolerance. This reduction in the capacity to acquire tolerance can be 

interpreted in molecular terms because constant light molecularly destabilizes the PER and 

TIM transcription factors in flies (Lee et al., 1996; Naidoo et al., 1999). Thus, constant light 

is a non-genetic method for disrupting the circadian clock that provides supportive evidence 

for the interpretation that the PER and TIM proteins are essential for the acquisition of 

functional tolerance. Taken together, these results indicate that some, but not all, of the 

circadian genes are necessary for ethanol tolerance in the fly. With respect to the nervous 

system, the circadian clock might be considered to be a homeostatic regulator of neural 

excitability, at times increasing or decreasing excitably by shifting the homeostatic set point. 

Perhaps, some of the circadian proteins have a role in regulating neural homeostasis above 

and beyond their role in producing circadian rhythms. It may be that exogenously produced 

changes in excitability are sensed by this mechanism and that they attempt to restore normal 

excitability. These changes could be the initial steps in the adaptation to ethanol that we call 

functional tolerance.

The first study to show that circadian genes play a role in a drug response was conducted in 

Drosophila. Andretic et al. (1999) found that flies carrying a loss-of-function mutation in 

per, cyc, or Clk failed to show normal sensitization in response to multiple applications of 

cocaine. This observation translated well to mammals. A link between cocaine responsivity 

and circadian genes was subsequently shown to exist in mammals. In mice, mper1 mutants 

do not show normal sensitization to cocaine, whereas mper2 mice are hypersensitive to 

cocaine (Abarca et al., 2002). Our description of the interaction between the circadian genes 

and ethanol exhibits parallels to the relationship between circadian genes and cocaine 

sensitization in Drosophila in that only some mutations that cause circadian arrhythmicity 

disrupt cocaine sensitization. For cocaine sensitization mutations in per, cyc, and Clk but not 

tim block the response (Andretic et al., 1999). With regard to ethanol tolerance, we observed 

that mutations in per, tim, and cyc affect ethanol tolerance but a mutation in Clk does not. A 

second commonality is that halting the ticking of the circadian clock is not the event that 

disrupts the drug response. The differential requirement for Clk and tim for producing 

cocaine sensitization and ethanol tolerance is interesting but not surprising. Cocaine and 

ethanol are very different drugs that produce very different acute adaptations with repetitive 

use (sensitization vs. tolerance). We do not know why one gene should be important for a 

cocaine response but not an ethanol response while the other gene should be important for 

an ethanol response but not a cocaine response. However, for both drugs it is clear that the 

role played by circadian genes in the drug response is not causally linked to the cycling of 

the circadian clock.
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Others have also identified a link between circadian genes and ethanol. Consumption of 

ethanol is increased in mper2Brdm1 mutant mice (Spanagel et al., 2005a), and chronic 

ethanol exposure causes dysregulation of mper levels in a variety of brain regions (Chen et 

al., 2004). A mutation in mouse mper2 but not mper1 was shown to block the diurnal 

cycling in the sensitivity to ethanol intoxication (Perreau-Lenz et al., 2009b). In Drosophila, 

it has also been reported that circadian modulation of ethanol sensitivity is dependent on a 

functional per gene (van der Linde and Lyons, 2011). Furthermore, the mper2Brdm1 mutation 

has been shown to prevent the ethanol-induced modulation of B-endorphin release from 

mediobasal hypothalamic cells both during acute and chronic ethanol exposure in mice 

(Agapito et al., 2010). These data provide strong evidence that the PER protein is important 

for alcohol responses. However, mammals have three per homologs, and because of this 

functional redundancy, a mutation in the per2 gene does not completely eliminate circadian 

rhythms (Bae et al., 2001). As a result of the added complexity in mammals, it has not been 

possible to ascertain whether it is the normal running of the circadian clock itself that is 

required for an ethanol response or whether the circadian gene has a role in producing the 

ethanol response outside of role in producing a cycling circadian clock. The work described 

herein shows that circadian genes can act in a manner independent of circadian rhythmicity 

to promote drug responses.

Materials and Methods

Stocks, Media, and Fly Handling

All flies were raised in 12:12 light conditions on standard cornmeal/agar/yeast medium. The 

wild-type strain used in this study is Canton S (CS). The non-backcrossed mutants per01, 

tim01, cyc01, and ClkJRK, were kind gifts from Dr. Paul Hardin. All flies used in the 

experiments were isolated without anesthesia in the following manner. Briefly, a finger from 

a glove was placed over a fly food vial. A hole in the tip of the finger was made through 

which was inserted a flypette. Flies were captured by aspiration.

