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Drosophila Homer Is Required in a Small Set of Neurons
Including the Ellipsoid Body for Normal Ethanol Sensitivity
and Tolerance
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The molecular mechanisms occurring in the nervous system that underlie behavioral responses to ethanol remain poorly understood.
Here, we report that molecular requirements for two of these responses, initial sensitivity and the development of rapid tolerance, comap
to the same small set of neurons. We show that null homer mutant flies exhibit both increased sensitivity to the sedative effects of ethanol
and failure to develop normal levels of rapid tolerance. Both the sensitivity and rapid tolerance phenotypes of the homer mutants are
rescued by the expression of wild-type homer in a subset of neurons that include the ellipsoid body. Thus, some of the molecular- and
systems-level requirements for these two behavioral responses to ethanol are identical.
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Introduction
We have developed an assay system to study sensitivity and tol-
erance to the sedative effects of ethanol in Drosophila. Using this
assay system and microarray experiments, we identified many
genes that exhibit changes in gene expression after a single and/or
multiple exposures to ethanol vapor. The mRNA levels for one of
the genes identified, homer, were found to be depressed after a
single or multiple exposures to ethanol, suggesting that ethanol
may exert its behavioral effects through regulation of homer ex-
pression and/or function.

Drosophila Homer is highly homologous to mammalian
Homer1 proteins. It contains an N-terminal Enabled/Vasp ho-
mology 1 domain (EVH1) and a C-terminal coiled-coil domain
that mediates self-association (Diagana et al., 2002). Through the
EVH1 domain, mammalian Homer proteins interact with the
group 1 metabotropic glutamate receptors (mGluR1/5) (Tu et al.,
1998; Xiao et al., 1998), the inositol-triphosphate receptor
(InsP3R) (Tu et al., 1998; Xiao et al., 1998), and the postsynaptic
scaffolding protein Shank (Tu et al., 1999), implicating Homer in
the regulation and maintenance of synaptic structure and/or
plasticity. Drosophila lacking Homer (homerR102) exhibit deficits
in behavioral plasticity as assayed by the courtship conditioning

paradigm and in the control of locomotor activity (Diagana et al.,
2002). In addition, yeast two-hybrid studies have confirmed a
direct interaction between Drosophila Homer and Drosophila
Shank (Diagana et al., 2002). Interestingly, the Homer1 and Hom-
er2 genes in mammals participate in different neurophysiological
and behavioral functions (Szumlinski et al., 2006). Homer2 mu-
tant mice fail to develop place preference or locomotor sensitiza-
tion to repeated presentations of ethanol and are more sensitive
to ethanol sedation (Szumlinski et al., 2003, 2005), whereas Hom-
er1 knock-outs (KOs) exhibit heightened anxiety and impaired
sensorimotor processing and working memory because of the
likely requirement for Homer1 function in the prefrontal cortex
(Lominac et al., 2005; Szumlinski et al., 2006).

To determine whether Homer mediates some of the behav-
ioral adaptations underlying ethanol action in Drosophila, homer
null mutant flies (Diagana et al., 2002) were tested for ethanol
sensitivity and rapid tolerance. Rapid tolerance is defined as the
attenuated response to ethanol that occurs from a single exposure
and after elevated blood levels from the initial exposure have
returned to near basal levels (Crabbe et al., 1979). Here we report
that homerR102 null mutant flies display increased sensitivity to
ethanol and fail to develop normal levels of rapid tolerance, both
of which are rescued by pan-neuronal expression of wild-type
homer. We also show rescue of these homer phenotypes by expres-
sion of wild-type homer in a subset of neurons of the ellipsoid
body, a neural structure that makes up part of the central com-
plex, a series of neuropil structures implicated in the control of
locomotor activity from genetic manipulation experiments
(Strauss et al., 1992; Strauss and Heisenberg, 1993; Martin et al.,
1999). These studies establish Drosophila Homer as an important
mediator of ethanol action and identify the neuronal networks in
the ellipsoid body as essential for the expression of normal etha-
nol sensitivity and tolerance.
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Materials and Methods
Drosophila strains and genetics. The homerR102 mutant and P{UAS-
homer-myc} transgenic flies were obtained from J. B. Thomas (The Salk
Institute for Biological Studies, San Diego, CA). Flies were maintained on
a 12 h dark/light cycle on standard Drosophila medium at 25°C and 60%
relative humidity. The white-eyed Canton S (CS) line, w(CS10), was used
as the wild-type control in all experiments. All mutant, P{GAL4}, and
P{UAS} transgenic lines were outcrossed to the w(CS10) control line for
six generations to normalize the genetic background. Male flies of 2–5 d
of age were used for all experiments.

Sensitivity and tolerance assays. We developed a new and simple test
apparatus that allows us to expose Drosophila to constant ethanol vapor
at controlled concentrations and measure sensitivity, rapid, and chronic
tolerance. This apparatus consists of a circular Plexiglas manifold that
distributes pressurized ethanol vapor to eight empty clear plastic fly vials
arranged around its circumference. Flies are placed in the empty fly vials,
and ethanol vapor is passed through the vials. The behavior of the flies is
easily scored through the walls of the vials by an observer.

Flies were collected and placed in vials containing fresh food (30 flies
per vial) for 24 h before behavioral testing. They were then transferred to
the empty plastic vials of the test apparatus and exposed to humidified air
(30 ml/min) for 30 min before testing. Flies were subsequently exposed to
a stream of ethanol vapor (56% unless noted) at a flow of 160 ml/min for
50 min to test for ethanol sensitivity. The ethanol vapor was produced by
bubbling fresh air through an ethanol solution and mixing the vapor with
a stream of humidified air. The % ethanol refers to the percentage of the
final air/ethanol stream made up of the air bubbled through ethanol. The
percentage of flies sedated in each vial of the test apparatus was recorded
at 5 min intervals. A fly was counted as being sedated if it was motionless
and had fallen onto its back or side.

For the standard assay of rapid tolerance, flies were exposed to a stream
of high-concentration ethanol vapor (50 –70%) at a flow rate of 130
ml/min for 40 min. At the end of this treatment, the percentage of flies
sedated in each vial was recorded. Flies were then allowed to recover for
80 min in the presence of 10% ethanol vapor at a reduced flow rate of 30
ml/min in vials with food. To test for the development of rapid ethanol
tolerance, flies were re-exposed to a stream of high-concentration etha-
nol vapor, and the percentage of flies sedated in each vial at the end of the
40 min treatment was recorded. Chronic tolerance assays were simple
extensions of the rapid tolerance assays. For chronic tolerance, the flies
received three additional exposures of concentrated ethanol vapor with a
recovery period of 80 min between each exposure in the presence of 10%
ethanol in vials with food. After a total of five sequential exposures, flies
were rested overnight in the presence of 10% ethanol vapor in vials with
food. They were tested at 24 h after the first exposure by challenging them
with a 40 min presentation of high-concentration ethanol. The ethanol
concentration used for different experiments varied, as indicated in the
text and figure legends, but was normally between 50 and 70%.

