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Abstract
Background—Ethanol induces similar behavioral responses in mammals and the fruit fly,
Drosophila melanogaster. By coupling assays for ethanol-related behavior to the genetic tools
available in flies, a number of genes have been identified that influence physiological responses to
ethanol. To enhance the utility of the Drosophila model for investigating genes involved in
ethanol-related behavior, we explored the value of an assay that measures the sedative effects of
ethanol on negative geotaxis, an evoked locomotor response.

Methods—We established eRING (ethanol Rapid Iterative Negative Geotaxis) as an assay for
quantitating the sedative effects of ethanol on negative geotaxis (i.e. startle-induced climbing). We
validated the assay by assessing acute sensitivity to ethanol and rapid ethanol tolerance in several
different control strains and in flies with mutations known to disrupt these behaviors. We also
used eRING in a candidate screen to identify mutants with altered ethanol-related behaviors.

Results—Negative geotaxis measured in eRING assays was dose-dependently impaired by
ethanol exposure. Flies developed tolerance to the intoxicating effects of ethanol when tested
during a second exposure. Ethanol sensitivity and rapid ethanol tolerance varied across four
control strains, but internal ethanol concentrations were indistinguishable in the four strains during
a first and second challenge with ethanol. Ethanol sensitivity and rapid ethanol tolerance,
respectively, were altered in flies with mutations in amnesiac and hangover, genes known to
influence these traits. Additionally, mutations in the β integrin gene myospheroid and the α
integrin gene scab increased the initial sensitivity to ethanol and enhanced the development of
rapid ethanol tolerance without altering internal ethanol concentrations.

Conclusions—The eRING assay is suitable for investigating genetic mechanisms that influence
ethanol sensitivity and rapid ethanol tolerance. Ethanol sensitivity and rapid ethanol tolerance
depend on the function of α and β integrins in flies.
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Introduction
Abuse of alcohol is a serious problem in most societies. The costs associated with the
consequences of alcohol abuse extend into the hundreds of billions of dollars annually in the
United States alone (DHHS, 2000). The identification of genes that influence the effects of
alcohol is important for understanding the molecular mechanisms involved in alcohol action,
assessing an individual’s potential for abusing alcohol, and developing novel
pharmacological strategies for treating patients that abuse alcohol. Accordingly, a number of
laboratories have explored mechanisms related to the effects of alcohol in genetically
tractable organisms, principally mice, the fruit fly Drosophila melanogaster and the
nematode Caenorhabditis elegans.

The intoxicating effects of ethanol in mammals and invertebrates are remarkably similar.
Low doses of ethanol tend to cause psychomotor excitation whereas higher doses cause
sedation. Additionally, prolonged or repeated exposure to ethanol causes tolerance to the
drug (Davies et al., 2004; Goddeeris et al., 2003), defined as an decreased sensitivity to the
intoxicating effects of ethanol (Tabakoff et al., 1986). Interestingly, many critical genetic
pathways that influence ethanol-related behavior in mammals and invertebrates are
functionally conserved (Cowmeadow et al., 2005; Davies et al., 2004; Davies et al., 2003;
Kapfhamer et al., 2008; Wen et al., 2005). Mice, flies and worms are therefore promising
models for identifying core mechanisms that underlie the effects of ethanol on behavior.

A number of assays have been used to examine the effects of ethanol on behavior in
Drosophila. While most studies in flies have measured ethanol-induced loss of postural
control (Moore et al., 1998; Urizar et al., 2007; Wen et al., 2005), other studies have
examined the effect of ethanol on fly behavior by assessing spontaneous (Parr et al., 2001;
Wolf et al., 2002) or evoked (Berger et al., 2004; Ramazani et al., 2007) locomotion. Studies
using these methods have identified a number of genes that influence ethanol-responsive
behaviors and have demonstrated that different genetic pathways affect different behaviors.
For example, mutations in amnesiac (amn), a gene involved in cAMP signaling, increase the
initial sensitivity to ethanol (Moore et al., 1998) and mutation of hangover (hang), a gene
that encodes a zinc-finger transcription factor, blunts the development of rapid ethanol
tolerance (Scholz et al., 2005). We reasoned that additional behavioral paradigms should
offer complementary advantages for investigating the genetic basis of ethanol-related
behavior in flies.

To this end we developed ethanol Rapid Iterative Negative Geotaxis (eRING) as an assay
for evaluating the sedative effects of ethanol on evoked locomotor behavior in flies. The
eRING assay is adapted from our previously described RING behavioral paradigm that
measures negative geotaxis (startle-induced vertical climbing) (Gargano et al., 2005;
Rhodenizer et al., 2008). We found that negative geotaxis measured in eRING assays was
progressively impaired as the internal concentration of ethanol increased. In addition, we
found that flies developed a rapid pharmacodynamic tolerance to the intoxicating effects of
ethanol. We also found that the effects of mutations in amn and hang on ethanol sensitivity
and rapid ethanol tolerance in eRING assays were largely consistent with the results of
published studies using the inebriometer (Moore et al., 1998; Scholz et al., 2005).
Additionally, by using the eRING assay in a screen of candidate mutants we found that
mutations in myospheroid (mys) and scab (scb), genes that encode β and α integrins,

Bhandari et al. Page 2

Alcohol Clin Exp Res. Author manuscript; available in PMC 2012 December 17.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



respectively, increase the initial sensitivity to ethanol and enhance the development of rapid
ethanol tolerance. Our studies indicate that integrins influence the pharmacodynamic
properties of ethanol and that the eRING assay is suitable for investigating the genetics of
ethanol-related behavior in Drosophila.

