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Abstract

Alcohol abuse is a rising problem in middle-aged and older individuals resulting in serious health, 

family and economic consequences. Effective treatment necessitates the identification of factors 

influencing alcohol toxicity with aging. We investigated the interaction between aging, alcohol 

toxicity and circadian function using Drosophila as a model system. We found as wild type flies 

age, sensitivity to alcohol increases and circadian regulation of alcohol-induced behaviors 

weakens. Decreased circadian modulation is correlated with significantly greater alcohol 

sensitivity during the subjective day. The circadian clock modulates alcohol-induced mortality in 

younger flies with increased mortality following alcohol exposure at night. Older flies exhibit 

significantly longer recovery times following alcohol-induced sedation and increased mortality 

following binge-like or chronic alcohol exposure. Flies rendered arrhythmic either genetically or 

environmentally exhibit significantly increased alcohol sensitivity, longer recovery times and 

increased mortality. We hypothesize that the circadian clock phase specifically buffers behavioral 

and cellular alcohol sensitivity with this protection diminishing as the circadian clock weakens 

with age.
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1. Introduction

Chronic alcohol consumption and the incidence of binge drinking represent a growing 

problem in older individuals (Blazer and Wu, 2009, Kendler et al., 2016), with more than 

75% of alcohol-induced poisoning deaths occurring in individuals aged 35-64 (Kanny et al., 

2015). Older individuals are more sensitive to alcohol, alcohol-induced motor impairments 

and cognitive deficits (Heuberger, 2009, Novier et al., 2015). Surprisingly, little is known 

about endogenous factors influencing alcohol toxicity during middle and old age. The 
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circadian clock influences a vast range of biological processes including sleep-wake cycles, 

hormone release, body temperature, cardiac function, and gene expression (Huang et al., 

2011). Early research in rodents showed a circadian rhythm in alcohol lethality (Haus and 

Halberg, 1959) with recent studies identifying daily rhythms in the effects of alcohol on 

postural control and sedation (Perreau-Lenz et al., 2009). However, the impact of the aging 

process on circadian regulation of alcohol sensitivity and toxicity has not been well studied.

Aging weakens the circadian system resulting in dampened molecular and neuronal rhythms 

causing variable and fragmented behavioral rhythms (Banks et al., 2016, Nakamura et al., 

2016). Circadian misalignment associated with aging has been implicated in the elevated 

risk of cancer (Reszka and Przybek, 2016, Smolensky et al., 2016b, Stevens, 2009), obesity 

(Gibson et al., 2009, Karatsoreos et al., 2011), diabetes (Kawakami et al., 2004, Spiegel et 

al., 2005), cardiovascular disease (Ha and Park, 2005, Kivimäki et al., 2006) and the onset of 

myocardial infarction and stroke (Malik et al., 1990, Scheer et al., 2009, Smolensky et al., 

2016a, Tofler et al., 1987). Furthermore, circadian dysfunction accelerates cellular aging and 

mortality with period alterations shortening lifespan in animal models (Krishnan et al., 2012, 

Park et al., 2012). The decline in the robustness of the circadian system appears to arise 

earlier in peripheral tissues than the central brain (Gubin et al., 2016, Libert et al., 2012) 

underscoring the need for examination of circadian processes during middle age. Given the 

circadian modulation of alcohol-induced behaviors and toxicity, the need exists for a 

tractable model suitable for dual examination of the circadian clock and alcohol 

neurobiology across multiple age groups.

The fruit fly Drosophila melanogaster with its well-characterized circadian clock (Allada 

and Chung, 2010) is an excellent model for investigating age-related changes in circadian 

function (He and Jasper, 2014, Robertson and Keene, 2013). With conserved signaling 

pathways and clear parallels to mammalian physiology, Drosophila also presents a suitable 

model for dissecting molecular and neural interactions underlying alcohol sensitivity 

(Grotewiel and Bettinger, 2015, Guarnieri and Heberlein, 2003, Rodan and Rothenfluh, 

2010). Stereotypical alcohol behaviors are highly conserved across species (Guarnieri and 

Heberlein, 2003, Rodan and Rothenfluh, 2010, Wolf et al., 2002). Moreover, Drosophila 
exhibit circadian rhythms in alcohol-induced loss of motor control, sedation, and recovery 

following a single binge-like alcohol exposure (De Nobrega and Lyons, 2016, van der Linde 

and Lyons, 2011) comparable to the circadian regulation of alcohol-induced behaviors 

observed in mammalian models.

In the current study, we investigated the effect of aging on the circadian regulation of alcohol 

sensitivity and mortality. We found that as flies age alcohol sensitivity increased and 

circadian regulation of alcohol sensitivity weakened. Circadian phase influenced aging 

related changes in alcohol sensitivity with the greatest change in sensitivity occurring during 

the subjective day under constant conditions. Furthermore, we found that flies with a 

dysfunctional circadian clock were more sensitive to alcohol-induced sedation and required 

significantly longer to recover. Alcohol-induced toxicity in young flies was also modulated 

by the circadian clock as mortality following binge-like or repeat binge alcohol exposure 

exhibited circadian rhythmicity with the greatest mortality observed during the night. In 

older flies and flies with a non-functional circadian clock, mortality was significantly 
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increased following acute and repeat exposures to alcohol. Based on these studies, we 

hypothesize that the circadian regulation of alcohol neurobiology provides a protective 

buffer against the toxic effects of alcohol.

2. Materials and Methods

2.1. Fly maintenance

Wild type Canton-S (CS) and per01 flies in a CS background reared on cornmeal-molasses 

food were maintained at 25 °C and 60-70% humidity on 12h-12h light – dark (LD) cycles. 

To control for stress induced by culture conditions, flies were collected following eclosion 

and distributed with approximately 25 – 30 flies per vial and subsequently transferred every 

3-4 days to new vials. For experiments in which constant light (LL) was used to induce 

arrhythmicity, CS flies were collected on the day of eclosion and subsequently maintained in 

constant light (25 °C; 60-70% humidity) as previously (De Nobrega and Lyons, 2016, Lyons 

and Roman, 2009). Zeitgeber time (ZT) represents time under light-dark entrainment 

conditions with ZT 0 denoting lights on (dawn) and ZT 12 signifying lights off (dusk). 

Circadian time (CT) refers to the free-running time of the animal in constant darkness (DD) 

and reflects the entrainment to the previous light dark cycle. Circadian experiments were 

performed on the 2nd day of constant darkness (DD). All experiments were done in 

temperature and humidity controlled dark rooms using dim red light (<1 lux).

2.2. Alcohol exposure

2.2.1. Binge-like Alcohol Exposure—Alcohol delivery occurred using an alcohol vapor 

system in the dark as previously described (De Nobrega and Lyons, 2016, van der Linde et 

al., 2014, van der Linde and Lyons, 2011). Briefly, four tubes of flies (approximately 30 flies 

per tube) were exposed to a mixture of alcohol vapor and humidified air at a predetermined 

ratio of 95% alcohol and de-ionized water (Koptec, Declon Labs, Inc. King of Prussia, PA). 

The percent of alcohol vapor to which flies were exposed was dependent upon the age of the 

flies and whether flies were subjected to a single or repeat alcohol exposure paradigm. Flow 

rates for airstreams were monitored during the experiment to maintain predetermined flow 

rates and ensure a steady concentration of ethanol vapor. We used a single exposure of 1 h 

alcohol vapor (or until 100% of flies were sedated for recovery experiments) on DD day 2 to 

assess behavioral alcohol sensitivity (the loss-of-righting reflex, sedation and recovery from 

alcohol-induced sedation). A repetitive alcohol exposure protocol was used to assess 

alcohol-induced mortality with flies exposed for 3 days to 1 h alcohol vapor at the same 

circadian time (exposures separated by 24 h) starting on DD day 2.

