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Abstract

The GAL4 ⁄ UAS system has been extensively employed in Drosophila to control gene expression in defined spatial patterns. More
recently this system has been successfully applied to express genes involved in neurodegeneration to model various diseases in the
fruit fly. We used transgenic lines expressing different levels of GAL4 in a particular subset of neurons involved in the control of
rhythmic behaviour, so that its impact on neuronal physiology would result in altered locomotor activity, which could be readily
assessed. We observed a striking correlation between gal4 dosage and behavioural defects associated with apoptotic neuronal loss
in the specific GAL4-expressing neurons. Increased gal4 dosage correlated with accumulation of insoluble GAL4, suggesting that the
cascade of events leading to apoptosis might be triggered by protein deposits of either GAL4 or protein intermediates. Behavioural
defects were rescued by expression of hsp70, a classic chaperone that also interferes with cell death pathways. In agreement with
the latter, the viral caspase inhibitor p35 also rescued GAL4-induced behavioural defects. Our observations demonstrate the intrinsic
effects of GAL4 deregulation on neuronal viability and suggest that an excess of GAL4 might enhance neuronal deficits observed in
models of neurodegeneration.

Introduction

A striking feature of neurodegenerative diseases is the apparent lack of
similarity between the proteins ultimately causing the disease (Ross &
Poirier, 2004). The most conspicuous molecular event common among
neurodegenerative diseases is the accumulation of abnormal protein
aggregates. Some of them show characteristic protein depositions
[such as Parkinson’s, Alzheimer’s and Huntington’s diseases (HD)],
but in others the correlation between the presence of inclusions and
neurodegeneration is less evident (Bird et al., 1999; Wittmann et al.,
2001). More importantly, there is not a clear correlation between the
severity of the disease and the degree of aggregated deposits (Arrasate
et al., 2004; Ross & Poirier, 2005). These observations have led to the
concept of disease being triggered by intermediates in protein folding
as opposed to the deposition of the inclusion bodies per se
(Muchowski & Wacker, 2005).

Recently, Drosophila has received attention as a model system for
studying a group of so-called conformational disorders (Driscoll &
Gerstbrein, 2003; Bilen & Bonini, 2005), in particular polyglutamine
diseases (Fernandez-Funez et al., 2000; Jackson et al., 1998; Warrick
et al., 1998), Parkinson’s disease (Feany & Bender, 2000) and
tauopathies reminiscent of Alzheimer’s disease (Wittmann et al.,
2001). Surprisingly, Drosophila expressing the human or fly homologs
of disease genes share a number of the characteristics often described
in patients with the disease (Feany & Bender, 2000; Bonini & Fortini,
2003). Likewise, pioneer work has helped establish a correlation
between neuronal dysfunction leading to observable behavioural

phenotypes and neurodegeneration (Palladino et al., 2002; Palladino
et al., 2003).
Drosophila has also been instrumental in dissecting the molecular

basis of rhythmic behaviour (Stanewsky, 2003). Flies display
crepuscular behaviour, that is, increased locomotor activity near
dawn and dusk but quiescence the rest of the time under light–dark
cycles. Under constant conditions this behaviour remains rhythmic
with a period of � 24 h. This rhythmicity under free-running
conditions depends largely on an intact molecular oscillator (reviewed
in Hardin, 2005) and an intact circadian circuitry (Helfrich-Forster,
2003), and is coordinated by the activity of a group of neurons known
as the small ventral lateral neurons (LNvs; Helfrich-Forster, 1998;
Park et al., 2000; Lin et al., 2004; Stoleru et al., 2005). The small
LNvs release a neuropeptide called pigment-dispersing factor (PDF)
at the dorsal protocerebrum (Park et al., 2000). Interestingly, ablation
of the LNvs by overexpression of pro-apoptotic genes causes
behavioural arrhythmicity upon transfer to constant darkness (Renn
et al., 1999).
Employing a transgenic line that expresses GAL4 under the control

of the pdf promoter region (Renn et al., 1999; Park et al., 2000) we
observed a marked reduction in rhythmicity when pdf-gal4 was
analysed in a homozygous state. The extensive application of the pdf-
gal4 driver line prompted us to investigate the cause underlying this
abnormal behaviour. We found that an increased gal4 gene dose
positively correlated with a decrease in behavioural rhythmicity, which
in turn was associated with a reduction in the number of small LNvs.
Overexpression of HSP70 and baculovirus p35 rescued the arrhythmic
phenotype, strongly suggesting that the LNvs were undergoing cell
death. Confocal analysis of PDF neurons showed PDF colocalization
with TUNEL staining (a marker of nuclear fragmentation), clearly

Correspondence: Dr M. Fernanda Ceriani, as above.
E-mail: fceriani@leloir.org.ar

Received 11 May 2006, revised 19 November 2006, accepted 27 November 2006

European Journal of Neuroscience, Vol. 25, pp. 683–694, 2007 doi:10.1111/j.1460-9568.2007.05317.x

ª The Authors (2007). Journal Compilation ª Federation of European Neuroscience Societies and Blackwell Publishing Ltd



indicating that accumulated GAL4 protein triggers cell death via
apoptosis. Programmed cell death as a result of over-expression of
gal4 is not a result of a special sensitivity of this neuronal circuit, as
similar results were obtained in parallel following continuous GAL4
expression in the developing eye. Moreover, increased GAL4 dosage
resulted in its partition to the insoluble fraction, suggesting that even
the excess of a protein lacking an endogenous function could lead to
neuronal death regardless of a loss of functional phenotype.

