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The relationship between alcohol consumption, sensitivity and tolerance is an important question that has been
addressed in humans and rodent models. Studies have shown that alcohol consumption and risk of abuse may correlate
with (1) increased sensitivity to the stimulant effects of alcohol, (2) decreased sensitivity to the depressant effects of
alcohol and (3) increased alcohol tolerance. However, many conflicting results have been observed. To complement
these studies, we utilized a different organism and approach to analyze the relationship between ethanol consumption
and other ethanol responses. Using a set of 20 Drosophila melanogaster mutants that were isolated for altered ethanol
sensitivity, we measured ethanol-induced hyperactivity, ethanol sedation, sedation tolerance and ethanol consumption
preference. Ethanol preference showed a strong positive correlation with ethanol tolerance, consistent with some rodent
and human studies, but not with ethanol hyperactivity or sedation. No pairwise correlations were observed between
ethanol hyperactivity, sedation and tolerance. The evolutionary conservation of the relationship between tolerance and
ethanol consumption in flies, rodents and humans indicates that there are fundamental biological mechanisms linking
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specific ethanol responses.

Introduction

Ethanol elicits diverse behavioral responses in humans as well as
animal models. Acute responses to ethanol include both stimu-
lant and depressant effects, which in humans are typically per-
ceived as positive and negative, respectively.' Ethanol tolerance is
defined as a decrease in any given ethanol response after previous
exposure, and can develop both within and between intoxicat-
ing sessions.? Despite the large body of work on ethanol sensi-
tivity and tolerance, an important question remains unresolved:
to what extent do ethanol sensitivity and tolerance influence
ethanol consumption and abuse? Understanding the relationship
between these behaviors is essential for both medical and scien-
tific reasons. These relationships may aid in predicting which
individuals are at risk for alcohol use disorders (AUDs), allowing
for early intervention. In addition, determining which ethanol
responses are most closely associated with addictive behavior may
guide future studies using animal models and highlight potential
neural and molecular mechanisms underlying addiction.
Landmark studies by Schuckit and colleagues demonstrated
that individuals with decreased sensitivity to the acute effects of
alcohol (such as postural instability and subjective “high”) are

at greater risk for developing an AUD.>* However, other studies
have come to the opposite conclusion, associating risk for AUDs
with increased alcohol sensitivity.®” A potential explanation for
these contradictory findings arises from the biphasic nature of
alcohol intoxication. Newlin and Thomson proposed a “dif-
ferentiator model”, in which individuals at risk for AUDs have
increased sensitivity to the euphoric, stimulant effects of ethanol
that occur earlier (as blood alcohol concentration [BAC] is ris-
ing) and decreased sensitivity to its negative, depressant effects
that occur later (as BAC falls)."*® This altered balance of positive
and negative effects would cause these individuals to find alcohol
particularly rewarding. Several studies support specific aspects of
this model,”" but it remains to be tested rigorously (reviewed in
ref. 12).

Animal studies have also addressed the relationship between
ethanol sensitivity and addictive behaviors, focusing mainly on
ethanol consumption preference.”” An association between low
sensitivity to the sedative/hypnotic effects of ethanol and high
ethanol preference has been observed in rodents selectively bred

for high versus low ethanol preference!"
16,

as well as in many
mouse mutants.'®”” However, this correlation is by no means uni-
versal, as several exceptions have been reported.'2 In support of
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the differentiator model, some high-preferring lines show greater
sensitivity to ethanol-induced locomotor stimulation than low-
preferring lines.?"*

The influence of ethanol tolerance on ethanol consumption
and addiction has not been extensively studied, despite the fact
that tolerance is one of the DSM-IV criteria for alcohol depen-
dence.”” Although tolerance often develops in non-alcoholics,
it has been correlated with heavy drinking and alcohol abuse.*
Tolerance is thought to promote greater alcohol consumption
by diminishing the aversive effects of alcohol as well as reduc-
ing its rewarding properties, which would require individuals to
drink more alcohol to achieve the same positive effects.? Similar
to studies of ethanol sensitivity, some studies of selectively bred

14,25 26,27

rodent lines'*® and specific mutants point to a positive cor-

relation between tolerance and alcohol preference, while other
studies do not support this correlation.?**