2.2.2. Chronic Alcohol Exposure—Chronic alcohol exposure occurred for a 10 d 

period with flies transferred to alcohol containing food (varying percentages) at either 10 d, 

20 d or 30 d of age. Control food contains 2.5% alcohol. Mortality was assessed daily.

2.3. Behavioral Assays

For all experiments, separate groups of flies were tested at each time point.
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2.3.1 The Loss-of-Righting Reflex—The loss-of-righting reflex assay was done as 

described previously (van der Linde and Lyons, 2011). Briefly, flies were habituated to the 

behavioral room conditions for 1 h prior to alcohol exposure. Flies for all age groups were 

exposed to 30% alcohol vapor, with the LORR scored every five minutes (number of flies 

that could not right themselves) following a gentle tap to the vial. Linear extrapolation was 

used to determine the time it took 50% of the flies to express LORR.

2.3.2 Sedation—Sedation was performed as previously (De Nobrega and Lyons, 2016, van 

der Linde et al., 2014). Flies were exposed to 40% alcohol vapor on the second day of DD, 

except for 3 d flies that were exposed to 50% alcohol vapor to avoid tolerance development 

within the time period to sedation. Every five minutes during alcohol exposure the vials 

were gently tapped and flies were scored as sedated if no coordinated leg movement was 

observed. Linear extrapolation was used to determine time to 50% sedation.

2.3.3 Recovery—Recovery was defined as the restoration of the righting reflex after a 

gentle tap to the vial following sedation. Upon 100% of the flies reaching sedation (assessed 

independently for each vial), flies were transferred to clean food vials positioned 

horizontally. The number of flies that recovered their righting reflex following a gentle tap to 

the vial was scored every 5 minutes for an hour. Linear extrapolation was used to determine 

the time at which 50% of the flies recovered (RT50).

2.3.4 Mortality—Following alcohol exposure, flies were transferred to fresh vials 

positioned horizontally to prevent the flies sticking to the food while sedated, and allowed to 

recover prior to vials being uprighted. Mortality was determined 24 h and 48 h following a 

single alcohol exposure. For the repeat alcohol exposure paradigm, mortality was assessed 

daily for 7 d following the last alcohol exposure.

2.4. Statistics

Statistics were performed using GraphPad Prism Version 6.0. Differences between circadian 

time points were assessed using analysis of variance (ANOVA), with 50% LORR, 50% ST, 

50% RT or % Mortality as the dependent variable and CT as categorical independent 

variable. Post hoc analyses were performed using Bonferroni correction for multiple 

comparisons. P < 0.05 was considered statistically significant.

3. Results

3.1. Alcohol sensitivity increases with age

A weakening of the circadian system occurs as a consequence of aging (Banks et al., 2016, 

Duffy et al., 2015, Pandi-Perumal et al., 2005) and is implicated in the aggravation of age-

related diseases (Ha and Park, 2005, Karatsoreos et al., 2011, Kivimäki et al., 2006, Reszka 

and Przybek, 2016). As the question of whether aging affects circadian regulation of alcohol 

sensitivity remains unanswered, we investigated whether circadian regulation of alcohol-

induced behaviors changed as a function of age. For comparison, we replicated previous 

circadian alcohol studies with mixed sex populations of young (3 d old) wild-type CS flies 

finding a robust rhythm in LORR following exposure to 30% alcohol vapor with the greatest 
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sensitivity observed during the subjective night in constant dark conditions (Fig. 1A and B). 

We then measured the LORR with alcohol exposure in 10 d, 20 d and 30 d old flies CS flies 

(Figure 1). Initially, we analyzed the predicted peak CT 9 and trough CT 21 time points for 

each age group finding significant differences between age groups (F7, 148= 167.3, p < 

0.0001 with Bonferroni post-hoc analyses indicating significant differences in the 50% 

LoRR between the 3 d and 10 d flies at both time points and in comparison of either 3 d or 

10 d flies with either of the older age groups). 10 d CS flies exhibit greater alcohol 

sensitivity than 3 d old flies with a damped, albeit significant, rhythm in comparison (Fig. 

1C and D). To determine whether phase specific differences occurred in alcohol responses 

between 3 d and 10 d flies, we analyzed the magnitude of the difference in the 50% LoRR 

between age groups at each time point as previously done (De Nobrega and Lyons 2016). 

The largest factor contributing to the decreased amplitude of the rhythm appeared to be a 

phase specific increase in alcohol sensitivity during the late subjective day (ANOVA: F5, 102 

= 7.92, p < 0.001). In older flies (20 d and 30 d), alcohol sensitivity was no longer altered as 

a function of time of day (Fig. 1E-H) revealing decreased circadian regulation of alcohol 

sensitivity with aging. Middle aged and older CS flies (20 d and 30 d flies respectively) also 

reach 50% LORR in significantly less time than younger flies (3 d and 10 d) signifying 

increased alcohol sensitivity in older flies (ANOVA of 50% LoRR time across age groups at 

CT 9: F3, 74 = 287.4, p < 0.0001 with Bonferroni post-hoc analyses indicating significant 

differences in the 50% LoRR between all age groups except between 20 d and 30 d flies). 

Two way ANOVA analysis of all time points for alcohol-induced LoRR revealed significant 

age and time interactions (Interaction F15, 408 = 19.01, p < 0.0001; Time of Day F5, 408 = 

64.58, p < 0.0001; Age F4, 408 = 571.5, p < 0.0001). Thus, alcohol sensitivity increases and 

circadian modulation of behavioral sensitivity weakens with aging.

3.2. Circadian regulation of alcohol-induced sedation dampens with age

Multiple brain regions and signaling pathways regulate alcohol-induced behaviors in 

Drosophila (McClure and Heberlein, 2013, Rodan and Rothenfluh, 2010). To better 

understand how the circadian regulation of alcohol sensitivity changes with age, we 

examined a second alcohol behavior, alcohol-induced sedation, across age groups. Sedation 

is the induction of a sleep state characterized by immobility (De Nobrega and Lyons, 2016, 

van der Linde et al., 2014). We observed a robust rhythm in alcohol-induced sedation in 

young (3 d old) flies (Fig. 2A and B) and a depressed but significant circadian rhythm in 10 

d old flies (Fig. 2C and D), with flies of both ages sedating faster during the subjective night. 

While middle-aged (20 d old) flies sedated faster in comparison to younger flies, a low 

amplitude rhythm persisted in this age group (Fig. 2E and F). However, by 30 d of age flies 

no longer exhibited any circadian variation in alcohol sedation (Fig. G and H). Although 20 

d and 30 d flies sedated more quickly than younger flies at all time points tested, the 

difference in the time to sedation between age groups varied significantly with time of day. 

Two Way ANOVA analysis of 50% sedation for 10 d, 20 d and 30 d flies revealed significant 

interaction effects (Interaction F10, 270 = 10.53, p < 0.0001; Time of Day F5, 270 = 39.55, p < 

0.0001; Age F15, 408 = 342.3, p < 0.0001). The greatest difference in the time to sedation 

between young and older flies occurred phase specifically during the late subjective day 

based upon analysis of the magnitude of the difference in 50% sedation at each time point 

(10 d vs 20 d CS: ANOVA: F5,90 = 6.53, p < 0.0001; 10 vs 30 d CS: ANOVA: F5,90 = 16.84, 
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p < 0.0001). Changes in circadian regulation of alcohol sensitivity with aging appear to 

result in significantly greater increases in alcohol sensitivity during the subjective day 

compared to the night.