We tested mutations in the core circadian genes. Each of these mutations—per01, tim01, 

cyc01, and ClkJRK—renders flies behaviorally arrhythmic. These mutant alleles have distinct 

origins, therefore we suspected that they were in distinct genetic backgrounds. Preliminary 

examination of the stocks showed that the first three mutations perturbed the ability to 

acquire ethanol tolerance. To eliminate differences due to genetic background, all four 

mutations were back-crossed into our wild-type Canton S (CS) strain for six generations. 

For the per01, tim01, and cyc01 alleles, the abnormal tolerance phenotype segregated with the 

mutation in the circadian gene. The tight genetic linkage of the ethanol tolerance phenotype 

to the mutation provides strong evidence that it is these gene mutations that disrupt alcohol 

tolerance. The identity of each mutant was molecularly verified and the mutant allele tracked 

by genomic PCR.

Backcrossing

All mutants were backcrossed into the CS background for six generations. PCR was 

performed after each cross to confirm the presence of the mutation. In the final cross, 

siblings that carried the mutation were mated to produce homozygous stocks. The primers 
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used for the detection of mutants were:_ perwt-18U (for detection of the wild-type per 
allele), 5'-CATACCGCTTCCTCATCC-3'; per01-18U (for detection of the per01 allele), 5'-

CATACCGCTTCCTCATCT-3'; perL1 (common per lower primer), 5'-

GGTCCTGGAAGGTGAAATGA-3'; timWT-20U (for detection of the wild-type tim allele), 

5'-GTCCGATCTGAGGTGCCTTT-3'; tim01-20U (for detection of the tim01 allele), 5'-

TGCAGATTAGCGAAATCAGT-3'; timL1 (common tim lower primer), 5'-

CAGCGTGGCAAACCTGTAAT-3'; cycwt-18U (for detection of the wild-type cyc allele), 

5'-TCGACGTCCTGCATCCGA-3'; cyc01-18 (for detection of the cyc01 allele), 5'-

TCGACGTCCTGCATCCGT-3'; cycL1 (common cyc lower primer), 5'-

CTCTGTGGAACGTCGGTCTT-3'; Clkwt-18U (for detection of the wild-type Clk allele), 

5'-ATCTGCACACGCAGCACC-3'; ClkJRK-18U (for detection of the ClkJRK allele), 5'-

ATCTGCACACGCAGCACT-3'; and ClkL1 (common Clk lower primer), 5'-

CATCGATATCCTCACGCAGT-3'.

Tolerance and Sensitivity Assays

All sensitivity and tolerance assays were conducted between the hours of ZT5 to ZT9 to 

minimize differences that might be attributed to circadian rhythms. Flies used in these assays 

had not been previously sedated by any other means (see fly handling above).

For sensitivity assays, four-to six-day-old females are loaded into vials with 10 flies per vial. 

One mL of 35% ethanol is pipetted onto one-third of a Flug (Genesee Scientific, San Diego, 

CA) and placed into the bottom of the vial. A platform with an air-permeable Kimwipe 

prevents the flies from being able to reach the Flug. With time, the ethanol vapor 

concentration in the vial rises and eventually sedates the flies. Vials of wild type and mutants 

are interdigitated so that each alternating vial contains flies from a different group. The 

sedation profile of the flies is captured with a camera that takes pictures every 20 seconds.

The measurement of tolerance is performed in a related way using a two-day protocol and 

two groups of 4–6 day old female flies. On day 1, one group (experimental group) is 

exposed for 1 hour to vapor from 1 ml of a 75% ethanol solution that was pipetted onto a 

Flug in the bottom of the vial. A second group (control group) is mock exposed at the same 

time (day 1) using a Flug containing 1 mL of water (0% ethanol control). The purpose of the 

day 1 treatment is to induce tolerance in the experimental group. Both groups are returned to 

fresh fly food for twenty-four hours. On day 2, both the experimental and control groups are 

exposed to vapor from a Flug that contains 1 ml of 35% ethanol. A camera takes pictures 

every 20 seconds during the day 2 sedation. The experimental group are said to have 

acquired tolerance if the K50 of the sedation curve of experimental group is significantly 

greater than that of the sedation curve of the control group. For day 2, we used 35% ethanol 

because it provided a slower knock down that revealed more detail in the sedation curves 

and movement curves. On the day the sedation curves are recorded (day 2), both groups 

receive the same dose of ethanol and therefore the difference in their response can reveal the 

acquisition of tolerance.

The number of flies climbing on the vial and the number of flies moving during each 20 

second frame were counted using an automated particle counter program written in 

MATLAB (The Mathworks, Natick, MA). The time when 50% of the flies are knocked 
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down (K50) was determined by fitting an inverse cumulative normal function to the sedation 

curves. In this assay, flies were considered sedated when they were no longer climbing the 

walls of the vial and remained at its base out of view of the camera.

