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Synaptic Homeostasis Is Consolidated by the Cell Fate Gene
gooseberry, a Drosophila pax3/7 Homolog
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In a large-scale screening effort, we identified the gene gooseberry ( gsb) as being necessary for synaptic homeostasis at the Drosophila
neuromuscular junction. The gsb gene encodes a pair-rule transcription factor that participates in embryonic neuronal cell fate specifi-
cation. Here, we define a new postembryonic role for gooseberry. We show that gsb becomes widely expressed in the postembryonic CNS,
including within mature motoneurons. Loss of gsb does not alter neuromuscular growth, morphology, or the distribution of essential
synaptic proteins. However, gsb function is required postembryonically for the sustained expression of synaptic homeostasis. In GluRIIA
mutant animals, miniature EPSP (mEPSP) amplitudes are significantly decreased, and there is a compensatory homeostatic increase in
presynaptic release that restores normal muscle excitation. Loss of gsb significantly impairs the homeostatic increase in presynaptic
release in the GluRIIA mutant. Interestingly, gsb is not required for the rapid induction of synaptic homeostasis. Furthermore, gsb seems
to be specifically involved in the mechanisms responsible for a homeostatic increase in presynaptic release, since it is not required for the
homeostatic decrease in presynaptic release observed following an increase in mEPSP amplitude. Finally, Gsb has been shown to antag-
onize Wingless signaling during embryonic fate specification, and we present initial evidence that this activity is conserved during
synaptic homeostasis. Thus, we have identified a gene ( gsb) that distinguishes between rapid induction versus sustained expression of
synaptic homeostasis and distinguishes between the mechanisms responsible for homeostatic increase versus decrease in synaptic
vesicle release.

Introduction
Throughout the nervous system there is evidence that homeostatic
signaling systems can regulate neuronal excitability through modu-
lation of synaptic transmission or ion channel abundance (Davis,
2006; Marder and Goaillard, 2006; Turrigiano, 2008). However, the
molecular mechanisms responsible for the homeostatic regulation
of neural function remain poorly understood. It has also been hy-
pothesized that defective homeostatic signaling could contribute to
the cause or progression of neurological disease (Bernard et al., 2004;
Houweling et al., 2005; Davis, 2006; Jakubs et al., 2006). However,
molecular characterization of homeostatic signaling will be neces-
sary before clear links to neurological disease can be established.

Homeostatic signaling systems modulate synaptic transmis-
sion at the neuromuscular junction (NMJ) of organisms ranging
from Drosophila to human (for review, see Davis, 2006). In Dro-
sophila, manipulations that decrease the sensitivity of postsynap-
tic glutamate receptors (GluR), such as genetically deleting or
altering the nonessential GluR subunit GluRIIA (Petersen et al.,

1997; Davis et al., 1998) or applying sub-blocking concentrations
of the GluR-specific toxin philanthotoxin (PhTx) (Frank et al.,
2006), cause a homeostatic increase in presynaptic neurotrans-
mitter release that precisely counteracts the decrease in postsyn-
aptic receptor sensitivity to achieve normal neuromuscular
depolarization. This is a process that is termed synaptic ho-
meostasis (Davis and Goodman, 1998; Davis, 2006). The induc-
tion of synaptic homeostasis at the Drosophila NMJ is rapid
(minutes), independent of new protein synthesis, and requires
the full functionality of presynaptic CaV2.1 calcium channels
(Frank et al., 2006). Although the induction of synaptic homeostasis
at this NMJ is transcription independent, a transcription-dependent
mechanism involving bone morphogenic protein (BMP) signaling
is required within the presynaptic motoneuron to confer compe-
tence for expression of synaptic homeostasis (Goold and Davis,
2007).

Here, we demonstrate that the transcription factor gooseberry
is essential for the sustained expression of synaptic homeostasis at
the Drosophila NMJ. Gooseberry was identified in a large-scale
screen for genes involved in synaptic homeostasis. Gooseberry is
the Drosophila homolog of vertebrate pax3 and pax7, which are
involved in neuronal cell fate determination. In Drosophila,
gooseberry functions as part of a combinatorial transcription fac-
tor code that specifies neuronal cell fate in the embryonic CNS (Li
and Noll, 1993; Skeath et al., 1995; Duman-Scheel et al., 1997;
Bhat et al., 2000; Deshpande et al. 2001). Gooseberry function has
never before been examined in the postembryonic nervous sys-
tem. Here, we show that gooseberry is widely expressed in the
postembryonic nervous system and is necessary in postmitotic
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neurons for the sustained expression of a homeostatic increase in
presynaptic neurotransmitter release. These data identify a new
gene involved in synaptic homeostasis and genetically separate
the mechanisms responsible for the rapid induction versus the
sustained expression of synaptic homeostasis. These data also
genetically separate the homeostatic mechanisms responsible for
a homeostatic enhancement versus a homeostatic decrease in
synaptic efficacy. Finally, our data define a new postembryonic
function for a class of genes previously studied only in the context
of embryonic cell fate determination.