Methods
Fly stocks and husbandry

Flies were reared on standard food medium (10% sucrose, 2% yeast, 3.3% cornmeal, 1%
agar) at 25°C/60% relative humidity under a 12h day/night cycle. Canton-S (CS),
Samarkand (SAM), Lausanne-S (LUS) and Oregon-R (OR) stocks were obtained from the
Drosophila Stock Center (Bloomington, IN). The w[CS] control stock contains the w1118

allele in a Canton-S background (Goddeeris et al., 2003). All mys alleles (kindly provided
by N. Brown, Cambridge University, and D. Brower, University of Arizona) were
backcrossed to w[CS] control strain for six generations and then maintained as homozygous
stocks (mysts1 and mysts2) or as a balanced stock (mysXG/FM6) (Goddeeris et al., 2003).
The scb alleles (Grotewiel et al., 1998) were also backcrossed to w[CS] for six generations
and then maintained as homozygous stocks (scbVol2) and or as a balanced stock (scbVol1/
CyO). The amnesiacChpd and ry506 control flies were provided by Ulrike Heberlein
(University of California, San Francisco). The hangoverAE10 mutants and pZ[+];ry506

controls were provided by Henrike Scholz (University of Wurzburg).

eRING assays, ethanol sensitivity and rapid ethanol tolerance
All flies used in individual experiments were grown, collected and handled in parallel. For
all studies, adult flies (2- to 4-days-old) were anaesthetized briefly with CO2, separated by
sex, transferred to fresh food vials at 25 flies per vial, and allowed to recover for at least 16
hours at 25°C/60% relative humidity prior to behavioral tests. We adapted a Rapid Iterative
Negative Geotaxis (RING) assay (Gargano et al., 2005) to assess the effects of ethanol on
negative geotaxis (startle-induced climbing, (Rhodenizer et al., 2008)). The modified
procedure was designated as ethanol RING (eRING). In eRING assays, 25 flies were
transferred to each of 5 vertical tubes in the eRING apparatus. Each tube contained a 1 cm
cotton plug (flyStuff.com) at the top with 500 µl of water or 500 µl of ethanol at 25, 50 or
75% in water. Flies were sharply rapped to the bottom of the vials to initiate negative
geotaxis (climbing the vial walls). The distance the flies climbed during each test was
documented in a digital photograph taken 4 s after initiating the behavior. Data (distances
climbed) were extracted via computer-aided data analysis using Scion Image (PC version of
NIH Image, Scion Corporation, Frederick, MD, USA). Flies that became sedated and
remained at the bottom of the eRING tubes in each test were scored as zero. The
temperature and relative humidity were maintained at 24–26°C and 55–65%, respectively,
during eRING tests.

Ethanol sensitivity was assessed by measuring negative geotaxis in eRING assays during a
single continuous exposure of flies to ethanol vapor from 25, 50 or 75% ethanol solutions.
Flies were tested iteratively with 1 minute rest periods between each test to produce time-
course plots. Sensitivity to ethanol was calculated from these time-course data as T50 values
(time required for ethanol to impair negative geotaxis by 50% of its value in the absence of
ethanol) derived from linear regression, the simplest model that fit all data sets. T50 values
were determined for each vial of 25 flies such that each datum represents the average
performance of 25 flies in a single vial tested at multiple time-points. Increased sensitivity to
ethanol is reflected by decreased T50 values.
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To assess the development of rapid ethanol tolerance, we measured negative geotaxis in
eRING assays during a first (E) and second (EE) exposure of flies to vapor from 50%
ethanol separated by 4 hours of recovery at 25°C/60% relative humidity in vials with food
but no ethanol. The first exposure to ethanol was for 30 minutes. The second exposure was
continued until all flies were fully sedated. Control-treated flies were tested in eRING assays
during exposure to water alone (W) or water then ethanol (WE). Flies were fully sedated
after the first exposure to ethanol and regained their normal negative geotaxis behavior
within the first 2 hours of the recovery period. We performed eRING assays during the first
and second ethanol exposures until the flies were sedated, typically at least 10 minutes.
Thereafter, flies were left undisturbed in the presence of ethanol for the remainder of each
30 minutes exposure. The development of rapid ethanol tolerance was calculated as the
percent change in T50 values between the first and second ethanol exposures [(T50EE/T50E
– 1) × 100%].

Possible dehydration during eRING testing and fly water content
Groups of 25 flies were weighed before and after eRING testing to determine whether
behavioral testing caused dehydration. The water content of flies (i.e. the volume of
distribution for ethanol) was determined by subtracting the dry weight from the wet weight
of groups of 25 flies. Flies were desiccated by incubating at 55°C for 18–24 hours.

Internal ethanol concentrations
Flies were exposed to vapor from 50% ethanol for 0, 5, 15 and 30 minutes in eRING assays
and then frozen immediately at −80°C. Internal ethanol concentrations were determined
essentially as described (Moore et al., 1998) except that we used the water content of flies to
estimate the volume of distribution for ethanol. Frozen flies were homogenized in 200 µl of
sterile distilled water. The homogenate was centrifuged at 16,000 × g for 25 minutes at 4°C.
The internal ethanol concentration was determined in the resulting supernatant according to
the manufacturer’s instructions using the Alcohol Reagent Set (Pointe Scientific, Inc) and
the empirically determined water content for each genotype.