In summary, we are still in the process of gaining a clear
understanding of how alcohol sensitivity and tolerance contrib-
ute to alcohol consumption and AUDs. While the differentiator
model may explain some of the conflicting results from human
studies, some of the discrepant findings are likely to be due to
the confounding factors inherent to human studies. First, cog-
nitive and emotional factors influence ethanol intoxication and
consumption in humans. Second, the previous alcohol experi-
ence of subjects cannot be precisely controlled. Third, ethanol
consumption in a laboratory study is dissimilar from real-life
drinking. On the other hand, studies that ask subjects to recall
real-life drinking experiences are susceptible to inaccurate or
biased recollections. Rodent studies also have limitations. First,
lines that have been selectively bred for high versus low alcohol
preference differ in many other behavioral and neurobiologi-
cal measures, including anxiety, novelty-seeking and startle

responses,*

which may produce confounding biases during
assays of ethanol sensitivity and tolerance. Second, correla-
tion studies that examine different behavioral responses in the
same animals (example in ref. 31) face the problem that previ-
ous exposure to alcohol alters subsequent alcohol responses (i.e.,
naive responses cannot be obtained for more than one behav-
ior). Finally, it is difficult to make correlations from studies of
mutant mice because different mutants have been generated and
tested in different laboratories, often using different protocols
and genetic backgrounds.*

To circumvent many of these limitations and complement
the valuable studies that have been performed in humans and
rodents, we have used a different organism and approach to
examine the relationships between ethanol sensitivity, tolerance
and consumption preference. The fruit fly Drosophila melano-
gaster is an established model for studying acute and chronic
responses to ethanol. Flies exhibit acute ethanol responses simi-
lar to those of mammals: as ethanol concentration increases,
flies exhibit locomotor stimulation,* loss of postural control,*

and eventually sedation.?3°

With repeated exposure, flies
develop tolerance to the motor-impairing and sedating effects
of ethanol.?”* Flies also have an innate preference for consum-
ing ethanol-containing solutions.” Furthermore, they exhibit

several features of alcohol addiction, such as an increase in
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ethanol consumption over time, willingness to overcome an
aversive stimulus in order to consume ethanol and relapse-like
behavior.*

We set out to test whether ethanol sensitivity, tolerance and
consumption preference are correlated in Drosophila. We uti-
lized a set of mutants that had been isolated for altered ethanol
responses. Our ability to test a relatively large number of mutants
in the same genetic background under the same experimental
conditions affords an ideal opportunity to observe meaningful
correlations between ethanol-related behaviors. Based on the
findings from human and rodent studies, we hypothesized that
ethanol consumption preference would be positively correlated
with sensitivity to the stimulant effects of ethanol and with resis-
tance to the sedative effects of ethanol. We also predicted that
ethanol tolerance and preference would be positively correlated.
We found that ethanol preference was indeed positively corre-
lated with tolerance but was uncorrelated with other ethanol
responses, suggesting that there are shared genetic mechanisms
underlying ethanol tolerance and preference that have been con-
served from flies to humans.

Results

To examine the relationships between ethanol sensitivity,
tolerance and consumption, we measured these responses in 20
Drosophila mutants that we isolated for altered ethanol sensitiv-
ity (Table 1), some of which have been published.?>3¢40-4> All
20 mutants contain P element insertions, and the genes located
nearest to the insertion sites are listed in Table 1. These are the
genes that are most likely to be responsible for the behavioral phe-
notypes of the mutants, though functional studies have not been
conducted to confirm their role (aside from the studies listed in
Table 1). We chose to test a panel of ethanol sensitivity mutants
rather than wild type strains or random mutants to ensure that
a wide spectrum of ethanol responses would be represented. In
the 20 mutants we assessed four different behavioral responses to
ethanol: (1) consumption preference, (2) locomotor stimulation,
(3) sedation and (4) sedation tolerance.

Ethanol consumption preference. Flies preferentially con-
sume ethanol-containing food over non-ethanol food in a con-
tinuous access two-choice feeding assay.” Ethanol preference is
relatively low and variable during the first one to two days, but
subsequently increases and becomes more stable.” We measured
preference for 15% ethanol over three days. Because we expected
that preference would be variable on days 1 and 2, we planned
to primarily use the preference value on day 3 for correlation
analyses. Preference was quantified by calculating a preference
index (PI) defined as (volume of ethanol food consumption -
volume of non-ethanol food consumption)/total consumption.
PI can vary between -1 and +1, with positive values indicating
preference. Control flies had a PI of 0.06 + 0.03 on day 1 which
increased to 0.26 + 0.03 on day 3 (Fig. 1A). PI values on day 3
for the 20 mutants ranged from 0.11 to 0.31 (Fig. 1B). Three
mutants (6-6, 10-110, 1514) showed PI values that were signifi-
cantly different from the respective control tested in the same
experiment (p < 0.05, t-test); one example is shown in Figure 1A.
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Two additional mutants (8—128, 8—222) showed a trend toward
altered preference (0.05 < p < 0.06, t-test).