Microarray experiments. For each microarray hybridization, total RNA
from the heads of 60 flies was used. Seventeen independent whole ge-
nome microarray hybridizations were performed. Five sets of flies re-
ceived humidified air at 30 ml/min for 50 min (naive group). Six sets
received humidified air for 50 min, followed by a single exposure of 50%
ethanol vapor for 40 min, and were allowed to recover for 80 min in 10%
ethanol vapor (30 ml/min) in vials with food before receiving a second
exposure of humidified air for 40 min (rapid tolerance group). Six sets
received humidified air for 50 min, followed by five exposures of 50%
ethanol vapor for 40 min with 80 min of humidified air plus 10% ethanol
in vials with food between each exposure to 50% ethanol vapor; after the
fifth treatment, flies were allowed to recover overnight in 10% ethanol
vapor in vials with food before being exposed to humidified air for 40
min at exactly 24 h after the initial treatment (chronic tolerance group).
For all groups, flies were collected and frozen in liquid nitrogen imme-
diately after the last treatment. Fly heads were separated from bodies and
were used for RNA extraction.

For each set of flies, total RNA was isolated from heads using the
Qiagen (Chatsworth, CA) RNAeasy kit. RNA (5 �g from each set of flies)
was processed using standard Affymetrix (Santa Clara, CA) protocols

(GeneChip Expression Analysis Technical Manual, 2001). Biotinylated
cRNA was synthesized in vitro from the double-stranded cDNA using the
ENZO BioArray High Yield RNA Transcript Labeling kit (ENZO Diag-
nostics, Farmingdale, NY). Yields of labeled RNA from whole heads were
high, and 15 �g of fragmented, biotinylated cRNA was mixed into 300 �l
of a hybridization mixture, of which 200 �l was used for each hybridiza-
tion experiment. Hybridization was for 17 h at 42°C. Washing, staining,
and scanning were performed according to standard protocols.

The intensity signals obtained from the microarray chips stored in
CEL files were extracted and normalized by the DNA-Chip Analyzer
(dChip) program (Li and Wong, 2001). The RNA expression levels of
each probe set were calculated as model-based expression indexes
(MBEI) by the dChip program and exported to the R program (Ihaka and
Gentleman, 1996) for one-way ANOVA analyses. These results were ex-
ported to Microsoft (Redmond, WA) Excel for additional analyses such
as sorting and filtering. The fold change was calculated by dividing the
average MBEI for each gene in each ethanol-treated population with the
corresponding average MBEI in the naive animal population.

Ethanol absorption and metabolism. To study ethanol absorption, flies
were exposed to 56% ethanol vapor at a 160 ml/min flow rate for 0, 20, or
40 min. Immediately after exposure, flies were frozen in liquid nitrogen
and homogenized in 300 �l of 50 mM Tris-HCl, pH 7.5. The homogenate
was then centrifuged at 15,000 � g at 4°C for 20 min, and the supernatant
was collected. The ethanol concentration in the supernatant was mea-
sured using the Ethanol ASSAY (Diagnostic Chemicals, Oxford, CT). To
determine whether equivalent amounts of flies were assayed for each
genotype, the protein concentration in the fly extracts was measured
using the Protein Assay Dye Reagent Concentrate (Bio-Rad, Hercules,
CA). Ethanol metabolism in flies was studied by exposing flies to 56%
ethanol vapor for 40 min and allowing flies to recover for 0, 20, 40, or 80
min. The ethanol concentration in fly extracts was measured at the end of
each recovery period, and ethanol concentrations were determined.

Immunofluorescence. Immunofluorescence analysis of Homer expres-
sion in Drosophila head sections was performed as described previously
(Diagana et al., 2002). Drosophila Homer was stained with a rat anti-
Homer primary antibody (a kind gift from U. Thomas, Leibniz Institute
for Neurobiology, Magdeburg, Germany) and the Alexa Fluor 488 goat
anti-rat secondary antibody (Invitrogen, Eugene, OR). The dilutions for
rat anti-Homer and Alexa 488 goat anti-rat antibodies were 1:1000 and
1:200, respectively. For confocal studies, Drosophila brains were dissected
and stained with rat anti-Homer. This was followed by incubation with
the Alexa Fluor 488 goat anti-rat secondary antibody. The brain samples
were then mounted in Vectashield. The dilutions for rat anti-Homer and
Alexa 488 goat anti-rat antibodies were 1:1000 and 1:500, respectively. All
images presented are z-projections generated by ImageJ of 30 serial sec-
tions through the brain.

Rescue experiments. For rescue experiments, P{UAS-homer-myc} and
P{GAL4} transgenic lines were crossed into the homerR102 mutant back-
ground to generate homerR102,P{UAS-homer-myc}/homerR10 2 flies also
carrying a GAL4 element. Flies were genotyped for the homerR102

deletion by PCR using the following primers: dH-F2, 5�-CATGTAG-
GCGCACAACTAGACAGTC-3�; and dH-R1, 5�-GCCTTGAGCCA-
ATGACGGTCAACGC-3�. For rescue experiments, male flies were F1
progeny of a genetic cross [e.g., homerR102 flies carrying a P{GAL4} driver
were crossed to homerR102;P{UAS-homer-myc} flies].

Data analysis. Sedation data for Figure 1 A were analyzed by an
ANOVA with repeated measures, followed by a Bonferroni post hoc test.
For all other sensitivity assay experiments, a logarithmic function that
best fit the sedation data was created using Microsoft Excel, where y is
time (minutes) and x is the percentage sedated. From this function, the
time at which 50% of the flies were sedated (T50%) was calculated for each
genotype. For each of the experiments, the T50% for each genotype was
analyzed by one-factor ANOVA, followed by Bonferroni post hoc tests.
For the tolerance experiments, the sedation data were analyzed by a t test
or an ANOVA, followed by Bonferroni post hoc tests. All experiments
included an n � 4, where each n is the mean � SEM of the percentage of
flies sedated among two or four vials of one test apparatus within an
experiment. As described above, the test apparatus holds eight vials.
Therefore, for experiments in which only two genotypes were being an-
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alyzed, each n is the mean of four vials attached to the test apparatus. For
experiments in which three to four genotypes were being analyzed, each
n is the mean of two vials attached to the test apparatus.

Microarray data. The complete microarray dataset from experiments
presented here can be found at http://www.ncbi.nlm.nih.gov/projects/
geo/using the accession number GSE4531.