Statistical analyses
All data are presented as mean ± S.E.M. One-, two- and three-way ANOVAs, Bonferroni’s
multiple comparisons, one- and two-sample t tests, and Kruskal-Wallis one-way ANOVA
and Dunn’s multiple comparisons were performed with Prism (GraphPad Software, San
Diego, CA, USA) or JMP (SAS Institute, Cary, NC, USA). P values ≤0.05 were considered
significant.

Results
Development of eRING, an assay for ethanol sensitivity and rapid ethanol tolerance in
Drosophila

We reasoned that negative geotaxis measured with RING assays in the presence of ethanol
(eRING) would show time- and dose-dependent effects of the drug. As predicted, negative
geotaxis became increasingly impaired in control flies as the duration of ethanol exposure
and concentration of ethanol used was increased (Figure 1). Evaluation of several time-
course experiments confirmed that negative geotaxis was progressively impaired with
increasing exposure time and ethanol concentration in control females (Figure 2A) and
males (Figure 2B). In the absence of ethanol, flies retained robust negative geotaxis when
tested repeatedly (Figure 3A and 3B). As a static measure of ethanol sensitivity, we
calculated T50 values (the time required for negative geotaxis to be reduced by 50%) from
the time-course studies in Figure 2A and 2B. T50 values progressively decreased as the
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concentration of ethanol increased in Canton-S control females and males (Figure 2C),
indicating that T50 is a suitable measure of ethanol sensitivity in eRING assays.
Importantly, exposure to ethanol in eRING assays did not dehydrate flies (Figure S1A,
provided as supporting information) and all flies recovered their normal negative geotaxis
behavior within two hours after withdrawal of the ethanol (not shown). Together, these
observations indicate that the impairment of negative geotaxis in the presence of ethanol is
due to intoxication and that the eRING assay is suitable method for assessing ethanol
sensitivity in flies.

Rapid ethanol tolerance in Drosophila is defined as a decrease in ethanol sensitivity during a
second drug exposure (Berger et al., 2004). We assessed the utility of eRING for
quantitating rapid ethanol tolerance by measuring negative geotaxis during two ethanol
exposures separated by a 4 hour recovery period. In time-course studies, control Canton-S
females (Figure 3A) and males (Figure 3B) were significantly less sensitive to ethanol
during a second exposure to the drug (group EE) than during a first exposure (group E).
Exposure of animals to water did not consistently impact negative geotaxis (group W) and
exposure to water first had little or no obvious effect on negative geotaxis during a
subsequent round of eRING tests with ethanol (group WE). Additionally, exposure to
ethanol during a first eRING test did not impact negative geotaxis in the absence of ethanol
during a second test (not shown). Quantitation of these effects by comparing T50 values
derived from the time-course data in Figure 3A and 3B revealed that Canton-S control
females and males were approximately two-fold less sensitive to ethanol during a second
exposure (group EE) than a first exposure (group E) to ethanol (Figure 3C). Additionally,
this quantitation demonstrated that exposure to water first had no discernable effect on
negative geotaxis in the presence of ethanol (group WE). All of these data indicate that the
decreased sensitivity observed during a second ethanol exposure reflects the development of
rapid ethanol tolerance.

Disruption of the cAMP signaling pathway via mutations in genes such as amnesiac (amn, a
neuropeptide gene (Feany and Quinn, 1995)) increases sensitivity to ethanol by ~25% as
measured in the inebriometer, an assay based on postural control (Moore et al., 1998).
Additionally, mutation of hangover (hang, a gene for a zinc-finger protein (Scholz et al.,
2005)) blunts the development of rapid ethanol tolerance by 50–70% as measured in the
inebriometer (Scholz et al., 2005). When measured in eRING assays, ethanol sensitivity was
increased in amn mutants by ~60% (Figure 4A) and rapid ethanol tolerance was
substantially altered in hang mutants (Figure 4B). Interestingly, hang mutant flies not only
lacked rapid ethanol tolerance, but were actually more sensitive to ethanol during a second
exposure to the drug (Figure 4B). These results indicate that ethanol sensitivity and rapid
ethanol tolerance measured in inebriometer and eRING assays are dependent on overlapping
genetic pathways. These data also raise the possibility that using eRING assays to evaluate
mutants like amn and hang might uncover more severe or even additional ethanol-related
phenotypes.

Impact of sex and genetic background on ethanol sensitivity and rapid ethanol tolerance
Genetic background impacts complex behaviors in Drosophila (Connolly and Tully, 1998).
Additionally, sex influences the genetics of alcohol abuse in humans (Prescott et al., 1999)
and ethanol-associated behaviors in mice (Abramov et al., 2006; Giancola and Zeichner,
1995; Meliska et al., 1995), although the effects of sex in mice are not universally observed
(Eckhardt and Crane, 2008; Heath et al., 1997; Little et al., 1999). To determine if genetic
background and sex influence ethanol-related behavior in eRING assays, we assessed initial
ethanol sensitivity and rapid ethanol tolerance in males and females of four control strains:
Samarkand (SAM), Canton-S (CS), Lausanne-S (LUS) and Oregon-R (OR). Overall, males
and females performed indistinguishably in these experiments (Figure 5A and B),
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suggesting that sex has little or no discernable effect on ethanol sensitivity and rapid ethanol
tolerance in eRING studies. These two measures, however, were sensitive to genetic
background. Ethanol sensitivity was indistinguishable in SAM, CS and LUS flies, whereas
OR flies were considerably less sensitive (Figure 5A). Rapid ethanol tolerance was greatest
in CS flies, followed in decreasing order by SAM, LUS and OR (Figure 5B). Interestingly,
OR flies exhibited no measurable rapid ethanol tolerance in eRING assays after exposure to
50% (Figure 5B) or higher concentrations of ethanol (not shown).