Ethanol hyperactivity and
sedation represent different aspects of ethanol sensitivity in

hyperactivity. Locomotor

flies. Hyperactivity occurs at moderate ethanol concentrations®
and represents a stimulant effect of ethanol, whereas sedation
occurs at high ethanol concentrations® and represents a depres-
sant effect of ethanol. We first measured ethanol hyperactivity
in our set of mutants using a locomotor tracking system.? When
exposed to a moderate concentration of ethanol vapor (47%
ethanol vapor in humidified air), flies exhibit a gradual increase
in activity as their internal ethanol concentration increases
(Fig. 2A).* Maximum ethanol hyperactivity was quantified as
the average of the 3 consecutive time points showing the highest
locomotor speed during the 20 min assay, a measure that has
been previously used.> Control flies had a maximum hyperac-
tivity of 5.27 + 0.14 mm/sec and hyperactivity values for the 20
mutants ranged from 1.78 to 7.55 mm/sec (Fig. 2B). Tracking
profiles of a mutant exhibiting increased hyperactivity (9-91)
and one exhibiting decreased hyperactivity (8-222) are shown
in Figure 2A (p < 0.001, t-tests).

Ethanol hyperactivity shows a U-shaped relationship with
ethanol concentration: hyperactivity initially increases as ethanol
concentration increases, but decreases at high ethanol concentra-
tions as flies become sedated.? We wondered whether mutants
that showed altered hyperactivity at 47% ethanol would also
exhibit the same phenotypes at a lower concentration, given that
some of those mutants may also have altered sedation sensitivity
(Fig. 3). Using a lower concentration of 33% ethanol, we retested
the 11 mutants that showed significantly different maximum
hyperactivity from the respective control tested on the same day
(p < 0.05, t-test). Six of the 11 mutants exhibited the same phe-
notype at both ethanol concentrations (data not shown; p < 0.05,
t-test), including lines 8-222 and 9-91 shown in Figure 2A.
Of the other five mutants, three mutants showed no significant
phenotype at 33% ethanol (2-67, 9-220, 17-3; though 17-3
showed a trend in the same direction), and two mutants showed
the opposite phenotype (4-12, 14—45). The majority of hyperac-
tivity mutants therefore showed the same phenotype at multiple
concentrations, although there were exceptions.

Ethanol sedation. We next measured sensitivity to ethanol
sedation in the 20 mutants by testing naive flies in a loss of right-
ing reflex assay.”3¢ We counted the number of non-sedated flies
at 5-min intervals during exposure to a high concentration of
ethanol vapor (67% ethanol; Fig. 3A) and calculated the time
required for 50% of flies to sedate (ST50). Control flies had an
ST50 of 20.8 + 0.9 min. ST50 values for all mutants are shown
in Figure 3B and ranged from 11.3 to 61.7 min. Sedation curves
for a mutant showing increased sedation sensitivity (5-10) and
one showing decreased sensitivity (2—67) as compared with the
control are shown in Figure 3A (p < 0.001 for each mutant vs.
control ST50, t-tests).

Ethanol tolerance. Tolerance to the sedating effects of ethanol
has been previously characterized in flies.”?* We measured seda-
tion tolerance in the mutants by exposing naive flies to a sedat-
ing dose of ethanol (similar to the assays conducted above) and
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Table 1. Mutants tested for ethanol responses

Mutant to Insertion Site phenotype Reference
2-10 PQBP1 S inebriometer 41
2-67 path R inebriometer
3-68 CG31886 S inebriometer 41
4-12 R sedation
5-10 Tsp42Ee S hyperactivity
5-21 599 S hyperactivity 40
5-89 inx7 R sedation
6-6 cv-2 R sedation
8-128 aru S inebriometer 42
8-169 Sgs3 R inebriometer

8-222 Gsl R sedation
9-91 CG13386 S inebriometer
9-220 1(2)01289, phtf S inebriometer 41