Materials and methods

Strains and fly rearing

y w flies were employed as wild-type controls. The following fly lines
were provided by the Bloomington Stock Center: y[1] w[1],
P{w[+mC]¼Pdf-GAL4.P2.4}X y[1] w[*], w[*]; P{w[+mC]¼GAL4-
ninaE.GMR}12, w[*]; P{w[+mW.hs]¼FRT(w[hs])}G13 P{w[+mC]¼
tubP-GAL80}LL2, w[*]; P{w[+mC]¼UAS-p35.H}BH1. y[1] w[*];
P{w[+mC] ¼ pdf-gal4.P2.4} was kindly provided by Jeff Hall
(Brandeis University), UAS-HSPA1L ⁄ Cyo by Nancy Bonini (Uni-
versity of Pennsylvania) and UAS-GFP-lacZ (II), originally generated
by Shigeo Hayashi (Riken Center for Developmental Biology), by P.
Wappner (Fundación Instituto Leloir).
Drosophila cultures were maintained on a 12–12 h light–dark cycle

on standard corn meal yeast agar medium at 25 �C in an environ-
mental chamber.

Behavioural analyses

Locomotor behaviour was evaluated in young (0- to 3-day-old) males.
Fly activity was monitored under light–dark cycles for 4 days when
flies were released into constant darkness for at least 1 week,
employing commercially available activity monitors (TriKinetics,
Waltham, MA, USA). Activity of individual young males throughout
the period analysed was displayed on individual actograms. Period and
rhythmicity were estimated using the ClockLab software (Actimetrics,
Evanston, IL, USA), restricted to data obtained in constant darkness.
Flies with a single peak over the significance line in a v2 analysis were
scored as rhythmic (P < 0.05); this was confirmed by visual inspection
of the actograms. Flies classified as weakly rhythmic (Ceriani et al.,
2002) were not taken into account for average period calculations.
Behavioural analyses were performed employing males exclusively,

whereas all the remaining experiments included female and male flies
of age and sex matched to controls.

Immunohistochemistry and imaging

Brains were dissected at zeitgeber time (ZT)2; (ZT0 indicates the time
when the lights were switched on) from 3- to 5-day-old flies pinned
down to a Sylgard dish in phosphate-buffered saline (PBS). Brains
were fixed in 4% paraformaldehyde in PB (KH2PO4, 100 mm;
Na2HPO4, 100 mm) for 30 min)1 h at room temperature, and then
rinsed three times in PT (PBS with 0.1% Triton X-100). Brains were
then blocked in 5% goat serum in PT for 2 h at room temperature.
After the blocking step, tissue was incubated with the primary
antibody for 72 h at 4 �C and then washed three times with PT for
20 min, followed by incubation with the secondary antibody. After
staining, brains were washed three times with PT and mounted in 80%
glycerol (in PT).
The primary antibody used was rabbit anti-PDF (1 : 5000; from F.

Rouyer, CNRS, France). The secondary antibodies used were Cy3-

conjugated donkey anti-rabbit and Alexa 594 (1 : 250; Jackson
ImmunoResearch).

Microscopy

The small LNvs of larval brains were visualized directly (without
fixation and immunolabelling) in a BX-60 Olympus microscope
(equipped with fluorescence, Nomarski optics and dark-field) and
photographed with a CoolSnap Pro digital camera. Alternatively, a
Zeiss LSM510 confocal microscope was used to image large and
small LNvs on whole adult brains.
Fly eyes were imaged on an environmental scanning electron

microscope (ESEM) at room temperature. The frontal head semithin
sections (1 lm) were performed on fixed tissue (3% glutaraldehyde in
PBS for 2 h at room temperature), stained for 1–2 h in 1% osmium
tetroxide, dehydrated through ethanol steps and embedded in Spurr’s
epoxy resin.

TUNEL assay

Young adult (3- to 5-day-old) brains were dissected in PBS and fixed
in 4% paraformaldehyde in PBS for 30 min at room temperature.
Tissue was washed twice in 0.3% Triton X-100 in PBS (PBST) for
5 min each time, blocked with 5% normal goat antiserum in PBST for
15 min at room temperature and first washed in PBST and then
washed in PBS (5 min each time). TUNEL staining was performed
using the apoptag plus fluorescein in situ apoptosis detection kit
(S7111; Amersham Biotech) following manufacturer’s instructions.
Brains were mounted in 80% glycerol in PBS and visualized in a Zeiss
LSM510 confocal microscope.

Statistical analysis

Data obtained in Figs 1 and 4 were analysed employing anova

followed by pairwise comparisons employing Student’s t-test with the
Bonferroni correction. Data from Figs 2 and 5 were analysed using a
v2 test. The P-values are indicated in the corresponding figure legends.

Protein solubility assay

This procedure was based on the protocols described by Lee and
colleagues and Bonini and collaborators (Skovronsky et al., 1998;
Auluck et al., 2005) with modifications, as follows.
Sixty fly heads of the appropriate age (0–3 days and 20 days old)

were frozen on dry ice and then homogenized in RIPA buffer
[deoxycholate, 0.5%; SDS, 0.1%; NP40, 1%; and EDTA, 5 mm; in
PBS 1· with a cocktail of general protease inhibitors (Sigma)] and
incubated on ice for 30 min. Soluble and insoluble fractions were
separated by ultracentrifugation at 100 000 g at 4 �C for 40 min. The
pellets were suspended in 200 lL of 70% formic acid with sonication
until clear, and then ultracentrifuged at 100 000 g at 4 �C for 40 min.
The formic acid was removed by vacuum centrifugation for 4 h, and
the resulting pellet was resuspended in 60% acetonitrile. RIPA buffer
(1.9 mL) was added to each sample. Both RIPA-soluble and formic
acid-soluble fractions were subjected to immunoprecipitation with
1 lg anti-GAL4 DNA binding domain mouse monoclonal antibody
(Santa Cruz Biotechnology) and protein G-agarose (Amersham
Biosciences). Immunoprecipitated GAL4 was resolved on an 8%
TRIS–Gly polyacrylamide gel. Proteins were transferred to PVDF
membrane (Amersham Biosciences) and probed with anti-GAL4 TA
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mouse monoclonal antibody (1 : 2000; Santa Cruz Biotechnology)
followed by secondary antibody with HRP-conjugated antimouse
antibody (1 : 10000; Jackson ImmunoResearch), revealed using
ECL+ (Amersham Biosciences) and analysed in a Storm Phosphoi-
mager employing the Image Quant software.