To determine if the effects of genetic background on ethanol sensitivity and rapid ethanol
tolerance could be explained by differences in internal ethanol concentrations, we measured
whole body ethanol concentrations in males and females of the four control strains tested in
eRING assays during a first and second exposure to the drug. We estimated the volume of
distribution for ethanol in flies by determining their water content. Water content was not
affected by genetic background, but was greater in females (0.79–0.84 µl/fly) than in males
(0.53–0.57 µl/fly) as expected (Figure S1B). Internal ethanol concentrations increased with
drug exposure time in both sexes in all four strains (Figure 5C–F). Overall, genetic
background and sex had no effect on internal ethanol concentrations (Figure 5C–F),
indicating that the effects of genetic background on performance in eRING assays is likely
to be related to genetic differences in the response to ethanol instead of differences in
ethanol absorption or metabolism. Additionally, internal ethanol concentrations were
indistinguishable during a first and second drug exposure (Figure 5C–F). The decreased
sensitivity to ethanol during a second drug exposure in eRING tests, therefore, reflects an
adaptive pharmacodynamic change indicative of rapid ethanol tolerance rather than a
pharmacokinetic change related to altered ethanol absorption or metabolism.

Ethanol sensitivity and rapid ethanol tolerance are altered in integrin mutants
Toward identifying genes involved in ethanol-related behavior, we performed eRING assays
on 46 strains with mutations in several genes previously implicated in nervous system
function. As part of this candidate screen, we analyzed flies with loss of function alleles of
myospheroid (mys), the gene that encodes the integrin βPS (MacKrell et al., 1988). Flies
heterozygous for the partial loss of function mutations mysts1 and mysts2 (Bunch et al.,
1992) were more sensitive to a first exposure to ethanol in eRING assays compared to
control animals (Figure 6A). Flies homozygous for these alleles had a further increase in
ethanol sensitivity (Figure 6A). Additionally, flies heterozygous for the null allele mysXG

had increased sensitivity to ethanol compared to w[CS] flies (Figure 6B). To determine if
the different mys alleles would complement for ethanol sensitivity, we assessed mysts1/
mysts2 and mysXG/mysts2 flies in eRING tests. These two transheterozygous genotypes had
increased ethanol sensitivity that was more severe than mysts1, mysts2 or mysXG simple
heterozygotes (Figure 6A and B). Negative geotaxis in the absence of ethanol was not
significantly different in w[CS] controls and mys mutant flies (Figure S2A, provided as
supporting information). Thus, the enhanced ethanol-induced impairment of negative
geotaxis in mys mutants was not secondary to defects in their baseline locomotor abilities.

We also examined the influence of the mys locus on rapid ethanol tolerance in eRING
assays. Homozygous and heterozygous mysts2 flies exhibited enhanced development of
rapid ethanol tolerance (Figure 6C and 6D) as did flies heterozygous for mysXG (Figure 6D).
Flies with mysts2 in trans to mysXG also had an enhanced development of rapid ethanol
tolerance compared to control flies, although the phenotype of these transheterozygous mys
mutants was not significantly different from mysts2 or mysXG simple heterozygotes (Figure
6D). These data implicate the mys locus in the development of rapid ethanol tolerance in
Drosophila.
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Integrins function as heterodimers of α and β subunits (Hynes, 1992). We therefore further
explored the role of integrins in ethanol-related behaviors by assessing ethanol sensitivity
and rapid ethanol tolerance in flies with mutations in scab (scb, a.k.a. Volado), the gene that
encodes the α integrin αPS3 (Grotewiel et al., 1998; Stark et al., 1997). Flies homozygous
for the partial loss of function allele scbVol2 (Grotewiel et al., 1998) had enhanced ethanol
sensitivity compared to w[CS] controls (Figure 7A). Additionally, flies heterozygous for
scbVol2 or scbVol1 (another partial loss of function allele (Grotewiel et al., 1998)) exhibited
increased ethanol sensitivity (Figure 7B). Flies harboring these two scb alleles in trans had a
further increase in ethanol sensitivity (Figure 7B). Compared to w[CS] controls, none of the
scb mutant genotypes had significant changes in baseline negative geotaxis (Figure S2B),
indicating that the increased sensitivity to ethanol in scb mutant flies is not related to altered
locomotor behavior per se.

The development of rapid ethanol tolerance was also enhanced in scbVol2 homozygotes
compared to w[CS] control flies (Figure 7C). Flies heterozygous for scbVol2 or scbVol1 had
an enhanced development of rapid ethanol tolerance as did flies with these two alleles in
trans (Figure 7D). While rapid ethanol tolerance in scbVol1/scbVol2 transheterozygotes was
enhanced relative to w[CS] controls, the phenotype in these flies was not as great as in
scbVol1 and scbVol2 simple heterozygotes (Figure 7D). These studies indicate that the
integrin αPS3, encoded by the scb locus, influences ethanol sensitivity and the development
of rapid ethanol tolerance in flies.