3.3. A functional circadian clock appears to buffer the sensitivity to alcohol-induced 
sedation

The above results outline an inverse relationship between circadian regulation of alcohol-

induced behaviors and increasing alcohol sensitivity with aging suggesting that a robust 

circadian clock may function as a protective buffer against alcohol sensitivity. To test the 

hypothesis that the lack of a functional circadian clock increases alcohol sensitivity, we 

performed similar experiments using flies with a mutation in the period gene (per01 

mutants), a core circadian clock gene in central and peripheral oscillators in Drosophila. 

Sedation was assessed at 6 times on the second day of DD in 10 d old per01 flies. As 

expected, no time of day differences were observed in sedation for the per01 mutant flies. In 

comparison to age-matched CS flies, the duration of alcohol exposure necessary for sedation 

in per01 flies was significantly decreased during the subjective day (Fig. 3A and B). To 

confirm these results, we performed a second set of experiments using wild type flies in 

which an environmental manipulation (constant light) was used to render the circadian clock 

arrhythmic. In Drosophila, constant light exposure is sufficient to dampen molecular 

circadian oscillations and abolish circadian rhythms in locomotor activity, memory 

formation, and the rhythm in alcohol-induced LoRR (Ewer et al., 1992, Lyons and Roman, 

2009, Power et al., 1995, Price et al., 1995, van der Linde and Lyons, 2011, Yoshii et al., 

2005). Under LL conditions, the free-running circadian rhythm in alcohol-induced sedation 

was eliminated in 10 d flies (Fig. 3C and D). Flies housed in LL also demonstrated increased 

sensitivity to alcohol. Analysis of the magnitude of difference in sedation between rhythmic 

10 d CS flies (data presented in Figure 2C and D) and 10 d CS flies housed in LL found that 

alcohol sensitivity was significantly increased during the subjective day in the flies housed 

in LL (ANOVA: F5, 66 = 16.94, p < 0.0001). Thus, an intact and functional circadian clock 

appears to serve a vital role in attenuating the sensitivity to alcohol-induced sedation during 

the subjective day.

3.4. Circadian rhythms in recovery from alcohol are absent in older flies with longer 
recovery times needed

Given the differences in alcohol sensitivity we observed with aging, we also investigated 

whether recovery following alcohol exposure was affected with aging. Recovery from the 

sedating effects of alcohol is actively regulated by the circadian clock (De Nobrega and 

Lyons, 2016). We found a robust rhythm in the recovery from alcohol sedation measuring 

the recovery of postural control in 3 d and 10 d flies. Recovery occurred faster following 

alcohol exposure at CT 9 compared to CT 21 despite longer alcohol exposures necessary to 

achieve sedation at CT 9. No apparent differences were observed in either the amplitude of 

the rhythm or the times necessary for recovery between 3 d and 10 d flies (Fig. 4 A-D). In 

older flies (20 d and 30 d), the rhythm in alcohol recovery was absent and longer times were 

required for recovery at all time points (Fig. 4 E-H). Two Way ANOVA analysis of the time 

necessary for 50% of the flies to recover the LoRR for 10 d, 20 d and 30 d flies revealed 

significant interaction effects (Interaction F10, 270 = 69.49, p < 0.0001; Time of Day F5, 270 = 
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104.1, p < 0.0001; Age F15, 408 = 151.6, p < 0.0001). These results suggest that the ability to 

recover from alcohol decreases as a function of aging such that older animals take longer to 

recover from the effects of alcohol even with reduced alcohol exposures.

3.5. A non-functional circadian clock significantly increases the time needed to recover 
from the sedating effects of alcohol

To determine whether a functional circadian clock contributed to the ability to recover from 

alcohol-induced sedation, we analyzed recovery in 10 d old per01 mutants and flies housed 

in LL conditions. As expected, recovery from alcohol-induced sedation in per01 flies did not 

show any time-of-day differences (Fig. 5A and B). per01 flies needed considerably longer 

times to recover from sedation compared to age-matched wild-type flies despite significantly 

shorter alcohol exposure times. The mean time to recovery across all time points for 10 d 

per01 flies was even longer than 30 d old CS flies (10 d per01 47.14 ± 0.49 min; 30 d CS 

42.06 ± 0.31 min, t (71) = 7.95, p < 0.0001). Similarly, flies in LL conditions failed to exhibit 

any circadian variation in recovery (Fig. 5C and D) and had significantly longer recovery 

times than age-matched flies with a functional circadian clock shown in Figure 4C. Thus, the 

lack of a functional circadian clock diminishes the ability of flies to recover from alcohol-

induced impairments.

3.6. The circadian clock regulates alcohol-induced mortality

Concomitant with the circadian regulation of alcohol-induced behaviors, the circadian clock 

may regulate alcohol toxicity. Early research in mice found that the toxicity of injected 

ethanol varies with time of day (Haus and Halberg, 1959). However, little is known about 

circadian regulation of alcohol toxicity with aging. To test whether the circadian clock 

regulated alcohol toxicity, 10 d CS flies were exposed to 40% alcohol vapor for 1 h, an acute 

binge-like model of alcohol exposure (Fig 6A), during either the late subjective day (CT 9) 

or the late subjective night (CT 21). Mortality was assessed 24 hours later. We found that the 

circadian clock strongly modulated alcohol-induced mortality with approximately 12.83% 

lethality in the flies exposed to alcohol vapor at CT 21 compared to approximately 6.37% 

lethality in those exposed to alcohol vapor at CT 9 (Fig. 6B). Significant circadian 

differences in alcohol-induced toxicity were also observed when mortality was assessed 48 h 

following alcohol exposure (∼14.25% at CT 9; ∼20.5% at CT 21, data not shown). These 

results suggest that circadian modulation of alcohol toxicity is also conserved across phyla.

3.7. Alcohol-induced mortality increases with aging or the lack of a functional circadian 
oscillator

As aging increases behavioral sensitivity to alcohol, we investigated whether alcohol toxicity 

was also affected by aging and the interaction with the circadian clock. We assessed 

mortality in 20 and 30 d flies following a 1 h exposure to 40% alcohol vapor. Aging 

significantly increased mortality following a single alcohol exposure with mortality greater 

than 25% in 20 d flies and 35% in 30 d flies 24 h following alcohol exposure (Fig. 6B). 

Additional increases in lethality were observed 48 h after exposure (20d CS: 37% mortality 

at CT 9 and 40.5% mortality at CT 21; 30 d CS: 36% mortality at CT 9and 39.5% mortality 

at CT 21; data not shown). Similar to the lack of circadian modulation of behavioral 

sensitivity to alcohol in older flies, there was no apparent circadian regulation of alcohol-
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induced mortality in 20 d and 30 d old flies (Fig. 6B). Alcohol toxicity significantly 

increased between 10 and 20 day old flies corresponding to the diminution of circadian 

regulation of alcohol-induced behavioral sensitivity. Based on these results, we hypothesized 

that the circadian clock buffers alcohol-induced toxicity as well as alcohol-induced 

behavioral impairments. To test this hypothesis, we assessed mortality following alcohol 

exposure in flies with a non-functional circadian clock (per01 flies and flies housed in LL). 

We observed significantly increased mortality in both 10 d per01 flies and 10 d flies housed 

in LL compared to age matched CS flies with an intact clock (Fig. 6C).