Results

Increasing gal4 dosage was responsible for disorganising
rhythmic locomotor behaviour

In the context of a genetic screen it was noticed that homozygous lines
expressing gal4 in the LNvs (pdf-gal4) were on average less rhythmic

than their heterozygous counterparts, which in turn did not show such
consolidated behaviour as wild-type flies. To determine whether GAL4
levels could account for this effect a recombinant line containing a
copy of pdf-gal4 and a copy of the upstream activating sequence (UAS)
driving gal4 (UAS-gal4) was generated (pdf-gal4,UAS-gal4). This line
should depend on the restricted distribution of the pdf promoter to
trigger gal4 expression, but once GAL4 accumulated within the LNvs
it should direct gal4 expression de novo by recognition of its target
sequence UAS. As a result there should be a substantial amplification
of the original GAL4 levels in these cells.
Heterozygous and homozygous flies expressing these con-

structs were evaluated in an automated locomotor behaviour setup.

Fig. 1. GAL4 overexpression in lateral neurons caused behavioural arrhythmicity. Fly lines representing different levels of GAL4 were evaluated. The recombinant
line pdf-gal4,UAS-gal4 in homozygosis expresses the highest level of GAL4. Locomotor activity was monitored employing an automated setup. Experiments were
performed at least three times. (A) Representative double-plotted (each row representing two consecutive days) actograms (top panels) and the corresponding
periodograms (bottom panels) are shown: the free-running period is indicated in the upper left corner. The arrow, which applies to all panels, indicates the day of
transfer to constant darkness. Open and filled bars indicate day and night phases, respectively, the shaded bars indicating ‘day’ during the period of constant darkness.
R, rhythmic; WR, weakly rhythmic; AR, arrhythmic in the periodogram analysis (P < 0.05). (B) Percentage of rhythmic flies for each strain is shown. All flies
included in Table 1 were taken into account for this analysis. Statistical analysis included anova and pairwise comparisons employing Student’s t-test with the
Bonferroni correction. All the strains containing at least one copy of gal4 were significantly different from y w (*P < 0.001). Genotypes significantly different from
pdf-gal4 ⁄ +: (mP < 0.01) pdf-gal4 and (mmP < 0.001) pdf-gal4,UAS-gal4 ⁄ + and pdf-gal4,UAS-gal4.
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Heterozygous pdf-gal4 along with wild-type flies displayed rhythmic
activity consolidated around dawn and dusk, and continued to do so
for days under constant darkness (Fig. 1A). In contrast, as GAL4
levels increased, rest activity cycles appeared less synchronized under
both light–dark and constant dark conditions. Periodogram analysis
confirmed these observations as individual flies bearing a combination
of the two transgenes became weakly rhythmic (heterozygotes) and
eventually arrhythmic (homozygotes). Representative actograms of
the increasing gal4 gene dosage are shown, along with the
corresponding periodograms, in Fig. 1A. Figure 1B shows the
percentage of rhythmic flies characteristic of each category. Every
fly line containing at least one copy of gal4 was statistically
significantly different from wild-type flies from a matched genetic
background. Homozygous pdf-gal4 and the pdf-gal4,UAS-gal4 lines
were significantly less rhythmic than the pdf-gal4 heterozygous line
(from now on referred to as the ‘control’). Interestingly, the addition of
a nonrelated UAS transgene (as in pdf-gal4,UAS-gal4 ⁄ UAS-GFP;

Table 1) did not alter the GAL4-associated defect on rhythmicity
(Table 1), suggesting that this effect cannot be attributed to high GAL4
levels in the absence of its target sequence.
To entertain the possibility of a positional effect due to the pdf-gal4

insertion on the second chromosome a similar analysis was performed
with an X chromosome line. As shown in Table 1, hemizygous
pdf-gal4 males showed a similar decrement in rhythmicity, clearly
pointing to a GAL4-dependent defect as opposed to one triggered by
the P element insertion.

Loss of rhythmicity was associated with a decreased number of
larval precursors and adult neurons

The larval PDF circuit comprises four small lateral neurons per brain
hemisphere; they stained positive for this neuropeptide (Fig. 2A).
They are clearly seen in third instar larval brains and stay intact
through metamorphosis, giving rise to the adult small LNvs. The four

Fig. 2. Alterations in the PDF circuitry were responsible for the behavioural arrhythmicity. (A) Whole-mount brain immunofluorescence of y w flies stained
for PDF antibody showed the normal four and eight lateral neurons per hemisphere for, respectively, larvae (left panel) and adults (middle and right panels).
(B) pdf-gal4 ⁄ UAS-GFP (n ¼ 52) and pdf-gal4,UAS-gal4 ⁄ UAS-GFP (n ¼ 61) larval brains were dissected without fixation and the number of GFP+ neurons per
hemisphere was counted. The number of adult lateral neurons per hemisphere was counted in pdf-gal4 ⁄ + (n ¼ 29) and pdf-gal4,UAS-gal4 (n ¼ 93) fly brains
stained for PDF. The difference between adult and larval small LNv clusters might reflect the fact that brains not showing any PDF+ signal in either brain hemisphere
(presumably more common at the adult stage) were discarded from the analysis. Tests of independence using v2 analysis showed significant differences between the
cumulative frequency distribution of lateral neuron numbers in larval (P < 0.05) and adult (P < 0.05) small LNs per hemisphere. No differences in the distribution in
the large LNv cluster were observed.
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large LNvs, on the other hand, develop during mid-pupal stages
(Helfrich-Forster, 1997). Taghert and colleagues originally reported
that overexpression of a pro-apoptotic gene under pdf-gal4 caused
arrhythmicity a few days after transfer to constant darkness (Renn
et al., 1999). To determine whether the lack of rhythmicity observed in
our experiments originated from the loss of lateral neurons, whole-
brain immunofluorescence was performed on larval and adult pdf-
gal4,UAS-gal4 brains. Larval brains were inspected directly for GFP
fluorescence; meanwhile, adult brains were immunolabelled with anti-
PDF. GFP ⁄ PDF+ somas stained with the specific antiserum were
counted in each brain hemisphere and the cumulative frequency
distribution displaying 0–4 LNvs is shown in Fig. 2B.