Toward addressing the possibility that βPS and αPS3 influence ethanol-related behavior by
functioning within the same pathway, we evaluated mys mutants, scb mutants, and mys;scb
double mutants in eRING assays. If βPS and αPS3 are in the same pathway, the
combination of heterozygous mutations in mys and scb should have non-additive effects
defined as a synergistic interaction (indicated by a phenotype double mutants that is more
severe than the sum of the phenotypes from either mutation alone) or an alleviating
interaction (indicated by the effect of one mutation masking the effect of the other
mutation). Conversely, if the two integrins function within distinct pathways, the effect of
mutations in mys and scb on the phenotype should be additive (Mani et al., 2008).

Consistent with our studies described above (Figures 6 and 7), mysts2 and scbVol2

heterozygotes exhibited increased ethanol sensitivity (Figure 8A). Double heterozygous
mys;scb mutants had an increase in ethanol sensitivity that was greater than the sum of the
phenotypes in flies with mutations in mys or scb alone (Figure 8A). The increased ethanol
sensitivity in mys, scb and mys;scb mutants is not related to altered baseline negative
geotaxis (Figure S2C). The synergistic genetic interaction between mys and scb mutations is
consistent with a model in which βPS and αPS3 function within the same pathway to
influence ethanol sensitivity.

The development of rapid ethanol tolerance was enhanced in mys and scb heterozygotes
(Figure 8B) as described above (Figures 6 and 7). Rapid ethanol tolerance was also
enhanced in double heterozygous mys;scb mutants compared to w[CS], but this phenotype
was not significantly different from that of mys or scb simple heterozygotes (Figure 8B).
The alleviating genetic interaction between mys and scb mutants suggests that the two genes
are in the same genetic pathway leading to rapid ethanol tolerance.

To determine whether the changes in ethanol sensitivity or rapid tolerance in integrin
mutants could be due to altered ethanol absorption or metabolism, we measured internal
ethanol concentrations. As a prelude to these measurements we estimated the volume of
distribution for ethanol in flies by determining their water content. The water content in all
integrin mutant genotypes except mysts2/+ was decreased compared to w[CS] controls
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(Figure S1B). We therefore used genotype-specific water content values to calculate internal
ethanol concentrations.

Although genotype had a statistically significant overall effect on internal ethanol
concentration during a first drug challenge in a study with mys mutants (Figure S3A,
provided as supplementary information), internal ethanol concentrations in all flies at all
time-points analyzed were statistically indistinguishable from w[CS] controls except for
mysts2 mutants after 30 minutes of exposure (Figure S3A). Furthermore, internal ethanol
concentrations during a first exposure were not altered in scb mutants (Figure S3B) or in a
subsequent study with both mys and scb mutants (Figure S3C). The enhanced sensitivity to
ethanol in integrin mutants is therefore not associated with a consistent change in internal
ethanol concentration.

A similar pattern emerged during a second challenge with ethanol. Internal ethanol
concentrations during a second drug exposure were affected by genotype in mys mutants,
but only mysts2 and mysXG/+ flies after 30 minutes were significantly different from w[CS]
controls (Figure S3A). Internal ethanol concentrations were also not affected in scb mutants
(Figure S3B) or in a second study with mys and scb alleles (Figure S3C). Furthermore,
internal ethanol concentrations were statistically indistinguishable during the first and
second challenges with the drug (Figure S3). The enhanced rapid ethanol tolerance in
integrin mutants is not associated with a consistent change in ethanol uptake or metabolism.

All of the integrin mutants we analyzed had increased sensitivity to ethanol during a first
drug exposure, but subsequently manifested an enhanced development of rapid ethanol
tolerance during a second drug exposure. To determine if the enhanced development of
rapid ethanol tolerance could compensate for the increased ethanol sensitivity in naïve
integrin mutants, we compared the absolute ethanol sensitivity in w[CS] controls and
integrin mutants during the second drug challenge. Relative to w[CS] flies, the absolute
sensitivity to ethanol during the second drug exposure was similar in three mys genotypes
and marginally higher in one mys genotype (Figure S4A, supplied as supporting
information), similar in two scb mutants and decreased in two other scb mutants (Figure
S4B), and similar in mys;scb double heterozygous mutants (Figure S4C). In seven out of
nine integrin mutant genotypes, therefore, the enhanced development of rapid ethanol
tolerance compensated for the increased ethanol sensitivity observed in naïve flies.

Discussion
A number of behavioral paradigms have been used to study the effects of ethanol in flies.
Exposure to ethanol causes flies to lose postural control, a sedative effect than can be
assessed in an inebriometer (a series of baffles enclosed within a vertical cylinder) (Weber,
1988) or in simpler containers oriented vertically or horizontally (Urizar et al., 2007; Wen et
al., 2005). Additionally, both the stimulating and sedating properties of ethanol can be
assessed in assays that measure spontaneous locomotor behavior (Parr et al., 2001; Wolf et
al., 2002). Furthermore, recovery from the sedating effects of ethanol can be assessed in
assays that measure postural control (Cowmeadow et al., 2006) or negative geotaxis (startle-
induced climbing) (Berger et al., 2004; Ramazani et al., 2007). These behavioral paradigms
can also be used to assess various forms of tolerance to ethanol in Drosophila (Berger et al.,
2004; Cowmeadow et al., 2005; Cowmeadow et al., 2006; Ghezzi et al., 2004;
Godenschwege et al., 2004; Scholz et al., 2005; Scholz et al., 2000).