Results
Ethanol sensitivity and tolerance in Drosophila
We first developed a simple apparatus that allows us to expose
Drosophila to a constant stream of ethanol vapor at controlled
concentrations. Using this apparatus, we established three inde-
pendent assays to study sensitivity and tolerance to the sedative
effects of ethanol. For the ethanol sensitivity assay, flies contained
in empty plastic vials were exposed to ethanol vapor for 50 min,
and the percentage of flies sedated was recorded at 5 min inter-
vals. Using this assay, we measured the ethanol sensitivity of
w(CS10) flies at three ethanol concentrations (Fig. 1A). At all
ethanol concentrations tested, the percentage of flies sedated
continued to increase with time immediately after the onset of
sedation. The sensitivity to ethanol was dose dependent.

Previous studies have shown that flies develop rapid and
chronic tolerance to the intoxicating effects of ethanol after one
or several treatments of ethanol vapor, respectively, and that this
tolerance is not caused by changes in ethanol absorption or me-
tabolism (Scholz et al., 2000; Berger et al., 2004). To assay rapid
tolerance, flies were exposed to ethanol vapor for 40 min and
allowed to recover for 80 min in the presence of 10% ethanol
vapor and food. Flies were then re-exposed to ethanol vapor for
40 min, and their sedation quantified. When tested in this assay,
CS flies developed rapid tolerance to the sedative effects of etha-
nol. The percentage of flies sedated at the end of the second
treatment (�10%) was significantly less than the percentage of
flies sedated at the end of the first treatment (�70%) (Fig. 1B,
single arrow).

In our experiments, flies were allowed to recover in the pres-
ence of 10% ethanol vapor in food vials. We found that ethanol
levels fall close to basal levels with a recovery period of 80 min in
10% ethanol vapor in a vial with food after an acute exposure
(supplemental Fig. 1B, available at www.jneurosci.org as supple-
mental material). However, rapid tolerance develops, as illus-
trated in Figure 1B, even when flies are rested for 80 min in the
presence of humidified air (data not shown).

In flies, extended treatment with concentrated bouts of etha-
nol vapor interspersed with low levels produces chronic toler-
ance. We treated flies with five 40 min treatments of ethanol on
day 1, each followed by an 80 min recovery period. After the fifth
treatment, the flies were allowed to recover overnight. To test for
the development of chronic ethanol tolerance, the flies were then
re-exposed to ethanol vapor 24 h after the initial exposure. The
percentage of flies sedated at the end of the last treatment was
then compared with the percentage of flies sedated at the end of
the initial treatment. A large decrease in the percentage of flies
sedated at 24 h compared with the percentage of flies sedated by
the initial treatment indicates the development of chronic toler-
ance. We found that CS flies developed chronic ethanol tolerance
using this assay (Fig. 1B, double arrow).

Using the data from Figure 1B, we next calculated the decrease
in the percentage of flies sedated between the first and second
ethanol treatment and between the first and sixth treatment.
Thus, for CS male flies, 87 � 4% of the flies that were sedated
during the first treatment were not sedated during the second
treatment, and 72 � 7% of the flies sedated during the first treat-

ment were not sedated during the sixth treatment (Fig. 1B). We
define the change in the percentage of flies sedated between the
first and second treatments as rapid tolerance and between the
first and sixth treatment as chronic tolerance. Rapid and chronic
tolerance are quantified and presented graphically in this way in
subsequent figures (Fig. 2B).

Microarray experiments identify adaptive changes in gene
expression with ethanol exposure
Using microarray experiments, we identified many genes that
exhibit a change in expression in the heads of flies in response to

Figure 1. Sensitivity and tolerance to the sedative effects of ethanol. A, The ethanol sensi-
tivity of w(CS10) male flies is dose dependent. Sensitivity to ethanol was measured at three
increasing concentrations of ethanol vapor (43, 50, and 56%). The percentage of flies sedated
was recorded at 5 min intervals and plotted as a function of time. Time points significantly
different between the three groups after repeated-measures ANOVA and post hoc Bonferroni/
Dunn comparisons are indicated by an asterisk (n � 4; *p � 0.0167). B, Flies developed both
rapid and chronic ethanol tolerance. The CS male flies received five treatments (40 min each) of
concentrated ethanol vapor (50%) on day 1. Between treatments and after the last treatment
on day 1, flies were allowed to recover in the presence of 10% ethanol vapor in vials with food.
To test for chronic ethanol tolerance, flies received a 40 min treatment 24 h after the initial
treatment. The percentage of sedation on the second treatment compared with the first treat-
ment was used as a measure of rapid ethanol tolerance. The percentage of sedation on the sixth
treatment compared with the first treatment was used as a measure of chronic ethanol toler-
ance. The percentage of sedation on the second and sixth treatments was significantly different
from the first as measured by a one-factor ANOVA and post hoc Bonferroni/Dunn comparisons
(n � 4; *p � 0.0001). Error bars indicate SEM.
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a single and/or several treatments of ethanol. For this experiment,
mRNA from the heads of 2- to 5-d-old CS flies was isolated from
naive flies and from flies that received either one or five treat-
ment(s) of ethanol vapor (50%). To ensure that the mRNA was
extracted at a time when the flies are known to display rapid
tolerance, flies that received one treatment of ethanol vapor were
collected after a recovery period of 120 min (Fig. 1B, single ar-
row). Similarly, flies that received five treatments of ethanol were
allowed to recover overnight and were collected at a time when
flies are known to display chronic tolerance (Fig. 1B, double
arrow). The mRNA was extracted separately from each group of
flies and used to generate probes for hybridization to 17 indepen-
dent Affymetrix Drosophila genomic oligonucleotide microar-
rays. Using the R statistical program to perform one-way
ANOVA, 647 of 14,000 genes were identified as exhibiting signif-
icant changes in mRNA expression at a p value of �0.001 (sup-
plemental Table 1, available at www.jneurosci.org as supplemen-
tal material). Of the 647 genes, 26% exhibited changes in
response to the single treatment with ethanol but not to the
chronic treatment (series of five treatments) with ethanol, indi-
cating that the mRNA levels of these genes returned to basal levels
after their initial upregulation or downregulation (Table 1). The
mRNA level of 29% of the 647 genes changed only in response to
chronic treatment with ethanol, indicating that there are specific
changes in gene expression that occurred from prolonged expo-
sure to ethanol but not from one treatment of ethanol. Alterna-
tively, it is possible that some of these genes were altered by one
exposure but that their response was delayed relative to the expo-
sure. Genes that follow the other four possible patterns of alter-
ation were also detected, including those that were increased in
both the rapid and chronic treatment groups, decreased in both