The distribution was statistically significantly different between
control and recombinant larval brains, indicating that pdf-gal4,UAS-
gal4 ⁄ UAS-GFP contained on average fewer small LNvs than the
pdf-gal4 ⁄ UAS-GFP line. A similar observation was made when adult
small LNv clusters were analysed (Fig. 2B).

Introducing a reporter gene under the control of a UAS (UAS-GFP)
in both control and pdf-gal4,UAS-gal4 lines led to similar results,
confirming that lack of rhythmicity was derived from a reduced
number of small LNvs.

On the other hand, when the large LNvs were compared, the
pdf-gal4,UAS-gal4 line contained on average fewer PDF+ somas,
although the frequency distribution was not statistically significantly
different from that of the controls. A possible explanation would be
that this cluster switched on pdf expression later in development and
thus had probably been accumulating GAL4 for a shorter period of
time. Alternatively, the susceptibility to GAL4 accumulation could
differ between the two LNv clusters.

PDF neurons were undergoing apoptotic cell death

Loss of PDF neurons in the pdf-gal4,UAS-gal4 line opened the
possibility that elevated GAL4 levels could be triggering neuronal
death. To test this hypothesis, TUNEL staining was performed on
pdf-gal4,UAS-gal4 and heterozygous pdf-gal4 lines. Wild-type brains
occasionally showed positive TUNEL staining, although no example
was found to colocalize with the small or large LNvs (Fig. 3A, top
panel). Conversely, in several independent experiments homozygous
pdf-gal4,UAS-gal4 lines retrieved a positive TUNEL staining within
the PDF+ cluster. A striking example of such colocalization is shown

in Fig. 3A (bottom panel), in which three PDF+ cells in each brain
hemisphere were undergoing apoptosis at the time the brain was
dissected and fixed. TUNEL staining within the PDF circuit in the
pdf-gal4,UAS-gal4 line was also detected in larval brains (data not
shown).
We speculated that protein misfolding could somehow be involved

in triggering apoptosis. Whole-mount immunofluorescence on young
and aged adult brains was performed to search for protein inclusions.
Surprisingly, even employing several different commercial antibodies,
no GAL4-specific signal could be detected (data not shown),
suggesting that either the amount of aggregated protein was limited
or the relevant epitopes were hidden within the aggregates. Detection
of aggregated proteins was also attempted employing thioflavine-S
staining (Greeve et al., 2004), but no clear results were obtained either
(data not shown), strengthening the possibility of a limited amount of
aggregated protein as the most probable explanation for the lack of
detection. Along the same lines, GAL4 could not be detected by direct
Western blotting of fly-head extracts, probably due to the fact that only
eight neurons per brain hemisphere at most were expressing GAL4 in
the adult stage. Thus far it was unclear whether cell death was the
result of aggregation or not.
To increase the sensitivity of the technique, protein extracts were

prepared from young or aged heterozygous and homozygous
pdf-gal4,UAS-gal4 flies, and the soluble and insoluble fractions were
separated by centrifugation followed by immunoprecipitation and
Western blotting (Fig. 3B). In both the heterozygous and homozygous
pdf-gal4,UAS-gal4 lines a tendency to accumulate less soluble GAL4
as the flies aged was observed, and this appeared to be more robust
in the former. In addition, we noticed that the homozygous
pdf-gal4,UAS-gal4 line accumulated less GAL4 in the soluble
fraction than a genotype with half the gal4 dose. These observations
suggested that GAL4 was excluded from the soluble fraction and
prompted the evaluation of GAL4 accumulation in the insoluble
fraction. In agreement with the decrement in the soluble fraction
with time, GAL4 was detected in the insoluble fraction in young
pdf-gal4,UAS-gal4 flies and increased about four- to five-fold as the
flies aged.
Taken together, these results suggest that higher levels of GAL4

might trigger conformation defects leading to partition of the
misfolded protein to the insoluble fraction, ultimately leading to
apoptosis.

Table 1. Free-running rhythmicity behaviour in flies entrained to 12–12 h light–dark cycles for 4 days and then released into constant darkness and monitored for
a further 7–10 days

Genotype n

Rhythmicity (% of group)