We became interested in developing a negative geotaxis assay for assessing the onset of
ethanol’s sedative effects on fly locomotor behavior. An important consideration was that an
assay based on negative geotaxis would allow us to directly assess baseline behavioral
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performance in the absence of ethanol in mutants and controls. Additional considerations
were that negative geotaxis is a robust, reproducible locomotor behavior and that it is
relatively simple to assess in RING assays using methods we previously developed
(Gargano et al., 2005). We therefore evaluated negative geotaxis in RING assays with flies
exposed to ethanol (eRING).

In naïve flies, negative geotaxis measured in eRING assays becomes progressively impaired
as the dose of ethanol or the time of exposure to ethanol (and consequently the internal
ethanol concentration) increases. Additionally, flies are less sensitive to the sedating effects
of ethanol during a second exposure than during a first exposure to the drug in eRING
assays. The sensitivity to an initial exposure to ethanol and relative resistance to a second
exposure are influenced by genetic background and single gene mutations (amn and hang)
known to disrupt these processes in inebriometer studies (Moore et al., 1998; Scholz et al.,
2005).

The effects of genetic background on sensitivity to a first exposure to ethanol in eRING
assays are not related to differences in the internal ethanol concentrations in flies. This
indicates that the differences in initial ethanol sensitivity in the strains tested are due to
genetic background effects on the pharmacodynamic responses to ethanol as opposed to
altered uptake or metabolism of the drug. Additionally, since the ethanol concentrations are
indistinguishable during a first and second exposure to the drug in the four genetic
background strains tested, the decreased sensitivity of flies to the sedative effects of ethanol
during the second exposure reflects functional or pharmacodynamic tolerance (Fadda and
Rossetti, 1998; Tabakoff et al., 1986). We consider the decreased sensitivity to be rapid
ethanol tolerance based on the schedule of drug delivery (Berger et al., 2004). Together,
these data indicate that the eRING assay is suitable for assessing genes that influence initial
sensitivity and rapid ethanol tolerance in flies.

As noted above, other laboratories have used recovery of negative geotaxis behavior after
ethanol sedation to assess sensitivity and tolerance (Berger et al., 2004; Ramazani et al.,
2007). The eRING data described here extend beyond these published studies in several
ways. The previous reports used negative geotaxis to evaluate recovery from sedation,
whereas we used negative geotaxis to assess the onset of ethanol intoxication and the time-
dependent behavioral effects of ethanol sedation. eRING assays, therefore, can be used to
assess resistance and sensitivity to the acute intoxicating effects of ethanol during an initial
exposure to the drug. This is important because resistance to the acute intoxicating effects of
ethanol is associated with a higher risk for eventually developing alcohol dependence in
humans (Schuckit and Smith, 1996). Additionally, since hang mutants are actually more
sensitive to a second exposure to ethanol in eRING assays in contrast to retaining some
rapid ethanol tolerance in inebriometer studies (Scholz et al., 2005), it is possible that subtly
altered or more severe phenotypes associated with other genes implicated in ethanol-related
behavior could be revealed by evaluating their performance in eRING studies.

In a screen of candidate mutants using eRING, we found that integrins influence ethanol-
related behavior. Integrins are cell adhesion molecules that function as heterodimers of α
and β subunits (Hynes, 1992). Our studies with eRING show that flies with partial loss of
function mutations in mys and scb, Drosophila genes that encode the integrins βPS and
αPS3, respectively, exhibit increased sensitivity to ethanol. Mutations in both genes fail to
complement in genetic tests for increased ethanol sensitivity and flies with two mutant
alleles have stronger phenotypes than flies with a single mutant allele. Furthermore, there is
a synergistic genetic interaction between partial loss of function alleles in mys and scb for
ethanol sensitivity. Together, these data strongly suggest that βPS and αPS3 influence
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sensitivity to the sedating effects of ethanol. These data are also consistent with a model in
which these two integrin subunits function within the same pathway in this context.

Flies with mutations in mys and scb also exhibit an enhanced development of rapid ethanol
tolerance. Mutations in these genes do not complement for rapid ethanol tolerance and
mys;scb double mutants also exhibit an enhanced rapid ethanol tolerance phenotype.
Interestingly, mutations in mys and scb exhibit an alleviating genetic interaction for rapid
ethanol tolerance such that the presence of a mutation in one gene masks the phenotype of a
mutation in the other gene. These genetic analyses implicate βPS and αPS3 in the
development of rapid ethanol tolerance in flies and suggest that the two proteins function in
the same pathway. Importantly, mutations in mys and scb do not consistently alter internal
ethanol concentrations in flies tested in eRING assays, indicating that the changes in ethanol
sensitivity and rapid ethanol tolerance in these animals reflects the role of integrins in the
pharmacodynamic responses to ethanol.