4

flies as measured by a one-factor ANOVA, followed by post hoc analysis using the Bonferroni/
Dunn test (n � 4; *p � 0.0167). B, The homerR102 mutants developed significantly less rapid
ethanol tolerance than control w(CS10) flies, whereas the homerR102/� flies developed rapid
tolerance that was not significantly different from either the w(CS10) or the homerR102 flies.
Because flies of the different genotypes exhibited differences in sensitivity, the w(CS10) and
homerR102/� flies were exposed to a higher ethanol vapor concentration than homerR102 flies
so that the initial percentage of sedation would be normalized among groups. The w(CS10) flies
showed a 64% decrease in the number of flies sedated during the second treatment, whereas
the homerR102 flies showed a 45% decrease. The asterisk indicates significant differences as
determined by a one-factor ANOVA, followed by post hoc analysis with the Bonferroni/Dunn test
(n � 5, *p � 0.0167). C, The impairment of rapid tolerance is independent of the ethanol vapor
concentration used to induce rapid tolerance. At three ethanol concentrations tested, the per-
centage of flies sedated at the end of the second exposure was significantly less than the
percentage of flies sedated at the end of the first exposure for both genotypes. At each of the
concentrations used to induce rapid tolerance, the w(CS10) control flies exhibited a 70% de-
crease in the percentage of flies sedated during the second ethanol exposure, whereas the
homerR102 mutant flies displayed only a 30% decrease with significance determined by t tests
(n � 4; *p � 0.01). Error bars indicate SEM. ns, Not significant.

Figure 2. Increased ethanol sensitivity and impaired rapid tolerance of homerR102 mutant
flies. A, The homerR102 mutants exhibited increased and recessive sensitivity to the sedative
effects of ethanol vapor. Using a best-fit function, the time at which 50% of the flies were
sedated (T50%) using 56% ethanol vapor was calculated for each of the genotypes. The T50% of
the homerR102 flies was significantly different from the T50% of the w(CS10) and homerR102/�

Table 1. Microarray results

Category Number of genes

Rapid (1) 106
Chronic (1) 82
Rapid (2) 65
Chronic (2) 105
Rapid (2) chronic (2) 94
Rapid (1) chronic (1) 78
Rapid (1) chronic (2) 60
Rapid (2) chronic (1) 57
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groups, or showed opposite patterns between these two treat-
ment groups.

One hundred fifty-three of the 647 genes that exhibited signifi-
cant changes in response to one or chronic ethanol treatment have a
known biological function. The remaining genes have only CG iden-
tifiers with the biological function of some of these genes deduced
from sequence homology with other genes. The 647 genes encode
several different categories of proteins, including transcription fac-
tors, signaling proteins, RNA-binding proteins, and metabolic en-
zymes, suggesting that ethanol exposure produces a broad and per-
haps coordinated response in gene expression. There were several
gene families present prominently in the gene list of the 647 ethanol-
responsive genes. For instance, the expression of 12 glutathione
transferase genes and 16 cytochrome P450 genes changed in re-
sponse to ethanol treatment. The expression of most of these genes
was elevated after one treatment of ethanol. These two families of
genes have been reported to be closely involved in the metabolism of
ethanol in mammals (McKillop and Schrum, 2005). Our microarray
data suggest that specific forms of these detoxifying enzymes are
deployed robustly after ethanol exposure. Many structural proteins,
such as the actins and myosins, tended to decrease in expression with
ethanol treatment.

Increased ethanol sensitivity and decreased ethanol tolerance
in homerR102 mutants
One of the genes with altered expression that piqued our interest
was homer. We observed a 17 and 24% decrease in homer mRNA
expression in response to a single or multiple ethanol exposures,
respectively. Although these decreases were modest, they were
significant and highly reproducible. Because our goal was to de-
fine genes that are functionally involved in ethanol-related be-
haviors, we opted to examine the behavioral responses of homer
mutants, rather than to spend time validating the changes in
expression level using additional assays of the many candidate
genes identified by the microarray experiments. We focused on
testing the sensitivity and rapid tolerance of homer mutant flies
(homerR102). For sensitivity tests, w(CS10) and homerR102 mutant
male flies were exposed to ethanol vapor (56%) for 50 min; the
mean onset of sedation for the homerR102 mutant flies occurred
�5 min earlier than the mean onset of sedation for control flies,
and a larger fraction of homer mutant flies compared with control
flies were sedated at each subsequent time point (Fig. 2A). Thus,
homer mutants displayed a significant increase in ethanol sensi-
tivity compared with w(CS10) control flies, indicating that homer
gene function is probably required for establishing normal sensi-
tivity levels. The sensitivity of males heterozygous for the hom-
erR102 deletion was also tested. The homerR102 heterozygous flies
displayed ethanol sensitivity that was indistinguishable from
w(CS10) control flies (Fig. 2A), demonstrating that the homerR102

ethanol sensitivity phenotype is recessive.
We next examined the ability of homerR102 mutant flies to

develop rapid ethanol tolerance to the sedative effects of ethanol.
The homerR102 mutant and w(CS10) male flies were exposed to
constant ethanol vapor for 40 min and allowed to recover for 80
min. To compare tolerance between genotypes, homerR102 mu-
tant flies received a lower concentration of ethanol vapor (61% vs
69%), so that the initial percentage of sedation of homerR102 mu-
tant flies was indistinguishable from that of w(CS10) control flies.
To test for the development of rapid ethanol tolerance, flies were
then re-exposed after recovery to the same initial concentration
of ethanol vapor for 40 min. When compared with the control
w(CS10) male flies, homerR102 mutant male flies developed sig-
nificantly less ethanol tolerance (Fig. 2B). Whereas only 45% of

homerR102 flies developed rapid tolerance, 64% of w(CS10) flies
developed rapid tolerance. Thus, deletion of the homer gene re-
sults in a defect in the development of rapid ethanol tolerance.
Flies heterozygous for the homerR102 deletion were also tested for
the development of ethanol tolerance. The homerR102 heterozy-
gous males displayed ethanol tolerance that was intermediate
between the w(CS10) and the homerR102 flies (Fig. 2B).

To confirm and extend these results, we compared the rapid tol-
erance developed by homerR102 and w(CS10) flies at three increasing
ethanol vapor concentrations. Although both genotypes developed
rapid tolerance at each of the concentrations tested (Fig. 2C), the
homerR102 mutant flies failed to develop the same level of tolerance as
the control flies. Thus, the tolerance phenotype observed in Figure
2B is not attributable to the lower concentration of ethanol vapor
used to produce the initial sedation of the homerR102 flies.