10-110 elm S inebriometer 41
13-66 R sedation
14-45 CG8498 S inebriometer
1514 RhoGAP18B R sedation 35
17-3 Kdm2 S hyperactivity
17-51 hppy R sedation 36

20-29 eyg, CG32102 R sedation

Nearest Gene(s)

Original

Mutants were identified in genetic screens for sensitivity to ethanol
hyperactivity, sedation or loss of postural control in the inebriometer.*
The original phenotype identified is listed for each mutant (S, sensitive;
R, resistant) as well as the reference for mutants that have been previ-
ously published. The gene(s) implicated by the p element insertion site
are listed for all mutants except 4-12 and 13-66, which will be charac-
terized in separate publications.

then re-exposing the same flies four hours later. The decrease in
edation sensitivity during the second exposure as compared to the
first exposure reflects the development of tolerance. The duration
of the first exposure was set at 30 min in order to avoid lethality
that can occur with longer exposures. Even though we used a
higher ethanol concentration (73% ethanol vapor) than had been
used for the sedation assays described above, several vials of many
genotypes failed to reach 50% sedation during the first and/or
second exposure. We therefore quantified sedation in this assay
as the time required for 25% of flies to sedate (ST25), and toler-
ance was calculated as the increase in ST25 from the first to the
second exposure. Tolerance values calculated from ST25 values
were very similar to those calculated from ST50 values (data not
shown). Two mutants (412 and 20-29) consistently failed to
reach even 25% sedation during the first and/or second exposure.
This prevented us from calculating their ST25 and tolerance val-
ues, so they were excluded from the analysis.

Control flies had an average sedation tolerance of 13.5 +
1.0 min, indicating that flies took an average of 13.5 minutes
longer to sedate during the second exposure as compared to the
first (Fig. 4A and B). Tolerance values for all mutants tested are
shown in Figure 4B and ranged from 4.9 to 19.9 min. Sedation
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Figure 1. Ethanol consumption preference of 20 Drosophila ethanol sensitivity mutants. (A) Ethanol preference of the control strain and mutant 6-6
in a 3-day assay. Line 6-6 showed decreased preference compared with the control on day 3 (p < 0.05, t-test, n = 18). (B) Ethanol Pl on day 3 for each

mutant tested (n = 18 for mutants, n = 36 for control).
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Figure 2. Sensitivity to ethanol-induced hyperactivity. (A) Exposure to a moderate concentration of 47% ethanol vapor causes locomotor hyperactiv-
ity in flies. Line 8-222 exhibited decreased maximum ethanol hyperactivity and line 9-91 exhibited increased maximum hyperactivity compared with
the control (p < 0.001, t-tests, n = 10). (B) Maximum ethanol-induced hyperactivity of each mutant (n = 10 for mutants, n = 20 for control).
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Figure 3. Sensitivity to ethanol-induced sedation in naive flies. (A) Flies exhibit sedation during exposure to a high concentration of ethanol vapor
(67%). Line 2-67 exhibited decreased sedation sensitivity (p < 0.001) and line 5-10 exhibited increased sedation sensitivity (p < 0.001) compared with

the control (t-tests comparing ST50 values, n = 8-9). (B) ST50 of each mutant (n = 8-13 for mutants, n = 16 for control).
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Figure 4. Tolerance to ethanol-induced sedation. (A) Flies given two exposures to 73% ethanol vapor become less sensitive to sedation during the
second exposure (dotted lines, open symbols) as compared to the first exposure (solid lines, filled symbols), reflecting tolerance. Two tolerance
mutants are shown: both 5-21 and 2-10 exhibited sedation sensitivity similar to the control during the first exposure (p > 0.05 for each mutant vs.
control ST25, t-tests), but during the second exposure respectively showed increased sensitivity (=decreased tolerance) or decreased sensitivity
(=increased tolerance) relative to the control (p < 0.01 for each mutant vs. control ST25, t-tests). (B) Ethanol sedation tolerance for each mutant (n = 5-7

curves for a mutant showing decreased tolerance (5-21) and one
showing increased tolerance (2-10) relative to the control are
shown in Figure 4A. Both 5-21 and 2-10 exhibited initial seda-
tion sensitivity similar to the control (p > 0.05 for each mutant
vs. control ST25, t-tests). However, during the second exposure
5-21 showed increased sensitivity relative to the control, indicat-
ing decreased tolerance, while 2—10 showed decreased sensitivity
relative to the control, indicating increased tolerance (p < 0.01 for
each mutant vs. control ST25, t-tests).