While our data implicate mys and scb in both ethanol sensitivity and rapid ethanol tolerance,
the results of genetic tests for these two traits were somewhat different. The mys and scb
alleles we tested are semi-dominant for increased ethanol sensitivity whereas they are
dominant for enhanced development of rapid ethanol tolerance. Additionally, mys and scb
mutations exhibit a synergistic genetic interaction for increased ethanol sensitivity, whereas
they have an alleviating or masking genetic interaction for the development of rapid ethanol
tolerance. Our data support the idea that these two ethanol-related traits are governed by at
least partially distinct mechanisms (Berger et al., 2008)

In principle, animals exposed to ethanol could appear sensitive to the drug in behavioral
studies simply because they are uncoordinated or otherwise have defects in the behavior that
is being measured. We exploited the ability of eRING assays to explicitly assess baseline
negative geotaxis in the absence of ethanol to determine whether the enhanced ethanol
sensitivity in integrin mutants might be secondary to defects in locomotor abilities.
Mutations in mys and scb do not alter negative geotaxis in the absence of ethanol. Thus, the
enhanced ethanol sensitivity of integrin mutants is not related to a mutation-induced
impairment in the ability to perform negative geotaxis, the behavior that lies at the core of
our studies. eRING and other assays that measure baseline behavior should be well suited
for addressing whether ethanol sensitivity in other mutants is related to defects that impair
behavior in the absence of the drug.

Integrin mutants exhibit an increased initial sensitivity to ethanol and an enhanced
development of rapid ethanol tolerance. Interestingly, integrin mutants have essentially
normal sensitivity to ethanol during a second exposure to the drug. This indicates that the
enhanced development of rapid ethanol tolerance in integrin mutants can largely compensate
for their heightened initial sensitivity to ethanol. These data also raise the possibility that a
wide range of behavioral responses to ethanol might be enhanced in integrin mutants.
Additional studies will be required to investigate whether integrins play a role in other
behavioral responses to ethanol such as recovery from sedation and chronic tolerance.

Integrins play important roles in developmental (Brown, 1993), learning and memory (Chan
et al., 2003; Grotewiel et al., 1998), olfactory behavior (Bhandari et al., 2006), and aging
(Goddeeris et al., 2003). The studies reported here indicate that integrins are also important
for ethanol-related behaviors in flies. Given the conservation in the genetics of ethanol-
related behavior in invertebrates and vertebrates (Cowmeadow et al., 2005; Davies et al.,
2004; Davies et al., 2003; Kapfhamer et al., 2008; Wen et al., 2005), it would be interesting
to investigate whether ethanol sensitivity and tolerance are influenced by altered expression
of integrins in mice.
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Intriguingly, a number of Drosophila mutants with altered learning and memory also have
altered responses to ethanol (Berger et al., 2008; Cheng et al., 2001; LaFerriere et al., 2008;
Moore et al., 1998). Although the overlap between the genetics of learning and the genetics
of ethanol-related behavior is not absolute, our data on ethanol sensitivity and rapid ethanol
tolerance in scb mutants do strengthen this connection since this gene is also involved in
associative memory (Grotewiel et al., 1998). Additional studies in genetically-altered mice
will be important for determining whether common genetic pathways serve both ethanol-
related behavior and learning in vertebrates.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Negative geotaxis in control flies exposed to ethanol in eRING
Images of w[CS] control flies (25 flies per tube) performing negative geotaxis in the
presence of ethanol (500 µl of 0, 25, 50, or 75% in a cotton plug at the top of the vials) after
0, 4 or 20 minutes of exposure.
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Figure 2. Time- and dose-dependent effects of ethanol on negative geotaxis in control flies
Negative geotaxis measured in eRING assays was significantly affected by ethanol
concentration and time of exposure in female (A) and male (B) Canton-S (CS) control flies
(two- way ANOVA, p<0.0001). (C) T50 values derived from data in panels A and B
decreased as the ethanol concentration was increased (two-way ANOVA, p<0.0001), but
there was no effect of sex (two-way ANOVA, ns). Data (mean ± S.E.M.) are compiled for
n=15 vials (25 flies/vial) from three independent experiments.
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Figure 3. Development of rapid ethanol tolerance measured by eRING
Negative geotaxis was measured in Canton-S (CS) female (A) and male (B) flies during a
first exposure to ethanol vapor from a 50% solution (E), a second exposure to ethanol (EE),
or during an exposure to water (W) and then ethanol (WE). EE and WE flies were allowed
to recover for 4 hours between a first exposure to ethanol or water and a final exposure to
ethanol. Time of ethanol exposure and ethanol treatment group significantly affected
negative geotaxis in females and males (repeated measures two-way ANOVAs; time,
p<0.0001; group, p<0.0001). (C) T50 values derived from the data in panels A and B were
significantly higher in EE flies compared to E or WE flies in females and males (two-way
ANOVA, p<0.0001, *Bonferroni’s multiple comparison test, p<0.001). E and WE flies
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performed indistinguishably (two-way ANOVA, n.s.) in both sexes. Data in all panels are
mean ± S.E.M for n=15 vials (25 flies/vial) from three independent experiments. Data from
females and males were analyzed separately.
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Figure 4. Ethanol sensitivity and rapid ethanol tolerance are altered in amnesiac and hangover
mutants, respectively
(A) T50 values from eRING assays with vapor from a 50% ethanol solution were lower in
amnesiacChpd (amnChpd) mutants compared to ry506 control flies (*t-test, p<0.0001). (B)
Development of rapid ethanol tolerance in eRING assays was significantly altered in
hangoverAE10 (hangAE10) mutants compared to pZ[+] controls (*t-test, p<0.0001). Control
pZ[+] flies exhibited significant rapid ethanol tolerance during a second ethanol exposure,
while hangoverAE10 mutants were more sensitive to ethanol during a second exposure
(individual one sample t tests, p<0.0001). Data in all panels are mean ± S.E.M for n=15
vials (25 flies/vial) from three independent experiments.
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Figure 5. Effect of sex and genetic background on ethanol sensitivity and rapid ethanol tolerance
in eRING assays
Males and females of four different genetic backgrounds (Samarkand (SAM), Canton-S
(CS), Lausanne (LUS) and Oregon-R (OR)) were assessed in eRING assays for ethanol
sensitivity (A), development of rapid ethanol tolerance (B), and internal ethanol
concentrations (C-F) during exposure to vapor from a 50% ethanol solution. (A) Genetic
background, but not sex, affected T50 values for ethanol sensitivity (two-way ANOVA:
genetic background, p<0.0001; sex, n.s.). The T50 values for OR males and females were
significantly higher than all other genetic backgrounds tested (Bonferroni’s multiple
comparison test, p<0.05). (B) The development of rapid ethanol tolerance was significantly
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affected by genetic background, but not sex (two-way ANOVA: genetic background,
p<0.0001; sex, n.s.). Internal ethanol concentrations in SAM (C), CS (D), LUS (E) and OR
(F) males increased with the duration of ethanol exposure time, but were not affected by
genetic background and were statistically indistinguishable during a first and second
exposure (three-way ANOVA: time, p<0.0001; genetic background, n.s.; first vs. second
exposure, n.s.). Data are mean ± S.E.M. in all panels. Data in panels A and B were compiled
from three independent experiments for a total of 15 vials of 25 flies per genotype and sex.
Data in panels C-F are from 18 vials total (25 flies/vial) for each strain.