The activity/movement curves quantify the rate of movement of the flies. As ethanol 

evaporates from the plug in the base of the vial, fly movement is stimulated and the rate 

climbs. Eventually, the amount of ethanol is sufficient to cause sedation which appears as a 

reduction in net movement in part because there are fewer flies on the walls of the vial. The 

first peak of activity was shown to correspond to be a startle peak that occurs when flies are 

moved to a new environment. We measured this peak independently in the absence of 

alcohol and subtracted it from the ethanol activity curves. The resulting data was fit with a 

Gaussian curve and the Tmax determined in Prism (GraphPad Software, Inc, La Jolla, CA). 

The T50 of the rising phase and falling phases of the curve were determined using the 

equation T50= Tmax ± SD*sqrt(ln2).

Gas Chromatography to determine ethanol content

Four day old females are loaded into vials with 10 flies per vial. One mL of 35% ethanol is 

pipetted onto one-third of a Flug (Genesee Scientific, San Diego, CA) and placed into the 

bottom of the vial. A platform with an air-permeable Kimwipe prevents the flies from being 

able to reach the Flug. Vials of wild type and mutants are interdigitated so that each 

alternating vial contains flies from a different group. Each group of 10 flies were transferred 

to a microfuge tube containing 700 uL of toluene and crushed using a plastic disposable 

pestle. Three-hundred microliters of the centrifuged supernatant was transferred to a gas 

chromatography vial. An auto sampler injected 3 μL of the supernatant into an SRI-310C 

Gas Chromatograph (SRI Instruments, Torrance, CA). The temperature protocol was: 50°C 

for 1 minute, 10 minute ramp to 150°C, and hold for 10 minutes. The ethanol peak elutes at 

approximately 2.4 minutes and the toluene peak elutes at approximately 10 minutes. All data 

were analyzed using PeakSimple (SRI Instruments, Torrance, CA). The area of the ethanol 

peak was determined using the integration tool. Determination of the ethanol content of the 

fly was determined by comparison to a known standard curve of ethanol. Water content of 

the females from each stock was 0.86 uL (Pohl et al., 2012).

The relationship between K50 and internal ethanol concentration was demonstrated by 

sedating groups of 10 flies with 35% ethanol (N=19) or with 40% ethanol (N=20). When 5 

flies in each vial were sedated, all of the flies were removed and assayed for ethanol content 

by gas chromatography as described above.
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Figure 1. Circadian mutants do not affect sensitivity to ethanol
Knockdown curves are used to compare the ethanol sensitivity of the wild type and the 

various backcrossed circadian mutant alleles. In each plot, the sensitivity of the wild-type 

Canton S line is compared with a circadian mutant that has been backcrossed into the wild-

type background. Shown are A) per01, C) tim01, E) cyc01, and G) ClkJRK. Bar graphs 

compare the time required for 50% to be knocked down (K50) by the ethanol vapor from a 

35% ethanol solution for B) per01, D) tim01, F) cyc01, and H) ClkJRK. None of the 

comparisons were significantly different. Statistical significance was determined using 

Student's t test with a cutoff of p<0.05. n=4 vials for per01 test, n=6 vials for all others. Each 

vial contains 10 animals. I) The K50 occurs at a specific internal ethanol concentration. 

Thirty-nine ethanol sedations (10 flies per sedation) were performed on different days or 

with different ethanol concentrations (35% or 40% ethanol was used). This produced wide 

variation in the K50 value (29 minutes to 71 minutes). When half of the flies were sedated 

(K50) the flies were sacrificed and the internal ethanol concentration measured (111 mM +/

−2.3, N=39). The slope of the best fit line does not differ significantly from zero (r2<0.002, 

P>0.8). J) The CS (wild type) and mutant per01, tim01, cyc01, and ClkJRK stocks do not 

differ from one another in their internal ethanol hemolymph concentration after vapor 

treatment. Internal ethanol content was determined by gas chromatography after 30 minutes 
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of exposure to the vapor from a 35% ethanol solution. Ethanol treatment is identical to panes 

A–H except that all stocks were treated at the same time. The lack of statistical significance 

was determined using one way Anova with the Dunnett's Multiple Comparison Test. Error 

bars are standard error of the mean, n= 6 vials. Each vial contains 10 animals.
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Figure 2. Some circadian mutants disrupt tolerance to ethanol
Shown are knockdown curves that compare flies receiving their first sedation to flies 

receiving their second sedation for A) CS, B) per01, C) tim01, D) cyc01, and E) ClkJRK. The 

corresponding bar graph for K50 is shown for F) CS, G) per01, H) tim01, I) cyc01, and J) 
ClkJRK. Statistical significance was determined using Student's t test (* p<0.05, **p<0.01; 

n=4 vials for per01 test, n=6 vials for all others; each vial contains 10 animals).
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Figure 3. A movement assay shows distinct attributes of tolerance
A) An activity plot of wild-type Canton S flies that compares the number of flies moving 

after receiving their first or second dose of ethanol. B) A baseline movement activity plot of 

the wild type flies placed in the test chamber without ethanol vapor. The baseline flies were 

mock-sedated 24 h before being placed in the test chamber. The baseline after ETOH flies 

were sedated with ethanol 24 h before being placed in a test chamber without ethanol. C) 
The ethanol component of the response curve was isolated by subtracting the baseline data 

(panel B) from the raw ethanol response data (panel A). The 1st minus baseline curve is 

produced by subtracting the baseline curve (panel B) from the 1st sedation curve (panel A). 