Ethanol pharmacokinetics. Since our panel of mutants dis-
played a wide range of ethanol responses in all four behavioral
assays, we tested whether the mutants might also vary in their
ethanol pharmacokinetics. We measured the internal etha-
nol concentration of flies that had been exposed for 15 min to
a moderate concentration of 47% ethanol vapor. Control flies
contained 24.4 + 1.6 mM ethanol (Fig. 5). The ethanol con-
centration in the mutants ranged from 19.3 to 38.4 mM ethanol
(Fig. 5), indicating that altered ethanol absorption or metabolism
may underlie the behavioral phenotypes in some of these lines.

Correlations between ethanol sensitivity, tolerance and
consumption preference. After measuring ethanol preference,
hyperactivity, sedation and tolerance in the 20 mutants, we asked
whether behavioral responses in different assays were correlated.
We were most interested in determining which behaviors might
correlate with ethanol preference. We found that ethanol pref-
erence on day 3 of the assay correlated positively with ethanol
tolerance (r = 0.664, p < 0.01, Pearson’s correlation; Fig. 6A).
In addition, tolerance correlated slightly more strongly with the
average ethanol preference across all 3 days (r = 0.707, p = 0.001,
Pearson’s correlation; Fig. 6B).

We found no significant correlations between ethanol pref-
erence and either ethanol hyperactivity, sedation or internal
ethanol concentration (Table 2). Furthermore, there were no
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Figure 5. Ethanol pharmacokinetics of the mutants. Flies were exposed
to 47% ethanol vapor for 15 min and their internal ethanol concentra-
tion was measured (n = 3).

significant correlations for any pairwise comparisons of ethanol
hyperactivity, sedation or internal ethanol concentration
(Table 2). However, the correlation between ethanol concentra-
tion and both maximum hyperactivity (r = -0.437, p = 0.054) and
sedation ST50 (r = -0.429, p = 0.059) were close to significance
(Pearson’s correlation). These correlations would suggest that
flies that achieve higher internal ethanol levels tend to exhibit
decreased hyperactivity and increased sedation.

GAL4 expression patterns in the mutant lines. The 20
mutant lines tested in this study are enhancer traps, in which
the transcriptional activator GAL4 is expressed in cells likely
to express the endogenous gene affected by each P element. We
wondered whether these expression patterns might be related
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Figure 6. Ethanol consumption preference correlates positively with ethanol tolerance. (A) Ethanol preference on day 3 correlated positively with eth-
anol tolerance (r=0.664, p < 0.01, Pearson'’s correlation, n = 18). (B) Average ethanol preference across all three days of the preference assay correlated
positively with ethanol tolerance (r = 0.707, p = 0.001, Pearson'’s correlation, n = 18).

Table 2. Results of correlation analyses comparing different behavioral
responses to ethanol

Pref. vs. Pref. vs. Pref. vs. Pref. vs.
Hyp. Sed. Tol. EtOH
dav 1 -0.006 -0.21 0.211 -0.104
v (0.979) (0.372) (0.399) (0.662)
day 2 -0.051 0.039 0.288 -0.184
y (0.829) (0.871) (0.247) (0.438)
day 3 0.238 0.348 0.664 -0.206
Y (0.312) (0.133) (0.003%) (0.384)
day 1-3 av 0.136 0.136 0.707 -0.285
Y 9- (0.567) (0.568) (0.001%) (0.229)
Hyp. vs. Hyp. vs. Hyp. vs. Sed. vs. Sed. vs. Tol. vs.
Sed. Tol. EtOH Tol. EtOH EtOH
0.195 0.289 -0.437 0.026 -0.429 -0.192
(0.410) (0.245) (0.054) (0.920) (0.059) (0.446)

We calculated all pairwise correlations between five responses to etha-
nol: ethanol preference on day 3 (pref.), maximum ethanol hyperactiv-
ity (hyp.), sedation ST50 (sed.), sedation tolerance (tol.) and internal
ethanol concentration (EtOH). r values for Pearson’s correlation are
shown with p values in parentheses (*p < 0.05, in bold). For analyses
involving preference, correlations were calculated using Pl values on
each day of the assay as well as the average across all three days. n = 18
mutant lines for analyses involving tolerance and n = 20 mutant lines
for all other analyses.

to the diverse behavioral phenotypes exhibited by the mutants.
We visualized the GAL4 expression pattern in each mutant line
by crossing the lines to a UAS-GFP reporter (Table 3), with the
exception of lines 4-12 and 13-66, which will be described in
separate publications.