Ethanol absorption and metabolism in homerR102 mutants
One possible explanation for the altered ethanol sensitivity and
rapid tolerance phenotypes observed for the homer mutant is a
defect in ethanol absorption and/or metabolism in the mutant
flies. To determine whether the homer deletion alters ethanol
absorption, the ethanol concentration in fly extracts prepared
from homerR102 and w(CS10) flies exposed to constant ethanol
vapor (56%) for 0, 20, or 40 min was measured. The ethanol
concentration in extracts of homerR102 flies was indistinguishable
from that of w(CS10) control flies at all time points during
the initial exposure (supplemental Fig. 1A, available at www.
jneurosci.org as supplemental material), indicating that the
homer deletion does not alter ethanol absorption. Next, we tested
whether the homer deletion alters ethanol metabolism. The
w(CS10) control and homerR102 mutant flies were exposed to
constant ethanol vapor (56%) for 40 min and allowed to recover
for 20, 40, or 80 min. The ethanol concentration of homerR102

mutant and w(CS10) flies was not significantly different at the 20
and 40 min time points (supplemental Fig. 1B, available at www.
jneurosci.org as supplemental material). The ethanol concentra-
tion of the w(CS10) flies was significantly higher than the
homerR102 flies at the 80 min time point; however, these results
cannot explain the increased ethanol sensitivity of the homerR102

flies. In addition, we tested whether one exposure to ethanol
vapor alters the ethanol absorption during a second exposure,
using the same treatment schedule used for assaying rapid toler-
ance. Previous treatment with ethanol also failed to uncover a
difference between the homer mutants and controls in adsorption
of ethanol (supplemental Fig. 1C, available at www.jneurosci.org
as supplemental material) at the 40 min time point when rapid
ethanol tolerance is measured. Thus, the homerR102 ethanol-
related phenotypes are difficult to explain by inherent or ethanol-
induced differences in ethanol absorption and/or metabolism
between homer mutants and normal controls. This conclusion is
reinforced by the mapping of the requirement for Homer activity
to a specific set of neurons in the brain (see below).

Rescue of ethanol sensitivity and rapid tolerance phenotypes
with pan-neuronal expression of Homer
To determine whether the absence of homer expression in the
nervous system is responsible for the ethanol sensitivity and tol-
erance phenotypes observed in the homerR102 mutant flies, we
used the GAL4-UAS system to drive wild-type homer expression
in the nervous system of homer mutant flies. Because homer is
expressed in the central and peripheral nervous systems, we first
used the pan-neuronal c155-GAL4 driver line to express homer in
all neurons. The homerR102 mutant flies carrying the c155-GAL4
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driver and a P{UAS-homer-myc} transgene
were generated and tested for both ethanol
sensitivity and rapid tolerance. Pan-
neuronal expression of wild-type homer
restored the ethanol sensitivity of hom-
erR102 flies to w(CS10) control levels (Fig.
3A). The T50% of the w(CS10) flies was not
significantly different from the T50% of
the c155-GAL4;homerR102,P{UAS-homer-
myc}/homerR102 flies. Neither the c155-
GAL4 driver (Fig. 3B) nor the P{UAS-
homer-myc} transgene alone (Fig. 3C)
altered the ethanol sensitivity of homerR102

mutant flies, indicating that the rescue re-
quired the presence of both the driver and
UAS-homer. Thus, expression of wild-type
homer in the nervous system is sufficient
for conferring normal ethanol sensitivity
to Drosophila. Additionally, pan-neuronal
expression of wild-type homer in the
homerR102 mutant flies rescued the rapid
tolerance phenotype to levels observed in
w(CS10) flies (Fig. 3D). To compare etha-
nol tolerance between genotypes, flies re-
ceived ethanol vapor concentrations that
yielded an initial sedation of 80%. Thus,
c155-GAL4;homerR102 and homerR102,
P{UAS-homer-myc}/homerR102 flies were
exposed to a lower concentration of etha-
nol vapor than w(CS10) and c155-GAL4;
homerR102,P{UAS-homer-myc}/homerR102

flies. Neither the c155-GAL4 driver (Fig.
3D) nor the P{UAS-homer-myc} transgene
alone altered the ethanol tolerance of the
homerR102 mutant flies. Rescue of the rapid
tolerance phenotype was not dependent
on the concentration of ethanol used to
induce rapid tolerance. At two different
ethanol concentrations, pan-neuronal ex-
pression of the P{UAS-homer-myc} trans-
gene with the c155-GAL4 driver rescued
the rapid tolerance phenotype of the
homerR102 flies (Fig. 3E,F). The rescue of
the behavioral phenotypes in response to
ethanol administration by pan-neuronal
expression of homer proves that deletion of
homer is responsible for the homerR102 be-
havioral phenotypes and that Homer reg-
ulates both ethanol sensitivity and rapid
tolerance by acting within the nervous
system.

To determine whether increased ex-
pression of Homer in the nervous system
alters ethanol-induced behaviors, c155-
GAL4; P{UAS-homer-myc} flies were also
tested for ethanol sensitivity and rapid tol-
erance. The overexpression of Homer in
the nervous system did not alter ethanol
sensitivity (Fig. 4A) nor did it significantly alter rapid ethanol
tolerance (Fig. 4C). Neither the c155-GAL4 driver nor the
P{UAS-homer-myc} transgene alone altered the ethanol sensitiv-
ity (Fig. 4B) or the development of rapid tolerance (Fig. 4D) of
w(CS10) flies.

Homer expression in the Drosophila adult brain
Previous studies have reported that homer is expressed through-
out the peripheral and central nervous systems of Drosophila
(Diagana et al., 2002). To characterize the expression pattern of
Homer in the adult brain, we examined its expression by immu-

Figure 3. Rescue of homerR102 ethanol sensitivity and rapid tolerance phenotypes by pan-neuronal expression of wild-type
Homer. A, Pan-neuronal expression of P{UAS-homer-myc} by the c155-GAL4 driver rescued the homerR102 ethanol sensitivity
phenotype to w(CS10) control levels. The T50% was calculated for each of the geneotypes. The T50% of the homerR102 flies was
significantly different from the T50% of the w(CS10) and c155-GAL4;homerR102,P{UAS-homer-myc}/homerR102 flies as measured by
a one-factor ANOVA and post hoc Bonferroni/Dunn comparisons (n � 6; *p � 0.0167). B, Mutant homerR102 flies carrying the
c155-GAL4 driver alone showed ethanol sensitivity indistinguishable from homerR102 mutant flies. The T50% of the homerR102 flies
was not significantly different from the T50% of the c155-GAL4 flies as measured by a one-factor ANOVA and post hoc Bonferroni
comparisons (n �6; *p �0.0167). C, Mutant homerR102 flies carrying the UAS-homer transgene alone showed ethanol sensitivity
indistinguishable from homerR102 mutant flies. The T50% of the homerR102 flies was not significantly different from the T50% of the
UAS-homer flies as measured by a one-factor ANOVA and post hoc Bonferroni comparisons (n � 5; *p � 0.0167). D, Pan-neuronal
expression of P{UAS-homer-myc} by the c155-GAL4 driver rescued the homerR102 rapid tolerance phenotype. Because flies with
the different genotypes exhibited differences in sensitivity, the ethanol vapor concentration was adjusted to achieve 80% per-
centage sedation on the first treatment to normalize among groups. The asterisk indicates significant differences as determined
by one-factor ANOVA and post hoc Bonferroni/Dunn comparisons (n � 5; *p � 0.0083). E, F, The rescue of the homerR102 rapid
tolerance phenotype by pan-neuronal expression of P{UAS-homer-myc} was independent of the ethanol vapor concentration used
to induce rapid tolerance. Asterisks indicate significant differences as determined by a one-factor ANOVA and post hoc Bonferroni/
Dunn comparisons (n � 4; *p � 0.0083). Error bars indicate SEM. ns, Not significant.
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nofluorescence on frozen sections using a primary antibody
against the N terminus of Homer. In frontal brain sections, a
moderate level of staining was apparent in most neuropil areas
(Fig. 5A), including the ellipsoid body and fan-shaped body of
the central complex (Fig. 5E) and the antennal lobes (Fig. 5F).
This staining was specific to the homer gene product because no
staining was observed in sections from homerR102 flies (Fig.
5B,D). The most intense staining was observed in the optic lobes
and protocerebral bridge of the central complex (Fig. 5C). The
level of staining approached background levels in the calyces,
peduncles, and lobes of the mushroom bodies (Fig. 5A,C and
data not shown). Therefore, homer is broadly expressed in the
adult brain with an interesting and conspicuous reduction or
absence in the mushroom bodies. It remains unknown from
these experiments whether the Homer protein is localized
postsynaptically within neurons or whether there exists a broader
subcellular distribution pattern.