3.8. Alcohol-induced mortality following repeated binge-like alcohol exposure is regulated 
by the circadian clock and increases with circadian dysfunction

Little research has been done investigating the effects of repeated alcohol exposure during 

aging despite the increased frequency of binge alcohol drinking reported in older individuals 

(Kanny et al., 2015). We investigated whether the circadian clock modulated alcohol-

induced toxicity following repeat alcohol exposures using a repeat binge-like alcohol 

exposure model in which flies were exposed to alcohol vapor (30% alcohol vapor) for 1 h at 

either CT 9 or CT 21 for three consecutive days (Fig. 6D). We found that the circadian clock 

strongly modulated alcohol-induced mortality in 10 d flies following repeated alcohol 

exposures (Fig. 6E). As with a single alcohol exposure, older flies and flies lacking a 

functional circadian clock had significantly greater mortality following three alcohol 

exposures than flies with robust circadian rhythms (Fig. 6E and 6F). These results suggest 

that even with heavy alcohol exposure, the circadian clock modulates alcohol toxicity and 

the absence of robust circadian function contributes to alcohol-induced mortality. The 

greatest change in mortality in older flies and flies with non-functional circadian clocks was 

observed during the late subjective day at CT 9. These results suggest that while aging is a 

risk factor for increased alcohol sensitivity and mortality, an intact clock may be necessary 

for protection against alcohol toxicity during the subjective day.

3.9. Mortality with chronic alcohol exposure increases with circadian dysfunction or aging

Although ∼ 2.5% of alcohol-related deaths are due to acute alcohol poisoning (Kanny et al., 

2015), deaths attributed to long-term alcohol exposure account for 43.8% of all alcohol-

related deaths, with more than 85% of these occurring in middle-aged and older adults 

(Centers for Disease Control, 2013). To determine if alcohol toxicity increased 

proportionally as a function of aging using a 10 day exposure paradigm, flies were 

transferred at different ages to alcohol containing food. As expected, 20 d and 30 d flies 

demonstrated significantly greater alcohol-induced mortality compared to 10 d flies (Fig. 

7A). However, increased mortality did not linearly increase with age as there were no 

significant differences between 20 d and 30 d flies at any time during the exposure period 

(Fig. 7B). These studies suggest that increasing alcohol toxicity is not a linear function of 

aging but rather a function of changes occurring in middle age at a time period when 

decreased circadian regulation of alcohol sensitivity is also observed. To test whether 

circadian dysfunction affected mortality occurring with chronic alcohol exposure, 10 d per01 

flies were placed on varying percentages of alcohol containing media. per01 flies exhibited 

significantly increased mortality than age-matched controls with a functional circadian clock 

(Fig. 7C). Taken together, the results suggest that the mortality observed in response to 
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alcohol exposure may occur as a function of circadian disruption in addition to increased 

aging.

4. Discussion

Alcohol consumption and its physiological consequences during middle age and in older 

adults represent a rapidly growing health and economic problem for individuals and society 

(Substance Abuse and Mental Health Services Administration, 2014). Individuals aged 65 

and older constitute approximately 13% of the US population in 2014, but this number is 

expected to double by 2050 (Wan et al., 2015). Within this age group, individuals that abuse 

alcohol report binge drinking more frequently than individuals in other age groups, 

approximately 5-6 times per month (Kanny et al., 2015). While much attention has been 

focused upon binge-drinking and alcohol abuse in adolescents and young adults, more than 

75% of alcohol-induced poisoning deaths occur in middle-aged adults (Kanny et al., 2015) 

and more than 85% of alcohol-induced liver disease deaths occur in individuals 35 years and 

older (Centers for Disease Control, 2013). However, compared to other age groups relatively 

little research has been done to determine the endogenous factors or mechanisms affecting 

alcohol toxicity during middle and old age presumably due to the difficulties and costs 

associated with aging studies.

Aging is accompanied by the breakdown of circadian rhythmicity at the cellular, metabolic 

and physiological levels (Arellanes-Licea et al., 2014, Gibson et al., 2009, Rakshit et al., 

2012, Tevy et al., 2013). The comparatively short lifespan of Drosophila with age-related 

changes in metabolism and physiology makes Drosophila an excellent model for aging and 

circadian studies (He and Jasper, 2014, Sun et al., 2013). Aging related issues in Drosophila 
surface by 20-30 days of age, analogous to the middle age in humans (Dambroise et al., 

2016, Horiuchi et al., 2003, Vaccaro et al., 2017). Thirty day old flies display significantly 

reduced cardiac dysfunction (Paternostro et al., 2001), locomotor decline, changes in muscle 

composition (Beramendi et al., 2007, Gargano et al., 2005), decreased immune system 

responses (Eleftherianos and Castillo, 2012), as well as changes in sleep patterns and sleep 

quality (Pace-Schott and Spencer, 2011, Seugnet et al., 2008). We found that as flies age, 

circadian regulation of alcohol sensitivity observed at the behavioral level is weakened. 

Although 10 d flies are reproductively active, high in cardiac muscle strength and 

performance and display little signs of locomotor or cognitive impairments (Gargano et al., 

2005, Miller et al., 2008, Miller et al., 2014, Paternostro et al., 2001), we found that 

dampening circadian rhythmicity of alcohol sensitivity may be observed in these flies. The 

loss of circadian rhythmicity in LORR and sedation was exacerbated with increased age. 

Aging also increased behavioral sensitivity to alcohol, although smaller magnitude changes 

in alcohol sensitivity were observed between 20 and 30 d flies than between 10 and 20 d 

flies.

The circadian clock influences both the sensitivity to alcohol and the recovery from its 

sedative effects. Previously, we found that flies were more resistant to the sedative effects of 

alcohol and recovered more quickly during the late subjective day (De Nobrega and Lyons, 

2016). We found that as flies age the time necessary to recover from sedation significantly 

increased particularly following alcohol exposure during the subjective day. These results 
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are consistent with previous research suggesting that the sensitivity to other drugs of abuse 

increase with aging (Cherry and Morton, 1989, Dowling et al., 2008). Older individuals 

metabolize benzodiazepines slower with greater CNS effects compared to younger people 

(Cherry and Morton, 1989). Aged animals exhibit significantly increased cortical and blood 

nicotine levels following acute nicotine exposure compared to young animals (Okamoto et 

al., 1994). Older animals have lower brain reward thresholds, are more sensitive to 

morphine-induced oral stereotypy and require increased morphine for anti-nociception 

effects than younger animals (Jha et al., 2004, Knapp et al., 2004).

Behavioral alcohol sensitivity appears to be a predictor of alcohol toxicity. We observed a 

rhythm in alcohol-induced mortality in young flies with increased mortality during the 

subjective night following single or repeat binge alcohol exposures. However, this rhythm in 

alcohol mortality was lost with aging and aged flies are more vulnerable to alcohol-induced 

mortality. Aged flies also demonstrated increased mortality compared to younger flies 

following long-term alcohol exposures. The susceptibility to alcohol toxicity does not appear 

to be a linear function of aging as the largest increase in alcohol-induced mortality occurred 

between 10 d and 20 d flies. The increases in alcohol-induced sensitivity and toxicity occur 

during the same time frame in which circadian regulation of alcohol-induced behaviors 

weakens raising the possibility that age-associated loss of temporally coordinated processes 

could aggravate the sensitivity to alcohol.

In flies, as in mammals, behavioral and molecular rhythms weaken with age (Duffy et al., 

2015, Robertson and Keene, 2013, Vaccaro et al., 2017, Yu and Weaver, 2011). Older flies 

have significantly reduced amplitudes of per, tim, pdp1ε and vri mRNA oscillations 

compared to younger flies (Rakshit et al., 2012). Studies have shown age-related declines in 

rest/activity rhythms with older flies exhibiting a lengthening of free running locomotor 

activity rhythms with a higher percent of flies becoming arrhythmic by 35 days old (Rakshit 

et al., 2012). However, whether these disrupted rhythms occur in the central or peripheral 

oscillators or both remain unresolved as contrasting results have been reported (Luo et al., 

2012, Rakshit et al., 2012).