Mean period (h) FFTR WR AR

y w 32 83.98 13.80 2.22 23.6 ± 0.72 0.10 ± 0.01
y w; pdf-gal4 ⁄ + 66 74.93 25.21 1.00 23.63 ± 0.26 0.10 ± 0.01
y w; pdf-gal4 21 61.82 33.64 4.55 24.46 ± 0.31 0.09 ± 0.01
y w; pdf-gal4,UAS-gal4 ⁄ + 70 58.35 39.27 2.38 23.85 ± 0.09 0.10 ± 0.01
y w; pdf-gal4,UAS-gal4 30 50.00 50.00 0.00 23.83 ± 0.12 0.11 ± 0.01
y w; pdf-gal4,UAS-gal4 ⁄ tub-gal80 31 59.60 34.85 5.56 24.05 ± 0.11 0.13 ± 0.01
y w; pdf-gal4,UAS-gal4 ⁄ UAS-hsp70 48 81.13 17.49 1.39 23.64 ± 0.07 0.12 ± 0.01
y w; pdf-gal4,UAS-gal4 ⁄ UAS-p35 60 79.24 20.76 0.00 23.86 ± 0.09 0.14 ± 0.01
y w; pdf-gal4,UAS-gal4 ⁄ UAS-GFP 28 57.14 42.86 0.00 23.63 ± 0.06 0.13 ± 0.01
pdf-gal4; ; 14 42.86 57.14 0.00 24.67 ± 0.17 0.07 ± 0.02
y w; tub-gal80 ⁄ + 29 82.76 6.90 10.34 23.44 ± 0.13 0.13 ± 0.01

Locomotor activity: R, rhythmic; WR, weakly rhythmic; AR, arrhythmic (P < 0.05). Period values were determined using ClockLab employing v2 periodogram
analysis, taking into account only rhythmic individuals. The mean power fast Fourier transform (FFT) for these flies is shown (power is a quantification of the
strength of the circadian rhythm).
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Blocking programmed cell death was sufficient to rescue
behavioural defects
To begin to address the mechanism in time responsible for the loss
of PDF neurons, potential modifiers of GAL4 activity were
introduced into the pdf-gal4,UAS-gal4 line. Constitutive expression

of GAL80, a specific repressor of GAL4 transcriptional activity
(Ma & Ptashne, 1987), in the context of the heterozygous
pdf-gal4,UAS-gal4 line retrieved � 60% of rhythmic flies (Fig. 4
and Table 1), which was not statistically significantly different from
the pdf-gal4,UAS-gal4 line itself, precluding the possibility that the

Fig. 3. GAL4 accumulated in the insoluble fraction and triggered cell death through an apoptotic pathway. (A) TUNEL and PDF immunofluorescence was
performed on y w and pdf-gal4,UAS-gal4 adult brains. Young adult (3- to 5-day-old) brains were dissected and fixed, and the staining was performed using Apoptag
in situ apoptosis detection. Brains were mounted in 80% glycerol in PBS and visualized via a confocal microscope. Insets show a magnified view of the small LNvs
for each genotype. This phenomenon was observed in at least one brain per experiment for pdf-gal4,UAS-gal4 flies (n ¼ 7–15) but no example was found to
colocalize within the LNvs in wild-type brains (n ¼ 6–16). Staining in larvae and adult brains was performed three times with similar results. (B) Western blot of
the RIPA-soluble (upper left panel) and formic acid-soluble fraction (upper right panel) for the heterozygote and homozygote genotypes at 0–3 days and 20 days,
respectively, immunoprecipitated with a mouse monoclonal antibody directed to the binding domain of GAL4. The antibodies employed in the immunoprecipitation
and Western blotting were directed against different portions of the protein. The GAL4-specific (arrow) and a nonspecific (*) band were quantified employing the
Image Quant software (Storm Phosphoimager). The ratio between GAL4 and the nonspecific band is shown in the lower panel. Experiments were performed three
times with similar results; a representative example is shown.
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activation of nonspecific targets could be responsible for the
phenotypes observed.

Based on our observations that GAL4 overload correlated with a
positive TUNEL staining we introduced a copy of UAS-p35 into the
pdf-gal4,UAS-gal4 line. Baculovirus P35 is a general caspase
inhibitor, and has been shown to have an antiapoptotic effect when
expressed in the fly eye (Hay et al., 1994) and to modulate
degeneration in brain models of SCA1 and SCA3 (Ghosh & Feany,
2004). pdf-gal4,UAS-gal4 ⁄ UAS-p35 flies showed a marked increase
in the percentage of rhythmic individuals, also significantly different
from the pdf-gal4,UAS-gal4 and pdf-gal4 heterozygous lines, indica-

ting that apoptosis could account for the loss of rhythmicity observed
in the former, irrespective of the protein overload (Fig. 4).
Likewise, heat-shock protein 70 (HSP70) has been employed to

modulate deleterious effects caused by over-expression of aggregating
proteins, among others SCA1, SCA3 and a-SYNUCLEIN (Warrick
et al., 1999; Chan et al., 2000; Auluck et al., 2002; Ghosh & Feany,
2004). As a correlation between GAL4 transcriptional activity and loss
of rhythmicity could not be unequivocally established, and an excess
of GAL4 in time caused this protein to accumulate in the insoluble
fraction (Fig. 3B), the effect of HSP70 expression on behavioural
performance was explored. Strikingly, introducing a single copy of

Fig. 4. Overexpression of HSP70 and P35 rescued the locomotor activity defects. Locomotor activity experiments were performed at least three times.
(A) Representative double-plotted actograms (top panels) and the corresponding periodograms (bottom panels) for each genotype are shown. Arrows indicate the
day of transfer to constant darkness. R, rhythmic; WR, weakly rhythmic; AR, arrhythmic; fuller explanation in legend to Fig. 1. (B) Percentage of rhythmic flies for
each strain is shown. All flies included in Table 1 were taken into account for this analysis. Statistical analysis included anova and pairwise comparisons employing
Student’s t-test with the Bonferroni correction. All the strains containing at least a copy of pdf-gal4,UAS-gal4 ⁄ + were significantly different from pdf-gal4 ⁄ +
(*P < 0.001). pdf-gal4,UAS-gal4 ⁄ UAS-hsp70 and pdf-gal4,UAS-gal4 ⁄ UAS-p35 were significantly different from pdf-gal4,UAS-gal4 ⁄ + (nP < 0.001).
(C) Western blot of the RIPA-soluble (left panel) and formic acid-soluble fraction (right panel) for 20-day-old heterozygote pdf-gal4,UAS-gal4 in the context
of UAS-hsp70 and UAS-p35. Samples were quantified by Bradford assay prior to immunoprecipitation, and equal amount of extracts were loaded into each lane. The
antibodies employed in the immunoprecipitation and Western blotting were directed against different portions of the protein. The GAL4-specific band was quantified
employing the Image Quant software (Storm Phosphoimager). Experiments were performed three times with similar results; a representative example is shown.
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UAS-hsp70 into the pdf-gal4,UAS-gal4 line returned rhythmicity to
wild-type levels. Moreover, the percentage of rhythmic individuals
was significantly different from both the recombinant and wild-type
controls (Fig. 4A and B), suggesting a ‘beneficial’ effect of HSP70
even at the lower end of GAL4 accumulation (Bonini, 2002). HSP70
could prevent toxicity associated with abnormal accumulation of