Expression of homer in the ellipsoid
body rescues the ethanol sensitivity
and rapid tolerance phenotypes of
homerR102 mutants
To map the brain regions that require
homer expression for normal ethanol sen-
sitivity and rapid tolerance, GAL4 en-
hancer trap lines with limited spatial ex-
pression in the brain were selected for
rescue experiments. P{GAL4} drivers were
placed in the homerR102 mutant back-
ground and crossed to homerR102,P{UAS-
homer-myc}/homerR102 flies. The ethanol
sensitivity of male progeny from these
crosses was then tested. Of the 16 P{GAL4}
lines tested for rescue of homerR102 mutant
flies, 10 displayed indistinguishable etha-
nol sensitivity from the homerR102 mutant
flies (data not shown). These included
lines with expression in the antennal lobes
(c522), median bundle (c522), mushroom
bodies (121Y, 247, 103Y, c522), optic lobes
(c107), suboesophageal ganglion (c522),
the pars intercerebralis (dilp2, 121Y), and
the central complex (121Y, 078Y, c232,
c105, c522, c107, 103Y, c481) (Table 2). An
additional three lines (189Y, c481, c302)
showed altered ethanol sensitivity in the
absence of the P{UAS-homer-myc} trans-
gene (data not shown). Most importantly,
however, the P{GAL4} driver line c819-
GAL4, which has been reported to drive
expression specifically in the R2 and R4m
Ring neurons of the ellipsoid body (Renn
et al., 1999), showed significant rescue of
the ethanol sensitivity phenotype (Table 2;
Fig. 6A). The rescue of the homerR102 eth-
anol sensitivity required the presence of
both the c819-GAL4 driver and the
P{UAS-homer-myc} transgenes, because
homerR102;c819-GAL4/� flies displayed
similar ethanol sensitivity to the homerR102

flies (Fig. 6B).
We then tested the c819-GAL4 line

for rescue of the rapid tolerance pheno-
type in the homerR102 mutant flies. Ex-

pression of homer in the homerR102 mutant flies using the c819-
GAL4 driver rescued the tolerance phenotype at two distinct
ethanol tolerance concentrations (Fig. 6C,D). The homerR102

flies carrying the c819-GAL4 driver and the UAS-homer trans-
gene exhibited rapid tolerance that was not significantly dif-
ferent from w(CS10) flies (Fig. 6C,D). No rescue of the rapid
tolerance phenotype was observed in homerR102 flies carrying
the driver or the UAS-homer transgene alone. These experi-
ments show that the c819-GAL4 driver defines the subset of
brain neurons in which expression of wild type homer is suffi-
cient for conferring normal ethanol sensitivity and rapid
tolerance.

To further validate these results, we tested a second GAL4 line
reported to drive expression in the same subset of ellipsoid body
neurons as the c819-GAL4 line (Renn et al., 1999). Expression of
the P{UAS-homer-myc} transgene with the c42-GAL4 driver in
homerR102 flies rescued both the ethanol sensitivity (Fig. 7A) and

Figure 4. Flies overexpressing Homer develop normal sensitivity and rapid ethanol tolerance. A, The ethanol sensitivity of
w(CS10) flies carrying the pan-neuronal driver c155-GAL4 and the P{UAS-homer-myc} transgene was not significantly different
from w(CS10) flies. The T50% of the c155-GAL4;P{UAS-homer-myc} flies was not significantly different from the T50% of the
w(CS10) flies but was significantly different from the T50% of the homerR102 flies, as measured by one-factor ANOVA and post hoc
Bonferroni/Dunn comparisons (n � 4; *p � 0.0167). B, The ethanol sensitivity of w(CS10) flies carrying the c155-GAL4 driver or
the P{UAS-homer-myc) transgene alone was not significantly different from the w(CS10) flies. No significant differences were
observed between the T50% of the w(CS10), c155-GAL4, and P{UAS-homer-myc} flies as determined by a one-factor ANOVA and
Bonferroni/Dunn comparisons (n � 4). C, The w(CS10) flies carrying the pan-neuronal driver c155-GAL4 and the P{UAS-homer-
myc} transgene displayed intermediate rapid tolerance compared with w(CS10) and homerR102 control flies. The asterisk indicates
significant differences as determined by a one-factor ANOVA and post hoc Bonferroni/Dunn comparisons (n � 5; *p � 0.0167).
D, No significant differences in the development of rapid tolerance were observed between the w(CS10), c155-GAL4, and P{UAS-
homer-myc} flies as determined by a one-factor ANOVA and post hoc Bonferroni/Dunn comparisons (n � 4). Error bars indicate
SEM. ns, Not significant.
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rapid tolerance phenotype (Fig. 7C). The
c42-GAL4 driver alone did not alter the
homer mutant phenotypes (Fig. 7B,C).

We also studied the effects of overex-
pression of Homer in w(CS10) flies with
the c819-GAL4 driver on sensitivity and
on rapid tolerance. Overexpression of
Homer with the c819-GAL4 driver did not
alter ethanol sensitivity (Fig. 6E), nor did
it significantly alter rapid ethanol toler-
ance (Fig. 6F).