In our studies, genetic (per01 mutation) or environmental (LL) disruption of the circadian 

clock preferentially increased the sensitivity to alcohol during the subjective day. The 

absence of a functional circadian clock also significantly increased the time necessary to 

recover from the sedative effects of alcohol. Thus, the circadian clock appears to function as 

an important mediator of alcohol-induced behaviors. The circadian clock also appears to be 

a critical factor in modulating the toxic effects of alcohol. Young flies with a disrupted 

circadian clock (10 d per01 or flies housed in LL) exhibited mortality rates more similar to 

older flies following binge-like alcohol exposures or long-term alcohol exposure suggesting 

that alcohol-induced mortality may not be strictly a consequence of aging-related processes 

alone but may be tied to the presence of a functional clock. This hypothesis is consistent 

with other research on the circadian clock and aging. Expression of the per gene is robustly 

rhythmic in the heads of young flies but significantly declines in older flies (Krishnan et al., 

2009). In Drosophila, per01 mutations exhibit accelerated aging (Krishnan et al., 2009, 

Krishnan et al., 2012, Rakshit et al., 2012) and in mammals, disruption in clock gene 

expression results in faster aging (Bonaconsa et al., 2014, Kolker et al., 2003, Musiek et al., 
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2013) decreased lifespan (Davidson et al., 2006, Dubrovsky et al., 2010, Kondratov et al., 

2006, Yu and Weaver, 2011). Disruption of the circadian clock through jet lag paradigms 

also increases mortality in aged mice (Davidson et al., 2006).

Circadian clock genes also have been shown to be affect alcohol-mediated behaviors across 

species (Gu et al., 2009, Kovanen et al., 2010, Spanagel et al., 2005, Udoh et al., 2015). 

Mutations in the clock genes per1 and per2 increase alcohol intake in mice following social 

defeat (Dong et al., 2011, Gamsby et al., 2013, Spanagel et al., 2005). Furthermore, per1 and 

per2 mutations in young adults are correlated with increased sensitivity to stress and heavy 

alcohol drinking (Blomeyer et al., 2013, Spanagel et al., 2005). Thus, phylogenetically 

conserved molecular mechanisms exist that could potentially link age-related changes in the 

circadian system and increased alcohol sensitivity.

Identification of the factors that mediate the effects of repetitive binge drinking on behavior 

and the processes through which alcohol induces tissue injury across age groups may 

facilitate development of novel therapies or enable improvements in currently available 

therapies. Our results highlight the circadian clock as a candidate mediating age-related 

increases in alcohol toxicity and demonstrates that disruption of circadian function 

exacerbates alcohol toxicity, similar to aging phenotypes. Drosophila has proven a valuable 

model for studies of aging (Giebultowicz and Long, 2015, He and Jasper, 2014, Jones and 

Grotewiel, 2011), the circadian clock (Allada and Chung, 2010) and alcohol neurobiology 

(Grotewiel and Bettinger, 2015, Guarnieri and Heberlein, 2003) and the current study 

demonstrates the value of Drosophila as a practical model for investigating the interplay 

among these factors. This research lays the groundwork for future studies investigating the 

cellular and physiological mechanisms through which the circadian clock and aging 

influence alcohol-induced toxicity.

Acknowledgments

This work was supported by the National Institutes of Health, National Institute on Alcohol Abuse and Alcoholism 
grant R21AA021233.

References

Allada R, Chung BY. Circadian organization of behavior and physiology in Drosophila. Annu Rev 
Physiol. 2010; 72:605–24. [PubMed: 20148690] 

Arellanes-Licea E, Caldelas I, De Ita-Pérez D, Díaz-Muñoz M. The circadian timing system: a recent 
addition in the physiological mechanisms underlying pathological and aging processes. Aging Dis. 
2014; 5(6):406–18. [PubMed: 25489492] 

Banks G, Nolan PM, Peirson SN. Reciprocal interactions between circadian clocks and aging. Mamm 
Genome. 2016; 27(7-8):332–40. [PubMed: 27137838] 

Beramendi A, Peron S, Casanova G, Reggiani C, Cantera R. Neuromuscular junction in abdominal 
muscles of Drosophila melanogaster during adulthood and aging. J Comp Neurol. 2007; 501(4):
498–508. [PubMed: 17278125] 

Blazer DG, Wu LT. The epidemiology of at-risk and binge drinking among middle-aged and elderly 
community adults: National Survey on Drug Use and Health. Am J Psychiatry. 2009; 166(10):1162–
9. [PubMed: 19687131] 

Blomeyer D, Buchmann AF, Lascorz J, Zimmermann US, Esser G, Desrivieres S, et al. Association of 
PER2 genotype and stressful life events with alcohol drinking in young adults. PLoS One. 2013; 
8(3):e59136. [PubMed: 23533602] 

De Nobrega et al. Page 11

Exp Gerontol. Author manuscript; available in PMC 2018 October 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Bonaconsa M, Malpeli G, Montaruli A, Carandente F, Grassi-Zucconi G, Bentivoglio M. Differential 
modulation of clock gene expression in the suprachiasmatic nucleus, liver and heart of aged mice. 
Exp Gerontol. 2014; 55:70–9. [PubMed: 24674978] 

Centers for Disease Control. Alcohol Related Disease Impact (ARDI) Application. 2013. Available at 
www.cdc.gov/ARDI

Cherry KE, Morton MR. Drug sensitivity in older adults: the role of physiologic and pharmacokinetic 
factors. Int J Aging Hum Dev. 1989; 28(3):159–74. [PubMed: 2651322] 

Dambroise E, Monnier L, Ruisheng L, Aguilaniu H, Joly JS, Tricoire H, et al. Two phases of aging 
separated by the Smurf transition as a public path to death. Sci Rep. 2016; 6:23523. [PubMed: 
27002861] 

Davidson AJ, Sellix MT, Daniel J, Yamazaki S, Menaker M, Block GD. Chronic jet-lag increases 
mortality in aged mice. Curr Biol. 2006; 16(21):R914–6. [PubMed: 17084685] 

De Nobrega AK, Lyons LC. Circadian Modulation of Alcohol-Induced Sedation and Recovery in Male 
and Female Drosophila. J Biol Rhythms. 2016

Dong L, Bilbao A, Laucht M, Henriksson R, Yakovleva T, Ridinger M, et al. Effects of the circadian 
rhythm gene period 1 (per1) on psychosocial stress-induced alcohol drinking. Am J Psychiatry. 
2011; 168(10):1090–8. [PubMed: 21828288] 

Dowling GJ, Weiss SR, Condon TP. Drugs of abuse and the aging brain. Neuropsychopharmacology. 
2008; 33(2):209–18. [PubMed: 17406645] 

Dubrovsky YV, Samsa WE, Kondratov RV. Deficiency of circadian protein CLOCK reduces lifespan 
and increases age-related cataract development in mice. Aging (Albany NY). 2010; 2(12):936–44. 
[PubMed: 21149897] 

Duffy JF, Zitting KM, Chinoy ED. Aging and Circadian Rhythms. Sleep Med Clin. 2015; 10(4):423–
34. [PubMed: 26568120] 

Eleftherianos I, Castillo JC. Molecular mechanisms of aging and immune system regulation in 
Drosophila. Int J Mol Sci. 2012; 13(8):9826–44. [PubMed: 22949833] 

Ewer J, Frisch B, Hamblen-Coyle MJ, Rosbash M, Hall JC. Expression of the period clock gene within 
different cell types in the brain of Drosophila adults and mosaic analysis of these cells' influence 
on circadian behavioral rhythms. J Neurosci. 1992; 12(9):3321–49. [PubMed: 1382123] 

Gamsby JJ, Templeton EL, Bonvini LA, Wang W, Loros JJ, Dunlap JC, et al. The circadian Per1 and 
Per2 genes influence alcohol intake, reinforcement, and blood alcohol levels. Behav Brain Res. 
2013; 249:15–21. [PubMed: 23608482] 