Bhandari et al. Page 20

Alcohol Clin Exp Res. Author manuscript; available in PMC 2012 December 17.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Figure 6. Ethanol sensitivity and rapid ethanol tolerance in myospheroid β integrin mutant flies
(A and B). Ethanol sensitivity in eRING assays with vapor from a 50% ethanol solution.
Overall, genotype had a significant effect on T50 values (individual one-way ANOVAs for
panels A and B, p<0.0001). (A) Flies heterozygous for mysts1 or mysts2 had T50 values
lower than w[CS] controls (*Bonferroni’s multiple comparison test, p<0.05) and flies
homozygous or transheterozygous for these two alleles had a further decrease in T50 values
compared with simple heterozygous flies (**Bonferroni’s multiple comparison test, p<0.05).
(B) T50 values were decreased in flies heterozygous for mysXG or mysts2 compared to
w[CS] controls (*Bonferroni’s multiple comparison test, p<0.05) and were further decreased
in flies transheterozygous for both alleles (**Bonferroni’s multiple comparison test,
p<0.05). (C) The development of rapid ethanol tolerance was significantly greater in mysts2

homozygous females compared to w[CS] controls (*t-test, p<0.0001). (D) Rapid ethanol
tolerance was enhanced in flies heterozygous for mysXG or mysts2 as well as in
transheterozygotes for these two alleles compared to control w[CS] flies (one-way ANOVA,
p<0.0001, *Bonferroni’s multiple comparison test, p<0.05). Data were compiled from three
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independent experiments for a total of 10–20 vials of 25 flies per group. All data are mean ±
S.E.M.
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Figure 7. Ethanol sensitivity and rapid ethanol tolerance in scab α integrin mutants
eRING assays were performed with vapor from a 50% ethanol solution. (A and B) T50 was
decreased in scb mutants (A, *t test, p<0.0001; B, one-way ANOVA, p<0.001). (B) scbvol1

and scbvol2 heterozygotes had lower T50 values than w[CS] (*Bonferroni’s multiple
comparison test, p<0.05) while flies transheterozygous for these two alleles exhibited a
further reduction in T50 (**Bonferroni’s multiple comparison test, p< 0.05). (C and D) The
development of rapid ethanol tolerance is altered by mutations in scb (C, *t test, p<0.0001;
D, one-way ANOVA, p<0.0001). (D) Rapid ethanol tolerance is elevated in scbVol1 and
scbVol2 heterozygotes (**Bonferroni’s multiple comparison test, p<0.05), but less so in
scbvol1/scbvol2 transheterozygotes (*Bonferroni’s multiple comparison test, p<0.05). Data in
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(A) and (B) were compiled from three independent experiments for a total of 10–30 vials of
25 flies per group. All data are mean ± S.E.M.
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Figure 8. Ethanol sensitivity and rapid ethanol tolerance in myospheroid/scab double mutants
Female flies were assessed for ethanol sensitivity (A), rapid ethanol tolerance (B), and
internal ethanol concentrations (C). (A) T50 values were lower in flies heterozygous for
mysts2 or scbvol2 (one-way ANOVA, p<0.001, *Bonferroni’s multiple comparison test, p<
0.05) and further reduced in mysts2;scbvol2 double heterozygous flies compared to control
(**p<0.05). (B) The development of rapid ethanol tolerance was enhanced relative to w[CS]
flies in mysts2 and scbvol2 heterozygotes and in mysts2/+; scbvol2/+ double heterozygotes
(non-Gaussian data, Kruskal-Wallis one-way ANOVA, p<0.0001, *Dunn’s multiple
comparison test, p<0.05). Data (mean ± SEM) were compiled for n=10 vials (25 flies/vial)
from three independent experiments. All data are mean ± S.E.M.
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