misfolded proteins by virtue of its activity as a molecular chaperone,
that is, by guiding proper folding of proteins with a tendency to
aggregate. Alternatively, as has recently been shown, HSP70 could
modulate the apoptotic pathway in a more direct fashion (Saleh et al.,
2000; Yenari et al., 2005).
To begin to address this possibility, protein extracts were prepared

from aged heterozygous pdf-gal4,UAS-gal4 flies in the context of
modulators of GAL4 activity, and the soluble and insoluble fractions
were separated by centrifugation followed by immunoprecipitation
and Western blotting (Fig. 4C). Expression of both HSP70 and P35
resulted in increased soluble GAL4. This phenomenon was accom-
panied by a marked reduction in GAL4 levels in the insoluble
fraction, down to roughly one-third of the amount observed in
pdf-gal4,UAS-gal4 flies. Changes in protein solubility by coexpres-
sion of regulators of cell death are not unprecedented. In this regard,
Sang et al. (2005) reported that reducing APAF-1 activity modulated
protein aggregation and cell death in an HD model. This observation
would favour the hypothesis that insoluble GAL4 is associated with
decreased rhythmicity.

Effective modulators of GAL4 effects were associated with a
functional PDF circuit

To confirm whether over-expression of GAL4 modulators restored
rhythmicity by preventing neuronal loss, as opposed to simply
improving the physiological state of the remaining neurons, we
performed whole-mount immunofluorescence on adult brains. A
cumulative frequency distribution for each independent cluster is
shown in Fig. 5. In the heterozygous pdf-gal4,UAS-gal4 line a higher
proportion of brains exhibited fewer small LNv neurons, of which
� 60% contained only two or fewer, in contrast to � 5% in the control
(pdf-gal4 ⁄ +). Phenotype rescue by expression of different modulators
of this GAL4-associated defect indicated that HSP70 most efficiently
reversed the detrimental effects linked to elevated GAL4 levels,
resulting in only 5% of the brains containing fewer than two neurons
(same as in the control). In accordance with the reported locomotor
activity experiments, expression of GAL80 prevented cell death less
efficiently than that of HSP70 or P35, where � 80% of the dissected
brains showed fewer than three neurons. The small LNv cluster
showed stronger signs of the deleterious GAL4 effects, probably due
to the earlier onset of gal4 expression (first instar larvae: Malpel et al.,
2002) as opposed to the large cluster, which only develops during mid-
metamorphosis (Helfrich-Forster, 1997). In any event, the same trend
was observed when expressing the different modulators of GAL4
activity in this cluster, that is, HSP70 and P35 most effectively rescued
the deleterious effects associated with GAL4 accumulation (see Figs 4
and 5 for comparison).

GAL4 accumulation affected cell viability in different structures

To examine whether the effect of GAL4 on the PDF circuit resulted
from a special sensitivity of this neuronal cluster we expressed GAL4
throughout eye development under the promoter of the glass gene
(GMR-gal4). The adult compound eye presents a regular hexagonal
array of � 750 facets or ommatidia (Ready et al., 1976), which can be
observed in detail employing an ESEM (as in Fig. 6). Internally, an
ommatidium is a precise 19-cell assembly of eight photoreceptors and
11 accessory cells (the so-called pigment and cone cells), readily
identifiable in histological sections; sections taken at different depths
within the structure allow the observation of a different number and
group of cells.

Fig. 5. Overexpression of HSP70 and P35 restored the normal number of
lateral neurons. The number of adult lateral neurons per hemisphere stained for
PDF was counted in pdf-gal4,UAS-gal4 ⁄ + (n ¼ 90), pdf-gal4,UAS-gal4 ⁄ tub-
gal80 (n ¼ 22), pdf-gal4,UAS-gal4 ⁄ UAS-hsp70 (n ¼ 27) and pdf-gal4,UAS-
gal4 ⁄ UAS-p35 (n ¼ 28). v2 Analysis showed significant differences in the
cumulative frequency distributions of small LNv numbers per hemisphere (A)
when comparing pdf-gal4,UAS-gal4 ⁄ UAS-hsp70 (P < 0.01) or pdf-gal4,UAS-
gal4 ⁄ UAS-p35 (P < 0.05) to pdf-gal4,UAS-gal4 ⁄ +. No significant differences
were observed in any group in the large LNv cluster (B). Deleterious effects of
GAL4 were independent of the cell type.
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Wild-type retinas do not appear to be grossly affected by normal
ageing (as an example see y w in Fig. 6B). Instead, the GMR-gal4
(an artificial construct with multiple GLASS binding sites; Freeman,
1996) showed a marked effect associated with the gal4 dose. ESEM
images of the external structures of the retinas expressing a single
copy of GMR-gal4 (in 1- to 3-day-old flies grown at 28 �C) showed
disorganised ommatidia and loss of ommatidial bristles usually
located next to facets showing supernumerary sensory hairs; fusion
between contiguous ommatidia was also detected (Fig. 6A, inset);
novel defects were not identified in aged heterozygous GMR-gal4
flies, with the possible exception of a more distorted overall eye
shape as well as changes in pigmentation (data not shown). These
alterations were less pronounced when the flies were grown at 25 �C
(data not shown), suggesting an activity-dependent origin for the
defect (Duffy, 2002) in contrast to what was observed for the CNS-
derived phenotypes (Fig. 1 and data not shown). Homozygous flies
displayed increased defects culminating in a rough-eye phenotype
(Fig. 6A).