Gargano JW, Martin I, Bhandari P, Grotewiel MS. Rapid iterative negative geotaxis (RING): a new 
method for assessing age-related locomotor decline in Drosophila. Exp Gerontol. 2005; 40(5):
386–95. [PubMed: 15919590] 

Gibson EM, Williams WP, Kriegsfeld LJ. Aging in the circadian system: considerations for health, 
disease prevention and longevity. Exp Gerontol. 2009; 44(1-2):51–6. [PubMed: 18579326] 

Giebultowicz JM, Long DM. Ageing and Circadian rhythms. Curr Opin Insect Sci. 2015; 7:82–6. 
[PubMed: 26000238] 

Grotewiel M, Bettinger JC. Drosophila and Caenorhabditis elegans as Discovery Platforms for Genes 
Involved in Human Alcohol Use Disorder. Alcohol Clin Exp Res. 2015; 39(8):1292–311. 
[PubMed: 26173477] 

Gu JL, Wu T, Tong HF, Sheng LJ, Hu LY, Xu Y, et al. The interactions between the circadian clock and 
aging. Sheng Li Ke Xue Jin Zhan. 2009; 40(2):123–8. [PubMed: 19558140] 

Guarnieri DJ, Heberlein U. Drosophila melanogaster, a genetic model system for alcohol research. Int 
Rev Neurobiol. 2003; 54:199–228. [PubMed: 12785288] 

Gubin DG, Gubin GD, Gapon LI, Weinert D. Daily Melatonin Administration Attenuates Age-
Dependent Disturbances of Cardiovascular Rhythms. Curr Aging Sci. 2016; 9(1):5–13. [PubMed: 
26632428] 

Ha M, Park J. Shiftwork and metabolic risk factors of cardiovascular disease. J Occup Health. 2005; 
47(2):89–95. [PubMed: 15824472] 

Haus E, Halberg F. 24-Hour rhythm in susceptibility of C mice to a toxic dose of ethanol. J Appl 
Physiol. 1959; 14:878–80. [PubMed: 13852104] 

De Nobrega et al. Page 12

Exp Gerontol. Author manuscript; available in PMC 2018 October 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.cdc.gov/ARDI


He Y, Jasper H. Studying aging in Drosophila. Methods. 2014; 68(1):129–33. [PubMed: 24751824] 

Heuberger RA. Alcohol and the older adult: a comprehensive review. J Nutr Elder. 2009; 28(3):203–
35. [PubMed: 21184367] 

Horiuchi S, Finch CE, Meslé F, Vallin J. Differential patterns of age-related mortality increase in 
middle age and old age. J Gerontol A Biol Sci Med Sci. 2003; 58(6):495–507. [PubMed: 
12807920] 

Huang W, Ramsey KM, Marcheva B, Bass J. Circadian rhythms, sleep, and metabolism. J Clin Invest. 
2011; 121(6):2133–41. [PubMed: 21633182] 

Jha SH, Knapp CM, Kornetsky C. Effects of morphine on brain-stimulation reward thresholds in 
young and aged rats. Pharmacol Biochem Behav. 2004; 79(3):483–90. [PubMed: 15582019] 

Jones MA, Grotewiel M. Drosophila as a model for age-related impairment in locomotor and other 
behaviors. Exp Gerontol. 2011; 46(5):320–5. [PubMed: 20800672] 

Kanny D, Brewer RD, mesnick JB, Paulozzi LJ, Naimi TS, Lu H. Vital Signs: Alcohol Poisoning 
Deaths - United States, 2010 - 2012. Morbidity and Mortality Weekly Report. 2015; 63(53):1238–
42. [PubMed: 25577989] 

Karatsoreos IN, Bhagat S, Bloss EB, Morrison JH, McEwen BS. Disruption of circadian clocks has 
ramifications for metabolism, brain, and behavior. Proc Natl Acad Sci U S A. 2011; 108(4):1657–
62. [PubMed: 21220317] 

Kawakami N, Takatsuka N, Shimizu H. Sleep disturbance and onset of type 2 diabetes. Diabetes Care. 
2004; 27(1):282–3. [PubMed: 14694011] 

Kendler KS, Ohlsson H, Sundquist J, Sundquist K. Alcohol Use Disorder and Mortality Across the 
Lifespan: A Longitudinal Cohort and Co-relative Analysis. JAMA Psychiatry. 2016

Kivimäki M, Virtanen M, Elovainio M, Väänänen A, Keltikangas-Järvinen L, Vahtera J. Prevalent 
cardiovascular disease, risk factors and selection out of shift work. Scand J Work Environ Health. 
2006; 32(3):204–8. [PubMed: 16804623] 

Knapp CM, Jha SH, Kornetsky C. Increased sensitization to morphine-induced oral stereotypy in aged 
rats. Pharmacol Biochem Behav. 2004; 79(3):491–7. [PubMed: 15582020] 

Kolker DE, Fukuyama H, Huang DS, Takahashi JS, Horton TH, Turek FW. Aging alters circadian and 
light-induced expression of clock genes in golden hamsters. J Biol Rhythms. 2003; 18(2):159–69. 
[PubMed: 12693870] 

Kondratov RV, Kondratova AA, Gorbacheva VY, Vykhovanets OV, Antoch MP. Early aging and age-
related pathologies in mice deficient in BMAL1, the core componentof the circadian clock. Genes 
Dev. 2006; 20(14):1868–73. [PubMed: 16847346] 

Kovanen L, Saarikoski ST, Haukka J, Pirkola S, Aromaa A, Lönnqvist J, et al. Circadian clock gene 
polymorphisms in alcohol use disorders and alcohol consumption. Alcohol Alcohol. 2010; 45(4):
303–11. [PubMed: 20554694] 

Krishnan N, Kretzschmar D, Rakshit K, Chow E, Giebultowicz JM. The circadian clock gene period 
extends healthspan in aging Drosophila melanogaster. Aging (Albany NY). 2009; 1(11):937–48. 
[PubMed: 20157575] 

Krishnan N, Rakshit K, Chow ES, Wentzell JS, Kretzschmar D, Giebultowicz JM. Loss of circadian 
clock accelerates aging in neurodegeneration-prone mutants. Neurobiol Dis. 2012; 45(3):1129–35. 
[PubMed: 22227001] 

Libert S, Bonkowski MS, Pointer K, Pletcher SD, Guarente L. Deviation of innate circadian period 
from 24 h reduces longevity in mice. Aging Cell. 2012; 11(5):794–800. [PubMed: 22702406] 

Luo W, Chen WF, Yue Z, Chen D, Sowcik M, Sehgal A, et al. Old flies have a robust central oscillator 
but weaker behavioral rhythms that can be improved by genetic and environmental manipulations. 
Aging Cell. 2012; 11(3):428–38. [PubMed: 22268765] 

Lyons LC, Roman G. Circadian modulation of short-term memory in Drosophila. Learn Mem. 2009; 
16(1):19–27. [PubMed: 19117913] 

Malik M, Farrell T, Camm AJ. Circadian rhythm of heart rate variability after acute myocardial 
infarction and its influence on the prognostic value of heart rate variability. Am J Cardiol. 1990; 
66(15):1049–54. [PubMed: 2220630] 

De Nobrega et al. Page 13

Exp Gerontol. Author manuscript; available in PMC 2018 October 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



McClure KD, Heberlein U. A small group of neurosecretory cells expressing the transcriptional 
regulator apontic and the neuropeptide corazonin mediate ethanol sedation in Drosophila. J 
Neurosci. 2013; 33(9):4044–54. [PubMed: 23447613] 