The 2nd minus baseline after ethanol curve was produced by subtracting the baseline after 
ETOH (panel B) from the 2nd sedation data (panel A). Error bars are standard error of the 

mean (n=6). The dotted white line is a nonlinear best-fit of single Gaussian curve to the data. 

Bar graphs were derived from the data in panel C and depict D) the T50 of the rising phase, 

which is the time at which the rises to 50% maximum amplitude, E) the time of maximal 

movement activity (Tmax), and F) the T50 of the falling phase, which is the time at which the 

curve decays to 50% maximum amplitude. The wild type shows evidence that it has 

acquired ethanol tolerance in all three of these parameters. Statistical significance was 

determined using a two-tailed Student's t test (**p=0.0016; ***p<0.001; n=6 vials; each vial 

contains 10 animals).
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Figure 4. A movement assay shows that flies carrying the per01 mutation do not acquire any 
attributes of rapid tolerance
A) An activity plot that compares the number of flies moving for per01 flies that are 

receiving their first or second dose of ethanol. B) A baseline movement activity plot of per01 

flies was generated as described in figure 2. C) The ethanol component of the response 

curve was isolated as described in figure 2. The per01 mutants do not show evidence of rapid 

ethanol tolerance in the the T50 of the rising phase of the activity curve (D), the Tmax of the 

activity curve (E), or in the T50 of the falling phase of the activity curve (F). Statistical 

significance was determined using a two-tailed Student's t test (n=4 vials; each vial contains 

10 animals).
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Figure 5. A movement assay shows that flies carrying the tim01 mutation do not acquire any 
attributes of rapid tolerance
A) An activity plot that compares the number of flies moving for tim01 flies receiving their 

first or second dose of ethanol. B) A baseline movement activity plot of tim01 flies was 

generated as described in figure 2. C) The ethanol component of the response curve was 

isolated as described in figure 2. The tim01 mutants do not show evidence of rapid ethanol 

tolerance in the the T50 of the rising phase of the activity curve (D), the Tmax of the activity 

curve (E), or in the T50 of the falling phase of the activity curve (F). Statistical significance 

was determined using a two-tailed Student's t test (n=6 vials; each vial contains 10 animals).
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Figure 6. A movement assay shows that the cyc01 mutation disrupts some but not all aspects of 
the tolerance response
A) An activity plot that compares the number of flies moving for cyc01 flies receiving their 

first or second dose of ethanol. B) A baseline movement activity plot of cyc01 flies was 

generated as described in figure 2. C) The ethanol component of the response curve was 

isolated as described in figure 2. The cyc01 mutants do not show evidence of rapid ethanol 

tolerance in the the T50 of the rising phase of the activity curve (D), the Tmax of the activity 

curve (E), or in the T50 of the falling phase of the activity curve (F). Statistical significance 

was determined using a two-tailed Student's t test (n=6 vials; each vial contains 10 animals).
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Figure 7. A movement assay shows that the ClkJRK mutation does not disrupt tolerance
A) An activity plot that compares the number of flies moving for ClkJRK flies receiving their 

first or second dose of ethanol. B) A baseline movement activity plot of ClkJRK flies was 

generated as described in figure 2. C) The ethanol component of the response curve was 

isolated as described in figure 2. The ClkJRK mutants show evidence that they have acquired 

rapid ethanol tolerance in the T50 of the rising phase of the activity curve (D), the Tmax of 

the activity curve (E), or in the T50 of the falling phase of the activity curve (F). Statistical 

significance was determined using a two-tailed Student's t test (**p<0.005; n=6 vials; each 

vial contains 10 animals).
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Figure 8. Constant light eliminates ethanol tolerance in wild-type flies
Knockdown curves are shown comparing flies receiving their first sedation to flies receiving 

their second sedation for A) flies maintained in a 12:12 light:dark cycle and C) flies 

maintained in constant light. Corresponding bar graphs depicting K50 comparing flies 

receiving their first and second treatment are shown for B) Light:Dark flies and D) Constant 

light flies. Under 12:12 light dark conditions the rhythm index measured over three days was 

0.139+/− 0.011 (n=24) while under constant light conditions the rhythm index dropped to 

0.041 +/− 0.0009 (n=23). Statistical significance was determined using Student's t test 

(**p<0.01; n=6 vials; each vial contains 10 animals).
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