Interestingly, constitutive expression of tub-gal80 apparently
rescued the eye phenotype observed with an ESEM in older GMR-
gal4 ⁄ + flies (Fig. 6B). Sections of ommatidia were analysed in a plane
where seven photoreceptor cells were seen (Fig. 6C). A close
inspection of these thin tissue sections indicated that ommatidia were
somewhat affected by gal4 expression in GMR-gal4 ⁄ tub-gal80 flies,
particularly at the level of the surrounding tissue which is primarily
composed of projections of the pigment cells, although the general
integrity of the structure was well preserved.
Expression of hsp70 or p35, on the other hand, partially rescued the

rough-eye phenotype, although certain areas still showed signs of
neurodegeneration (such as in the examples shown in Fig. 6B and C).
Tissue sections confirmed the partial rescue at the level of the retinal
array (Fig. 6C). gal4 expression was accompanied by a collapse of the
internal retinal structure, manifested as a loss of interstitial tissue and
projections from pigment cells, which usually surround photoreceptor
cells in each ommatidium; extreme examples exhibited loss of
photoreceptor cells and even entire ommatidia (data not shown), all

r

p

Fig. 6. Evaluation of gal4 expression in the eye using the glass promoter (GMR-gal4). (A) Scanning electron micrographs of adult eyes from heterozygous and
homozygous GMR-gal4. Young (0–3 days old) and aged (19–22 days old) flies maintained at 28 �C were analysed. (B) Representative images taken from y w and
GMR-gal4 ⁄ + aged flies expressing potential modifiers of GAL4-associated defects are shown. Insets show magnified views of relevant areas. (C) One-micrometre-
thick tangential sections through the eyes of aged flies of the indicated genotypes stained with methylene blue. Sections were analysed at a level at which seven
photoreceptor neurons (dark grey rhabdomeres, r) are visualized. The processes of the pigment cells (almost white in left-most panel of C), which surround each
photoreceptor neuron in an ommatidium, are also indicated (p). Note the rough-eye phenotype resulting from gal4 expression throughout eye development, and the
partial rescue of the wild-type phenotype attributed to the modifiers.
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phenotypes previously ascribed to cell death (Jackson et al., 1998;
Warrick et al., 1998; Warrick et al., 1999; Kramer & Staveley, 2003).

Discussion

The GAL4 ⁄ UAS system has extensively been employed in Dro-
sophila and other model systems (Brand & Dormand, 1995;
Kakidani & Ptashne, 1988; Brand & Perrimon, 1993). During the
early stages of a genetic screen we noticed that a transgenic line
expressing two copies of gal4 performed poorly in a locomotor
behaviour assay compared to its heterozygous control. Given the
widespread application of this strategy to drive spatially restricted
gene expression we were interested in determining the cause
underlying this aberrant behaviour. We found that increased GAL4
levels associated with loss of PDF+ neurons probably through
apoptosis, which was more pronounced in those clusters expressing
this exogenous protein from an earlier onset, and thus probably
accumulating GAL4 to higher levels in time.
GAL4 associated defects were rescued to different levels by a

defined set of modulators in the retina and central brain. Tissue
sections through regions comprising both the retina and the CNS
suggested an explanation for an otherwise potential contradiction
between the two systems analysed (Supplementary material, Fig. S1).
Meanwhile, GMR-directed GAL4 accumulation triggered cell death in
CNS neurons (this study) as well as in the eye (in agreement with
preliminary findings reported by Staveley and colleagues: Kramer &
Staveley, 2003); it apparently did so through distinct mechanisms. In
fact, GAL80, HSP70 and P35 all rescued GAL4-associated defects in
the eye, albeit to a different degree (Fig. 6B and C). GAL80 appeared
to reverse more efficiently the disorganisation observed in the retina,
while the optic lobe (lamina and medulla; see Supplementary material,
Fig. S1) as well as deeper brain structures (such as those evaluated
with the PDF promoter in Fig. 5) were clearly disrupted. This result,
along with the temperature dependence of the eye defect, would
suggest a potential transcriptional effect associated with GAL4
expression through the development of the retina, which is different
from what we observed in the central brain using two different
promoters (GMR and pdf) to drive gal4 expression. Nevertheless, the
relative strength of the tubulin promoter compared to GMR and pdf
would offer an alternative explanation to account for the differences in
the ability of GAL80 to rescue GAL4-associated defects within both
structures.
In contrast, both HSP70 and P35 completely rescued the beha-

vioural phenotype (Figs 4 and 5) along with the optic lobe disruption,
although the retina itself appeared somewhat disturbed (Fig. 6 and
Supplementary material, Fig. S1). This observation pointed to an
activity-independent effect of GAL4 accumulation in the central brain.
Co-localization of TUNEL staining with GAL4-expressing cells
indicated that cell death in CNS neurons was probably taking place
through apoptotic mechanisms, further supporting our conclusions.
The cell-type specificity of certain modifiers of GAL4-associated
degeneration is in line with that reported by Ghosh & Feany (2004) for
different models of polyglutamine diseases.
One of the common features of otherwise very different