Of the 18 lines analyzed, 15 showed GAL4 expression in the
adult brain; the remaining lines may show expression in the adult
ventral nerve cord or in the developing nervous system, which
were not analyzed. Most lines showed GAL4 expression in multi-
ple brain areas. The most common site of GAL4 expression in the
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adult brain was the subesophageal ganglion (SEG; 13/18 lines),
mainly due to projections from cells in the pars intercerebralis
(PI; 12/18 lines). To determine whether this high proportion of
GAL4 expression in the PI and SEG was meaningful, we ana-
lyzed the number of random enhancer trap lines from the same
collection expressing GAL4 in these regions. Of 50 random lines
analyzed, 38% expressed GAL4 in the PI and 60% expressed
GAL4 in the SEG. In comparison to the random lines, our etha-
nol sensitivity mutants showed a significant over-representation of
GAL4 expression in the PI but not the SEG (p < 0.05, chi-square
test), suggesting that this region may be important in regulating
ethanol responses. Subsets of mutant lines also expressed GAL4
in the antennal lobe (nine lines), optic lobe (seven lines), central
complex (five lines) and mushroom body (five lines). There was
no clear relationship between the expression pattern and behav-
ioral phenotypes of the mutant lines, as different lines expressing
in the same brain region did not appear more likely to share the
same behavioral phenotypes.

Discussion

Correlations between ethanol consumption and both sensitiv-
ity and tolerance to ethanol have been observed in human and
rodent studies, though much of the data is conflicting. Because
we have recently characterized ethanol consumption preference
in Drosophila and shown that this paradigm models features of
addiction-like behavior,”” we now had the opportunity to test
whether the same relationships between ethanol consumption
and other ethanol responses also exist in flies. In contrast to most
rodent and human studies, we were able to test many Drosophila
strains under the same conditions and in the same genetic back-
ground, representing a highly systematic and controlled approach.

We measured ethanol preference, hyperactivity, sedation and
sedation tolerance in 20 mutants that had been identified as eth-
anol-sensitive or -resistant in various behavioral assays. Ethanol
preference was the most variable behavior; this variability has
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been previously observed and likely reflects the complexity of
ethanol preference as a choice assay in which flies must integrate
¥ For

ethanol hyperactivity, sedation and tolerance, we identified some

chemosensory and experience-dependent information.

lines that showed an increased response and some with decreased
response compared to the control. In contrast, we found mutants
that had decreased ethanol consumption preference but none
with increased preference.

While it was not our primary goal to find new genes
modulating ethanol-induced behaviors, our use of P element
mutants allowed us to easily identify the gene(s) likely to be
affected in each mutant line. This lays the groundwork for
future studies to confirm the role of these genes in regulat-
ing ethanol responses and uncover the molecular pathways in
which they function. We have also characterized the GAL4
expression pattern in each mutant line, which represents the
likely expression pattern of the affected gene, allowing future
studies to more easily identify the neurons in which each gene
functions. Interestingly, in our set of mutants there was an over-
representation of lines expressing GAL4 in the PI, a region that
contains neuropeptidergic cells, including insulin-producing
cells.®® The PI has also been implicated in previous studies of

ethanol sensitivity?*4344

and may therefore represent an impor-
tant locus for regulating ethanol responses.

We observed a strong positive correlation between ethanol
tolerance and ethanol preference. This correlation suggests that
tolerance might be one reason why flies increase their ethanol
consumption over time. The correlation between ethanol con-
sumption and tolerance is consistent with human and rodent
studies that have addressed this question (see Introduction).
However, in humans there is also evidence that risk of AUD
correlates with sensitivity to the stimulant effects of alcohol and
resistance to its depressant effects (see Introduction). We did
not find a correlation between ethanol consumption preference
and either locomotor hyperactivity, the major stimulant effect
of ethanol in flies, or sedation, the major depressant effect.
These data indicate that ethanol preference is more strongly
linked to tolerance, a form of ethanol-induced plasticity that
develops over time, than to naive ethanol responses. In humans
the relative importance of ethanol tolerance versus naive sensi-
tivity in influencing ethanol consumption has not been deter-
mined within a single study; it will be interesting to see whether
the same relationship holds.