Miller MS, Lekkas P, Braddock JM, Farman GP, Ballif BA, Irving TC, et al. Aging enhances indirect 
flight muscle fiber performance yet decreases flight ability in Drosophila. Biophys J. 2008; 95(5):
2391–401. [PubMed: 18515368] 

Miller PB, Obrik-Uloho OT, Phan MH, Medrano CL, Renier JS, Thayer JL, et al. The song of the old 
mother: reproductive senescence in female drosophila. Fly (Austin). 2014; 8(3):127–39. [PubMed: 
25523082] 

Musiek ES, Lim MM, Yang G, Bauer AQ, Qi L, Lee Y, et al. Circadian clock proteins regulate 
neuronal redox homeostasis and neurodegeneration. J Clin Invest. 2013; 123(12):5389–400. 
[PubMed: 24270424] 

Nakamura TJ, Takasu NN, Nakamura W. The suprachiasmatic nucleus: age-related decline in 
biological rhythms. J Physiol Sci. 2016; 66(5):367–74. [PubMed: 26915078] 

Novier A, Diaz-Granados JL, Matthews DB. Alcohol use across the lifespan: An analysis of adolescent 
and aged rodents and humans. Pharmacol Biochem Behav. 2015; 133:65–82. [PubMed: 25842258] 

Okamoto M, Kita T, Okuda H, Tanaka T, Nakashima T. Effects of aging on acute toxicity of nicotine in 
rats. Pharmacol Toxicol. 1994; 75(1):1–6.

Pace-Schott EF, Spencer RM. Age-related changes in the cognitive function of sleep. Prog Brain Res. 
2011; 191:75–89. [PubMed: 21741545] 

Pandi-Perumal SR, Zisapel N, Srinivasan V, Cardinali DP. Melatonin and sleep in aging population. 
Exp Gerontol. 2005; 40(12):911–25. [PubMed: 16183237] 

Park N, Cheon S, Son GH, Cho S, Kim K. Chronic circadian disturbance by a shortened light-dark 
cycle increases mortality. Neurobiol Aging. 2012; 33(6):1122.e11–22.

Paternostro G, Vignola C, Bartsch DU, Omens JH, McCulloch AD, Reed JC. Age-associated cardiac 
dysfunction in Drosophila melanogaster. Circ Res. 2001; 88(10):1053–8. [PubMed: 11375275] 

Perreau-Lenz S, Zghoul T, de Fonseca FR, Spanagel R, Bilbao A. Circadian regulation of central 
ethanol sensitivity by the mPer2 gene. Addict Biol. 2009; 14(3):253–9. [PubMed: 19523042] 

Power J, Ringo J, Dowse H. The role of light in the initiation of circadian activity rhythms of adult 
Drosophila melanogaster. J Neurogenet. 1995; 9(4):227–38. [PubMed: 7760213] 

Price JL, Dembinska ME, Young MW, Rosbash M. Suppression of PERIOD protein abundance and 
circadian cycling by the Drosophila clock mutation timeless. EMBO J. 1995; 14(16):4044–9. 
[PubMed: 7664743] 

Rakshit K, Krishnan N, Guzik EM, Pyza E, Giebultowicz JM. Effects of aging on the molecular 
circadian oscillations in Drosophila. Chronobiol Int. 2012; 29(1):5–14. [PubMed: 22217096] 

Reszka E, Przybek M. Circadian Genes in Breast Cancer. Adv Clin Chem. 2016; 75:53–70. [PubMed: 
27346616] 

Robertson M, Keene AC. Molecular mechanisms of age-related sleep loss in the fruit fly - a mini-
review. Gerontology. 2013; 59(4):334–9. [PubMed: 23594925] 

Rodan AR, Rothenfluh A. The genetics of behavioral alcohol responses in Drosophila. Int Rev 
Neurobiol. 2010; 91:25–51. [PubMed: 20813239] 

Substance Abuse and Mental Health Services Administration. Summary of national findings. 
Rockville, MD: Results from the 2013 National Survey on Drug Use and Health. NSDUH Series 
H-48 2014;HHS Publication No. (SMA) 14-4863

Scheer FA, Hilton MF, Mantzoros CS, Shea SA. Adverse metabolic and cardiovascular consequences 
of circadian misalignment. Proc Natl Acad Sci U S A. 2009; 106(11):4453–8. [PubMed: 
19255424] 

Seugnet L, Suzuki Y, Vine L, Gottschalk L, Shaw PJ. D1 receptor activation in the mushroom bodies 
rescues sleep-loss-induced learning impairments in Drosophila. Curr Biol. 2008; 18(15):1110–7. 
[PubMed: 18674913] 

Smolensky MH, Hermida RC, Portaluppi F. Circadian mechanisms of 24-hour blood pressure 
regulation and patterning. Sleep Med Rev. 2016a

De Nobrega et al. Page 14

Exp Gerontol. Author manuscript; available in PMC 2018 October 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Smolensky MH, Hermida RC, Reinberg A, Sackett-Lundeen L, Portaluppi F. Circadian disruption: 
New clinical perspective of disease pathology and basis for chronotherapeutic intervention. 
Chronobiol Int. 2016b:1–19.

Spanagel R, Pendyala G, Abarca C, Zghoul T, Sanchis-Segura C, Magnone MC, et al. The clock gene 
Per2 influences the glutamatergic system and modulates alcohol consumption. Nat Med. 2005; 
11(1):35–42. [PubMed: 15608650] 

Spiegel K, Knutson K, Leproult R, Tasali E, Van Cauter E. Sleep loss: a novel risk factor for insulin 
resistance and Type 2 diabetes. J Appl Physiol (1985). 2005; 99(5):2008–19. [PubMed: 16227462] 

Stevens RG. Working against our endogenous circadian clock: Breast cancer and electric lighting in 
the modern world. Mutat Res. 2009; 680(1-2):106–8. [PubMed: 20336819] 

Sun Y, Yolitz J, Wang C, Spangler E, Zhan M, Zou S. Aging studies in Drosophila melanogaster. 
Methods Mol Biol. 2013; 1048:77–93. [PubMed: 23929099] 

Tevy MF, Giebultowicz J, Pincus Z, Mazzoccoli G, Vinciguerra M. Aging signaling pathways and 
circadian clock-dependent metabolic derangements. Trends Endocrinol Metab. 2013; 24(5):229–
37. [PubMed: 23299029] 

Tofler GH, Brezinski D, Schafer AI, Czeisler CA, Rutherford JD, Willich SN, et al. Concurrent 
morning increase in platelet aggregability and the risk of myocardial infarction and sudden cardiac 
death. N Engl J Med. 1987; 316(24):1514–8. [PubMed: 3587281] 

Udoh US, Valcin JA, Gamble KL, Bailey SM. The Molecular Circadian Clock and Alcohol-Induced 
Liver Injury. Biomolecules. 2015; 5(4):2504–37. [PubMed: 26473939] 

Vaccaro A, Issa AR, Seugnet L, Birman S, Klarsfeld A. Drosophila Clock Is Required in Brain 
Pacemaker Neurons to Prevent Premature Locomotor Aging Independently of Its Circadian 
Function. PLoS Genet. 2017; 13(1):e1006507. [PubMed: 28072817] 

van der Linde K, Fumagalli E, Roman G, Lyons LC. The FlyBar: administering alcohol to flies. J Vis 
Exp. 2014; (87)

van der Linde K, Lyons LC. Circadian modulation of acute alcohol sensitivity but not acute tolerance 
in Drosophila. Chronobiol Int. 2011; 28(5):397–406. [PubMed: 21721855] 

Wan H, Goodkind D, Kowal P. An Aging World 2015. US Census Bureau, International Population 
Reports; 2015. 95