neurodegenerative diseases is the identification of protein aggregates
(Bilen & Bonini, 2005), detectable as inclusion bodies in the
cytoplasm, the nucleus or the extracellular milieu. To mention a few
examples, nuclear inclusions are observed in neurons of transgenic
model of HD mice (Davies et al., 1997) and in human HD brain tissue
(DiFiglia et al., 1997) and they contain aggregated mutant poly Q
protein, together with a growing list of cellular proteins that includes
transcription factors and coregulators such as CREB-binding protein,

chaperones, proteasome subunits and ubiquitin (Zoghbi & Orr, 2000;
Ross, 2002). Similar protein aggregates (i.e. visible inclusions) are
found in transgenic flies that express mutant poly Q repeat peptides
(Feany & Bender, 2000; Jackson et al., 1998; Warrick et al., 1999;
Fernandez-Funez et al., 2000; Marsh et al., 2000; Takeyama et al.,
2002). Attempts to uncover protein aggregation associated with GAL4
excess were not successful until a highly sensitive technique was used
to concentrate both the soluble and insoluble GAL4 in separate
fractions, which in itself is not at all surprising given the limited
number of GAL4-producing neurons. Overall our results would
suggest that increased gal4 dosage and ageing resulted in protein-
folding defects that ultimately triggered its accumulation in the
insoluble fraction. Thus, the aggregated protein itself could be
responsible for the behavioural defects associated with the loss of
PDF neurons. Likewise, our results would also argue that neurotox-
icity could result from protein alterations taking place before the
formation of large aggregates, most probably through protein inter-
mediates. In fact, neurodegeneration with no formation of tau-
dependent fibrillary tangles has been reported in the fly model of
tauopathy (Wittmann et al., 2001). An alternative explanation to
account for the partition of GAL4 to the insoluble fraction would be
that over-expression of the nonfunctional GAL4 protein could
overwhelm the degradation machinery, in turn leading to the formation
of cytoplasmic aggresomes. This would explain the lack of detection
of inclusion bodies in the small LNvs, although it would require a
direct association of the aggregated protein with the cytoskeleton.
However, we could not detect canonical components of these
structures (such as the intermediate filament vimentin: Kopito, 2000;
Bennett et al., 2005) in the extracts immunoprecipitated against
GAL4, thus precluding a firm conclusion. Likewise, we could not
detect ubiquitinated GAL4 forms, either in the immunoprecipitates or
in whole-mount adult brains costained with anti-ubiquitin and PDF
antibodies (unpublished results). In favour of the aggregation hypo-
thesis we found that coexpression of HSP70 and P35 strongly reduced
GAL4 accumulation in the insoluble fraction, which correlated with
no behavioural phenotype in young (Fig. 4B) or aged (Fig. 4C, and
data not shown) individuals.
GAL4 has recently been reported to correlate with increased

apoptosis in fly eye imaginal discs (Kramer & Staveley, 2003), and to
cause cardiac cell defects in a dose-dependent manner in a mammalian
model of heart disease (Habets et al., 2003). In Drosophila, the
GAL4 ⁄ UAS system has extensively been employed to model a
number of different poly Q diseases such as Huntington’s (Jackson
et al., 1998), and cerebrospinal ataxias type 1 and 3 (Warrick et al.,
1998; Fernandez-Funez et al., 2000; Warrick et al., 2005), as well as
Parkinson’s (Feany & Bender, 2000) and Alzheimer’s (Wittmann
et al., 2001) diseases. Our data would suggest that a high level of
GAL4 has adverse effects on cell viability, which may act as a
sensitising agent when employing this strategy to model degenerative
diseases in flies or mice. However, most of the GAL4-associated
defects described in this study are the result of increasing gal4 dosage
(as in the PDF circuit in the pdf-gal4,UAS-gal4 line) or activity (in the
retina when employing GMR-gal4 at 28 �C), which could be
circumvented by employing several copies of the UAS (as opposed
to increasing the dosage of the gal4 driver) or lower temperatures to
drive spatially restricted expression of the gene of interest. In any
event, the possibility that cell death is triggered by a cellular
component that becomes deregulated after the GAL4 insult, as
opposed to GAL4 per se, has not been dismissed.
It has been reported that HSP70 rescues neurodegeneration

associated with abnormal accumulation of toxic proteins (Warrick
et al., 1999; Auluck et al., 2002). Likewise, expression of HSP70 in
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the context of GAL4 overload not only rescued the behavioural
defects but was also associated with a reduction in GAL4 in the
insoluble fraction, probably through its chaperone activity (Fig. 4). In
addition, coexpression of hsp70 also resulted in decreased cell death
(Fig. 5). At present we have no indication as to whether this effect is
due to HSP70 modulating the apoptotic pathway, or whether it
represents an indirect consequence of reducing GAL4 aggregation, or
both.

Expression of a general caspase inhibitor such as P35 is sufficient to
give rise to a functional PDF circuitry (judged by neuronal survival
and complete rescue of behavioural rhythmicity). Although there have
been reports of limited action of P35 on certain poly Q-associated fly
models of disease (Ghosh & Feany, 2004; Jackson et al., 1998;
Warrick et al., 1998), our observations are in line with those reported
by Jackson and colleagues whereby loss of function of a programmed
cell death pathway component suppressed neurodegeneration associ-
ated with expression of poly Q proteins (Sang et al., 2005), suggesting
that preventing apoptotic cell death could be a viable strategy for
circumventing some of the detrimental effects associated with the
deposition of aggregated proteins.

Supplementary material

The following supplementary material may be found on www.
blackwell-synergy.com
Fig. S1. GMR-gal4 allows direct comparison of GAL4 detrimental
effects on photoreceptor and central brain structures through GAL4
accumulation under the same regulatory region.
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