The c819-GAL4 and c42-GAL4 lines
drive UAS-homer expression in Ring
neurons of the ellipsoid body
We carefully examined the expression of
Homer in the brains of homerR102,P{UAS-
homer}/homerR102;c819-GAL4 and of
homerR102,P{UAS-homer}/homerR102;c42-
GAL4 flies by immunofluorescence. As il-
lustrated in Figure 8, Homer expression
was observed in the Ring neurons of the
ellipsoid body. Specifically, the expression
was observed in the R2 and R4 morpho-
logical subtypes of these neurons. Homer
expression was observed in the cell bodies
(Fig. 8A,C, CB) of the R2 and R4 neurons
and in the neurites that split to send den-
drites into the lateral triangle (Fig. 8B,D,
LT) and axons into the ellipsoid body (Fig.
8B,D, EB). Although c819-GAL4 and c42-
GAL4 drive expression in a few other cells
in the adult brain (Fig. 8), the ellipsoid
body is the major site of common expres-
sion, and this brain region has been impli-
cated in ethanol sensitivity through studies
of the involvement of protein kinase A
(Rodan et al., 2002) and brain structural
mutants (Scholz et al., 2000). The c819 and
c42 lines have also been reported to drive
expression in the pars intercerebralis using a reporter gene assay
(Renn et al., 1999). However, we did not observe Homer expres-
sion in the pars intercerebralis of homerR102,P{UAS-homer}/
homerR102;c819-GAL4 or of the homerR102,P{UAS-homer}/
homerR102;c42-GAL4 flies. This discrepancy could be attributable
to differences in the responsiveness of different UAS transgenes
and/or the instability of Homer protein in the pars intercerebra-
lis. In addition, two lines (dilp2 and 121y) that drive expression in
the pars intercerebralis did not rescue the ethanol sensitivity phe-
notype of the homer mutant flies. Thus, we attribute rescue of
the sensitivity and tolerance phenotypes observed in the
homerR102,P{UAS-homer}/homerR102;c819-GAL4 and the
homerR102,P{UAS-homer}/homerR102;c42-GAL4 flies to the ex-
pression of Homer in the R2 and R4 neurons of the ellipsoid
body.

Discussion
To obtain a better understanding of the molecular mechanisms
underlying ethanol action in the CNS, we established three inde-
pendent assays to measure sensitivity and tolerance to the seda-
tive effects of ethanol in Drosophila. Using these assays, we per-
formed microarray experiments to define the changes in gene
expression that occur when animals are in the state of rapid or

chronic tolerance. Many changes were observed. We hypothe-
sized that the function of the genes sensitive to ethanol exposure
may be required for normal behavioral responses to ethanol and
therefore tested this hypothesis directly by examining mutant
responses. Our studies focusing on Drosophila homer showed that
the gene product is involved in both sensitivity and rapid toler-

Figure 5. A–F, Expression of Homer in Drosophila adult brain. Immunofluorescence staining using an anti-Homer antibody on
frozen head sections of w(CS10) (A, C, E, F ) and homerR102 (B, D) is shown. A, Drosophila Homer was expressed in the optic lobes
(OL) and most central brain neuropil but not at detectable levels in the peduncles (P) of the mushroom bodies. C, Intense staining
was observed in the protocerebral bridge (PB). Ca, Calyx. E, Magnified view of A. Staining in the central complex included the
ellipsoid body (EB) and fan-shaped body (FB). F, Staining was also observed in the antennal lobes (AL). The failure to observe
staining in homerR102 sections B and D at levels approximating those shown in A and C provide evidence for the specificity of the
antisera.

Table 2. GAL4 lines used to drive UAS-homer expression

Brain region GAL4 line

GAL4 drivers that did not rescue the homer R102 ethanol phenotypes
Antennal lobes c522
Central complex

Ellipsoid body c232,c105,c522,078Y,c107,c481
Fan-shaped body 121y,103y,c522

Median bundle c522
Mushroom bodies 121y,247,103y,c522
Optic lobes c107
Suboesophageal ganglion c522
Dorsal giant interneuron c107
Pars intercerebralis dilp2, 121y

GAL4 drivers that rescued the homer R102 ethanol phenotypes
Central complex

Ellipsoid body c819
Pan-neuronal c155
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ance. Because expression of homer in the CNS rescued these phe-
notypes, we attributed these phenotypes to the loss of homer ex-
pression in the homer mutant flies. Thus, our studies support the
hypothesis that Drosophila Homer regulates ethanol sensitivity

and tolerance through functions in the
CNS. Our findings are supported by the
observation that Homer2 KO mice also
exhibit an ethanol sensitivity phenotype.
This evolutionary conservation of func-
tion between Drosophila and mamma-
lian Homer proteins confirm the impor-
tance of Homer function in the
regulation of ethanol-induced behav-
iors. Additionally, we have mapped both
sensitivity and the development of rapid
tolerance to ethanol to the same popula-
tion of neurons of the ellipsoid body,
suggesting that the neuronal circuits
controlling these two ethanol-related
behaviors are shared.

Homer regulates ethanol sensitivity and
tolerance in Drosophila
Members of the Homer family of proteins
interact directly with group 1 metabo-
tropic glutamate receptors (mGluR1/5),
InsP3Rs, transient receptor potential
cation channels, and the postsynaptic pro-
tein Shank that functions as part of the
NMDA receptor-associated postsynaptic
density-95 (PSD-95) complex (Tu et al.,
1998, 1999; Xiao et al., 1998; Naisbitt et al.,
1999). Although group 1 metabotropic
glutamate receptors have not been identi-
fied in Drosophila, a direct interaction be-
tween Drosophila Homer and Drosophila
Shank has been shown in vitro (Diagana et
al., 2002). The evolutionary conservation
of the Homer–Shank interaction suggests
a crucial role for these proteins at the PSD.
It is likely that the Drosophila Homer–
Shank complex plays an important role
in the neuroadaptations underlying eth-
anol sensitivity and tolerance. For in-
stance, loss of Homer function at the
PSD could result in the disruption of sig-
naling complexes important for mediat-
ing the effects of ethanol. Of particular
interest is the NMDA receptor-signaling
complex. Studies in Homer2 KO mice re-
ported a significant reduction in the
membrane content of NMDA receptor
subunit 2a but not of mGluR5 (Szumlin-
ski et al., 2005), supporting the hypoth-
esis that the Homer–Shank–NMDA
receptor interaction may play an impor-
tant role in conferring normal ethanol
sensitivity and tolerance in Drosophila. A
prediction of this model is that Shank
and NMDA receptor mutants will also
exhibit changes in ethanol sensitivity
and tolerance.