We did not observe any pairwise correlations between ethanol
sedation, hyperactivity and tolerance. Berger et al. also did not
observe a correlation between sedation and sedation tolerance
in a set of 52 long-term memory mutants with widely varying
ethanol sensitivities.”” Kong et al. did, however, observe corre-
lations between sedation sensitivity and both sedation tolerance
and hyperactivity, although the latter was fairly weak.” These
differences may be attributable to the different sets of mutants
that were analyzed as well as the varying methods of quantify-
ing behavior. In particular, Kong et al. conducted ethanol hyper-
activity and sedation assays at the same ethanol concentration,
which could account for the correlation they observed between
these two behaviors, whereas we designed our experiments such
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that flies would not sedate during the hyperactivity assay. Kong
etal. also conducted sedation assays at a lower concentration than
we did and quantified both sedation and tolerance by the frac-
tion of flies sedated at 26 minutes rather than the ST50. Finally,
the strains analyzed by Kong et al. contained mutations in genes
known to be transcriptionally regulated by ethanol, which repre-
sents a unique subset of strains different from our mutants which
were chosen based on phenotype.

The lack of a strong correlation between internal ethanol
concentration and any of the ethanol responses tested suggests
that the primary effect of the mutations in this study is to alter the
way that the nervous system reacts to ethanol rather than simply
disrupting ethanol absorption or metabolism. In addition, the lack
of correlation between ethanol hyperactivity, sedation and toler-
ance supports the view that these assays measure distinct ways by
which ethanol affects the nervous system. However, it is interest-
ing that many mutants isolated for a phenotype in one of the assays
also exhibited phenotypes in a different assay. For example, several
mutants isolated for altered ethanol-induced sedation or loss of
postural control (e.g., 2-10, 4-12, 10-110, 1514) also exhibited
altered ethanol hyperactivity (4-12, 10-110) or tolerance (1514,
2-10). These results suggest that shared genetic pathways medi-
ate different ethanol responses, even if the responses themselves
are not correlated, which may be informative in identifying the
molecular mechanisms underlying these behaviors.

In this study we measured only one of two types of tolerance
characterized in flies: rapid tolerance, which is induced by a rela-
tively brief ethanol exposure that causes intoxication.”” A second
form of tolerance, chronic tolerance, is induced by prolonged
(~24 hr) exposure to a low ethanol concentration that does not
produce overt intoxication, and is mechanistically distinct from
rapid tolerance.”” It remains to be seen whether chronic tolerance
also correlates with ethanol preference in flies. Both rapid and
chronic tolerance develop between discrete ethanol exposures; a
third form of tolerance present in mammals, acute functional tol-
erance, develops within a single intoxicating session.*® However,
acute functional tolerance has not yet been characterized in flies
as it is difficult to distinguish from naive ethanol sensitivity using
our current assays.

Our results indicate that shared genetic mechanisms underlie
ethanol tolerance and preference, but an open question is whether
this relationship occurs at the mechanistic or behavioral level.
Specifically, one possibility is that the neural or molecular path-
ways that are shared between ethanol tolerance and preference
directly promote both of these behaviors in parallel. However,
an alternative model (commonly applied to humans and rodents)
posits that animals that develop greater tolerance choose to con-
sume more ethanol because they require a greater internal ethanol
concentration in order to achieve a certain desired level of behav-
ioral intoxication. This model suggests that ethanol tolerance
and preference share the same genetic mechanisms only because
ethanol preference is directly modulated by tolerance. Regardless
of the mechanism, the positive correlation between ethanol pref-
erence and tolerance appears to be shared by flies, rodents and
humans. Thus, there are fundamental, evolutionarily conserved
biological mechanisms linking these ethanol-induced behaviors.
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Table 3. GAL4 expression patterns in the adult brain for each line

oL AL cC MB PI SEG  Other

2-10 + + + +
2-67

3-68 +
5-10 +
5-21 + + + +
5-89 + +
6-6 +
8-128 + + +
8-169

8-222 + + + +
9-91 + + + +
9-220
10-110 + + + +
14-45 + + + +
1514 + + + + +
17-3 + + + +
17-51 + + + + + + +
20-29 +

Abbreviations: OL, optic lobe; AL, antennal lobe; CC, central complex;
MB, mushroom body; Pl, pars intercerebralis; SEG, subesophageal
ganglion.