Wolf FW, Rodan AR, Tsai LT, Heberlein U. High-resolution analysis of ethanol-induced locomotor 
stimulation in Drosophila. J Neurosci. 2002; 22(24):11035–44. [PubMed: 12486199] 

Yoshii T, Heshiki Y, Ibuki-Ishibashi T, Matsumoto A, Tanimura T, Tomioka K. Temperature cycles 
drive Drosophila circadian oscillation in constant light that otherwise induces behavioural 
arrhythmicity. Eur J Neurosci. 2005; 22(5):1176–84. [PubMed: 16176360] 

Yu EA, Weaver DR. Disrupting the circadian clock: gene-specific effects on aging, cancer, and other 
phenotypes. Aging (Albany NY). 2011; 3(5):479–93. [PubMed: 21566258] 

De Nobrega et al. Page 15

Exp Gerontol. Author manuscript; available in PMC 2018 October 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Highlights

• The circadian clock regulates alcohol sensitivity and alcohol toxicity in 

Drosophila

• Behavioral sensitivity to alcohol increases with age and circadian modulation 

weakens

• Circadian dysfunction increases alcohol sensitivity and lengthens recovery

• Alcohol-induced mortality significantly increases with aging or circadian 

dysfunction

• The circadian clock may phase specifically buffer alcohol sensitivity and 

toxicity
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Figure 1. Alcohol sensitivity increases with age while circadian modulation decreases
(A) Loss of Righting Reflex (LoRR) using 30% alcohol vapor was measured at 6 times 

during the second day of DD in age-matched mixed populations of male and female CS 

flies. The length of alcohol exposure necessary for 50% of wild-type flies (3 d old) to lose 

their righting reflex is modulated by the circadian clock (ANOVA F5, 106 = 91.76, p < 

0.0001). Mean time necessary for 50% of flies to lose their righting reflex during alcohol 

exposure and standard error of the mean plotted for all experiments. N shown on bars for 

each group is the number of vials of flies tested for each time point with 25 – 30 flies per 

vial. Post-hoc analyses performed using Bonferroni corrections for multiple comparisons. 

Different letters above columns denote statistically different responses at time points (p < 

0.05), while shared letters between groups indicate no significant difference. (C) A 

significant but weakened rhythm in alcohol-induced LoRR exists in 10 d CS flies (ANOVA: 

F5, 110 = 26.94, p < 0.0001). (E) = 1.48, p = 0.2036) or (G) 30 d flies (ANOVA: F5, 102 = 

3.734, p = 0.38). Complete time course of alcohol exposure showing percent of flies 

exhibiting for CT 9 and 21 alcohol exposure are shown for 3 d (B), 10 d (D), 20 d (F) and 30 

d flies (H).
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Figure 2. Circadian regulation of alcohol-induced sedation decreases with age
(A). Sedation was measured at 6 times on the second day of DD in age-matched CS flies 

(ANOVA F5, 90 = 64.01, p < 0.0001). (C) 10 d flies exhibit increased alcohol sensitivity with 

a lower amplitude circadian rhythm (ANOVA: F5, 90 = 39.03, p < 0.0001). (E) The circadian 

rhythm in alcohol sedation was damped in 20 d flies (ANOVA: F5, 90 = 16.08, p < 0.0001) 

(G) and absent in 30 day flies (ANOVA: F5, 90 = 0.62, p = 0.68). Complete sedation time 

courses for CT 9 and 21 are shown for 3 d (B), 10 d (D), 20 d (F) and 30 d (H) flies.
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Figure 3. The absence of a circadian clock significantly increases alcohol sensitivity
(A) per01 flies exhibited no significant time-of-day differences in sedation (ANOVA F5, 66 = 

1.95, p = 0.09). (C) There was no significant time-of day difference in the time necessary for 

50% of flies housed in LL conditions to become sedated (ANOVA: F5, 66 = 2.03, p = 0.08). 

Complete time courses shown for alcohol-induced sedation in per01 flies (B) and CS LL 

flies (D) for CT 9 and CT 21.
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Figure 4. The time necessary for recovery from alcohol-induced sedation increases with age
(A) The time necessary for 50% of 3 d (young) wild type flies to recover the righting reflex 

following sedation in DD (ANOVA F5, 66 = 35.05, p < 0.0001). (C) 10 d flies exhibit a 

circadian rhythm in recovery from sedation (ANOVA: F5, 90 = 20.13, p < 0.0001) similar to 

3 d flies. (E) The circadian rhythm in recovery from sedation is damped in 20 day old flies 

(ANOVA: F5, 90 = 25.10, p < 0.0001) with longer recovery times needed during the last half 

of the night. (G) No circadian rhythm in recovery was apparent in 30 d flies (ANOVA: F5, 90 

= 1.75, p = 0.13). The complete recovery curves for 3 d (B), 10 d (D), 20 d (F) and 30 d (H) 

flies.
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Figure 5. Time necessary for recovery increases with circadian dysfunction
(A) There was no significant time-of day difference in the time necessary for 50% of per01 

flies to recover from alcohol-induced sedation as assessed by recovery of the righting reflex 

(ANOVA F5, 66 = 1.86, p = 0.11). per01 flies took significantly longer to recover at all times 

compared to age-matched CS flies shown in Figure 4C. (C) CS flies housed under LL 

conditions exhibited no circadian variation in recovery (ANOVA: F5, 66 = 1.37, p = 0.26) 

with longer recovery times needed than controls shown in Figure 4C. Complete time courses 

shown for recovery of the righting reflex following alcohol-induced sedation for CTs 9 and 

21 in per01 flies (B) and CS flies in LL (D).
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Figure 6. Alcohol-induced mortality is exacerbated by aging and circadian dysfunction
(A) Flies were exposed to a single 1 h alcohol exposure at either CT 9 or CT 21 on the 2nd 

day of DD. (B) The circadian clock regulates alcohol-induced mortality in young flies with 

significantly greater mortality occurring following alcohol exposure during the night. As 

flies age, increased mortality occurred following alcohol exposure with no circadian 

variation observed in 20 d or 30 d flies (ANOVA F5, 62 = 112.6, p < 0.0001). (C) per01 and 

arrhythmic flies in LL demonstrate higher levels of alcohol-induced mortality than age-

matched controls with no time of day variation. (D) Mortality was assessed following a three 

exposure repeated binge-like alcohol paradigm with 1 h alcohol exposure (30% alcohol 

vapor) occurring at either CT 9 or CT 21 starting on the 2nd day of DD. (E) A significant 

rhythm in mortality occurs in 10 d flies following repeated binge-like alcohol exposure. 

Alcohol-induced mortality increased with age (ANOVA: F5, 66 = 257.8, p < 0.0001). (F) 

per01 flies and arrhythmic flies in LL have higher mortality levels during the subjective day 

and night following alcohol exposure than age-matched controls. As with a single alcohol 

exposure, 10 d per01 flies have higher mortality than CS LL flies (ANOVA: F5, 28 = 15.01, p 
< 0.0001).
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Figure 7. Mortality with long-term alcohol exposure is increased by aging or circadian 
dysfunction
(A) Flies were exposed to varying concentrations of alcohol in the food for 10 days starting 

at either 10, 20 or 30 days of age. Control media contains 2.5% alcohol in the food. 

Mortality with chronic alcohol exposure increased with age (ANOVA: F11,64 = 252.0, p < 

0.0001). (B) Survival rates for flies on 15% alcohol containing food reveal no differences in 

the survival curves for 20 and 30 day old flies exposed to alcohol. (C) 10 d old per01 flies 

exhibit higher rates of mortality with long-term alcohol exposure in the food than age-

matched CS flies shown in panel A (ANOVA: F3,26 = 119.9, p < 0.0001).
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