Ellipsoid body regulates ethanol sensitivity and tolerance
Previous studies showed that mutants with structural abnormal-
ities in the central complex and mushroom bodies display a sig-
nificantly reduced ability to develop tolerance (Scholz et al.,

Figure 6. Spatially restricted expression of Homer in the brain with c819-GAL4 rescued sensitivity and rapid tolerance. A,
Expression of P{UAS-homer-myc} with the c819-GAL4 driver rescued the homerR102 ethanol sensitivity phenotype. The T50% of the
homerR102 flies was significantly different from the T50% of the w(CS10) and homerR102,P{UAS-homer-myc}/homerR102;c819-GAL4
flies as measured by a one-factor ANOVA and post hoc Bonferroni/Dunn comparisons (n � 5; *p � 0.0167). B, Mutant homerR102

flies carrying the c819-GAL4 driver alone showed ethanol sensitivity indistinguishable from homerR102 mutant flies. The T50% of
the homerR102 flies was not significantly different from the T50% of the c819-GAL4;homerR102 flies as measured by a one-factor
ANOVA and post hoc Bonferroni/Dunn comparisons (n � 5; *p � 0.0167). C, D, The expression of P{UAS-homer-myc} with the
c819-GAL4 driver rescued the homerR102 rapid tolerance phenotype to w(CS10) control levels at two different ethanol vapor
concentrations. Asterisks indicate significant differences as determined by a one-factor ANOVA and post hoc Bonferroni/Dunn
comparisons (n � 5; *p � 0.0083). E, Overexpression of P{UAS-homer-myc} with the c819-GAL4 driver did not alter the ethanol
sensitivity of w(CS10) flies. The ethanol sensitivity of w(CS10) flies carrying the c819-GAL4 driver and the P{UAS-homer-myc)
transgene was not significantly different from flies carrying the c819-Gal4 driver or P{UAS-homer-myc} transgene alone. No
significant differences were observed between the T50% of the c819-GAL4, the P{UAS-homer-myc}, and the P{UAS-homer-myc};
c819-GAL4 flies as determined by a one-factor ANOVA and Bonferroni/Dunn comparisons (n � 4). F, The overexpression of
P{UAS-homer-myc} in w(CS10) males with the c819-GAL4 driver did not change the development of rapid tolerance of w(CS10)
flies. No significant differences in the development of rapid tolerance were observed between the P{UAS-homer};c819-GAL4,
c819-GAL4, and P{UAS-homer-myc} flies as determined by a one-factor ANOVA and post hoc Bonferroni/Dunn comparisons (n �
4). Error bars indicate SEM. ns, Not significant.
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2000). In addition, two P{GAL4} lines with expression in a subset
of central complex neurons show decreased ethanol tolerance in
the presence of the P{UAS-TeTxLC} transgene (Scholz et al.,
2000). Moreover, lines c107 and c522, both with expression in the
central complex, display altered ethanol sensitivity in the pres-
ence of P{UAS-PKA inh} (Rodan et al., 2002). Because chemical
ablation of the mushroom bodies does not change ethanol sensi-
tivity and because Homer does not appear to be expressed in the
mushroom bodies, we focused rescue experiments using GAL4
lines with expression in the central complex. The Drosophila cen-
tral complex is made up of four neuropilar bodies: the protoce-
rebral bridge, the fan-shaped body, the paired noduli, and the
ellipsoid body. Studies indicate that the central complex is im-
portant for higher control of locomotor activity (Martin et al.,
1999). Although the thoracic and abdominal ganglia are believed
to harbor the basic motor programs of walking, the central com-
plex is an important site for fine tuning of behavior, such as
walking activity, speed, and leg coordination (Strauss et al., 1992;
Strauss and Heisenberg, 1993; Martin et al., 1999).

Our studies have mapped the ethanol sensitivity and tolerance
phenotypes of homerR102 mutant flies to the R2 and R4m large-
field neurons of the ellipsoid body. Whereas expression of homer
in the ellipsoid body with P{GAL4} lines c232, c105, c522, 078Y,
c107, and c481 did not rescue the ethanol phenotypes of the
homerR102 flies, none of these lines expressed homer in the same
set of Ring neurons as the c819 and c42 lines. Thus, our studies
suggest that homer expression in the R2 and R4m neurons of the
ellipsoid body mediates the rescue of the sensitivity and tolerance
phenotypes observed in the homerR102 mutant flies. These results
are consistent with previous studies that implicated the central
complex in the regulation of ethanol-induced behaviors (Rodan
et al., 2002).

Although it is known that the R2 and R4m cell bodies send
postsynaptic terminals to the lateral triangle, the neuronal cir-
cuits that interact with the dendrites of the R2 and R4m neurons
at the lateral triangle have not yet been identified. Based on the
functional role of Homer at the PSD, we predict that loss of
Homer function in the lateral triangle may disrupt synaptic sig-
naling in the Ring neurons that is required for normal ethanol
sensitivity and tolerance.

Homer expression and behavioral responses to ethanol
Whether the downregulation of homer expression attributable to
ethanol exposure contributes to ethanol sensitivity and/or toler-
ance remains unclear. Our data only argue that Homer is re-
quired functionally and make no statements as to whether the
changes in expression are important. However, because our mi-
croarray studies revealed that the expression of many genes is

4

Figure 7. Spatially restricted expression of Homer in the brain with c42-GAL4 rescued sen-
sitivity and rapid tolerance. A, Expression of P{UAS-homer-myc} by the c42-GAL4 driver rescued
the homerR102 ethanol sensitivity phenotype. The T50% of the homerR102 flies was significantly
different from the T50% of the w(CS10) and homerR102,P{UAS-homer}/homerR102;c42-GAL4 flies
as measured by a one-factor ANOVA and post hoc Bonferroni/Dunn comparisons (n � 7; *p �
0.0167). B, Mutant homerR102 flies carrying the c42-GAL4 driver alone showed ethanol sensi-
tivity indistinguishable from homerR102 mutant flies. The T50% of the homerR102 flies was not
significantly different from the T50% of the c42-GAL4; homerR102 flies as measured by a one-
factor ANOVA and post hoc Bonferroni/Dunn comparisons (n � 7; *p � 0.0167). C, The expres-
sion of P{UAS-homer-myc} by the c42-GAL4 driver rescued the homerR102 rapid tolerance phe-
notype to w(CS10) control levels. The asterisk indicates significant differences as determined by
a one-factor ANOVA and post hoc Bonferroni/Dunn comparisons (n � 5; *p � 0.0083). Error
bars indicate SEM. ns, Not significant.
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altered by ethanol exposure, it seems probable that if the expres-
sion changes are meaningful to the observed behavioral changes,
then this is a property of changing the expression of many genes
in a response network.
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the homerR102,P{UAS-homer}/homerR102;c819-GAL4 (A, B) or the homerR102,P{UAS-homer}/homerR102;c42-GAL4 (C, D) whole-
mount adult brains stained with an anti-Homer antibody are shown. Drosophila Homer expression was observed in the cell bodies
(CB) (A, C) of the R2 and R4 neurons and in the neurites that split to send dendrites into the lateral triangle (LT) (B, D) and axons
into the EB (B, D). AL, Antennal lobe.
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