Materials and Methods

Fly stocks and maintenance. Flies were reared at 25°C and 70%
relative humidity on standard cornmeal/molasses food. Flies
tested for ethanol consumption preference were kept in a 12/12
hr light/dark cycle since feeding behavior is strongly modulated
by circadian rhythm. Flies tested in all other behavioral assays,
which only measure short term responses, were kept in constant
light in order to minimize the effect of circadian variation. All
assays were performed on 3- to 4-day-old males that were col-
lected by anesthetization with CO,. Nineteen of 20 mutants were
obtained from the Heberlein Lab P[GAL4] collection; mutant
1514 was obtained from the Japanese NP consortium (NP1514).
Mutants were outcrossed for at least five generations to the w
Berlin control strain to remove unlinked modifiers and homog-
enize the genetic background.

Mutant characterization. The genomic DNA flanking the P
elements was isolated by inverse PCR, allowing us to identify the
insertion sites. GAL4 expression was imaged in dissected brains
of GAL4/UAS-GFP adult males under a fluorescence microscope;
any observable expression within a specified region (regardless of
intensity) was noted in Table 3.

Behavioral assays. Ethanol consumption preference was mea-
sured as described using eight flies per vial.* Briefly, flies choose
between liquid food containing 0% or 15% ethanol presented
in 5 pL capillary tubes placed vertically through the top of their
vials. The volumes consumed are determined daily by measuring
the descent of each liquid column. Ethanol hyperactivity, seda-
tion and sedation tolerance were measured in the booz-o-mat,
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an 8-chambered apparatus in which flies are exposed to a specific
concentration of ethanol vapor by mixing pure ethanol vapor
with humidified air at a fixed ratio. Ethanol hyperactivity was
measured by video tracking of flies as described,* using an etha-
nol vapor concentration of 47% or 33% as specified. Maximum
hyperactivity was calculated for each vial as the average of the
three consecutive time points with the highest speed; these points
varied from vial to vial. Ethanol sedation was assayed manually
as described?® using an ethanol concentration of 67% for general
sedation assays and 73% for sedation tolerance assays. Twenty flies
per vial were used for ethanol hyperactivity, sedation and tolerance
assays.

General sedation assays were initially conducted using a
35-min ethanol exposure. Sedation sensitivity was quantified as
the time required for 50% of flies to sedate (ST50). The ST50
was calculated by linear interpolation (or linear extrapolation
if the last time point was close to 50%). Four mutants (20-29,
1514, 13-66, 4-12) did not reach 50% sedation by 35 min and
were therefore retested in a 60 min (20-29, 1514, 13—66) or 90
min (4-12) assay using different flies.

Tolerance assays were conducted using a 30-min ethanol
exposure followed by a 45-min ethanol exposure 4 hrs later.
Because many vials did not reach ST50 during either the first
or second exposure, we quantified sedation in this assay as the
time required for 25% of flies to sedate (ST25), and tolerance
was calculated as ST25 na_ - ST25,5 e FOr two mutants
(4-12 and 20-29), most vials did not come close to reaching
25% sedation; these lines were excluded from analysis because

posure

their tolerance could not be calculated.

Every fly strain was tested in each behavioral assay on at least
two separate days (n = 18 for ethanol consumption preference,
n = 10 for ethanol hyperactivity, n = 8-13 for sedation and n
= 5-7 for tolerance). Unless otherwise specified, 7 refers to the
number of vials. The control line used was w Berlin, the genetic
background for all strains tested. Mean values for the control
were obtained by averaging all experiments, but when comparing
specific mutants to the control (Figs. 1A—4A) we only compared
samples that were tested simultaneously.

Measurement of ethanol concentration. Flies were frozen in
liquid nitrogen and homogenized in 50 mM Tris-HCI (pH 7.5,
200 pL for 20 flies). Ethanol concentrations were measured in
fly homogenates using the Ethanol Assay kit from Diagnostic
Chemicals Limited (catalog no. 229-29). To calculate the ethanol
concentration in flies, the volume of one fly was estimated to be
2 wL as previously reported.*

Statistical analyses. Statistical analyses were performed using
GraphPad Prism, Version 4. Statistical significance of mutant phe-
notypes was established using Student’s t-test. Pearson’s correlation
was used for correlation analyses. All graphs represent mean + SEM.
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