Materials and Methods
Fly genetics. The sense (with XbaI restriction site GGGCGGGTTCTA-
GAGCAACTCCCACTACCAGTG) and antisense (with XbaI restriction
site GGGCGGGTTCTAGATATGGATAGGTTGGTGCAGTG) oligo-
nucleotides were used as primers in a PCR on Drosophila genomic DNA
to amplify part (491 bp) of a gsb exon. Standard procedures were fol-
lowed to insert this DNA fragment as two inverted repeats in the UAS-
containing vector pWIZ (Lee and Carthew, 2003), which allows the
production of hairpin RNA leading to the production of double-
stranded RNA. Transgenic flies were generated by standard methods.
Homozygous viable and fertile insertions on the second and third chro-
mosome were selected. When used with the GAL4/UAS expression sys-
tem (Brand and Perrimon, 1993), it allows for the conditional expression
of RNA interference (RNAi). The insertions are referred to as UAS-gsb-
RNAi in this manuscript. In our experiments, we used the elavC155-Gal4
line to drive expression in postmitotic neurons. For simplification,
elavC155-Gal4; �; UAS-gsb-RNAi/� is referred to as elav-Gal4; UAS-gsb-
RNAi. elavC155-Gal4; �; UAS-gsb-RNAi/UAS-gsb-RNAi is referred to as
elav-Gal4; UAS-gsb-RNAi 2�. elavC155-Gal4;UAS-gsb-RNAi/�; UAS-gsb-
RNAi/UAS-gsb-RNAi is referred as elav-Gal4; UAS-gsb-RNAi 3 �. The
stocks containing the gsb01155 and WgI-12 alleles were obtained from the
Bloomington Stock Center (Indiana University, Bloomington, IN).
The gsb01155 and WgI-12 alleles were recombined on the chromosome
containing the GluRIIAsp16 allele following standard methods. The lines
investigated in this manuscript are gsb01155/� and GluRIIAsp16, gsb01155/
GluRIIAsp16,�. We also examined GluRIIAsp16, WgI-12/GluRIIAsp16, �
and GluRIIAsp16, �, gsb01155/GluRIIAsp16, WgI-12, �. The flies containing
the WgI-12 allele were raised at restrictive temperature (25–27°C). UAS-
Gsb flies were a gift from Markus Noll (University of Zurich, Zurich,
Switzerland). The stock containing the BxMS1094 Gal4 enhancer trap (ex-
pression in wing imaginal discs) was obtained from the Bloomington
Stock Center. We refer to this allele as MS1094-Gal4.

Immunohistochemistry. Synaptic bouton numbers were imaged and
quantified as described previously (Pielage et al., 2006). The mouse
monoclonal anti-Synapsin antibody (Klagges, et al., 1996) was used at
1:20 dilution. FITC-labeled anti-mouse secondary antibody (Jackson
ImmunoResearch Laboratories) was used at a dilution of 1:200. The
number of boutons per NMJ revealed by the Synapsin immunoreactivity
was quantified at the synapse on muscle 6/7 on segment A3, including
7–12 NMJs per genotype. To quantify synaptic protein abundance at the
NMJ, the mouse monoclonal anti-Synapsin antibody (Klagges et al.,
1996) was used at 1:20 dilution, the mouse monoclonal anti-Bruchpilot
(nc82) (Wucherpfennig et al., 2003) at 1:50 dilution, the polyclonal an-
tibody against Dlg at 1:5000 dilution (Budnik et al., 1996), and the poly-
clonal antibody against Dynamin at 1:200 dilution (Roos and Kelly,
1998). Secondary antibodies were used at a concentration of 1:200. When
fluorescence intensities of different mutants and wild-type (wt) geno-
types were compared, the larval fillets were processed in the same tube,
treated identically, and imaged using identical settings. Imaging was per-
formed using a Zeiss LSM5 Pascal confocal microscope. Individual entire
muscle 4 NMJ synapses were optically sectioned (0.2 �m; series of 12–18
sections per synapse). A two-dimensional (2D) projection was generated
that projected maximal pixel intensity. The average fluorescence of the
2D projection was calculated over the entire synaptic area. Software anal-
ysis was driven by ImageJ software (http://rsbweb.nih.gov/ij/). The fluo-
rescence intensity values we present represent the difference between the
synaptic intensity and muscle intensity (�F) over the intensity of the

muscle (F) normalized to wild-type values. Third instar larval CNSs were
dissected in HL3 saline, fixed with 4% paraformaldehyde (PFA) fixative
for 15 min, washed in PBS, and permeabilized in 0.1% Triton X-100 in
PBS. A polyclonal rabbit anti �-galactosidase antibody (Invitrogen) was
used at 1:5000. TRITC-labeled anti-rabbit secondary antibody (Jackson
ImmunoResearch Laboratories) was used at a dilution of 1:200. Imaging
was made using a Zeiss LSM5 Pascal confocal microscope.

Electrophysiological recordings. Third instar larvae were selected and
dissected according to previously published techniques (Davis et al.,
1998; Marie et al., 2004). Whole-muscle recordings were performed on
muscle 6 in abdominal segment A3 using sharp microelectrodes (12–16
M�). Recordings were selected for analysis only with resting membrane
potentials more hyperpolarized than �60 mV and with input resistances �5
M�. The average miniature EPSP (mEPSP) amplitude was quantified by
measuring the amplitude of 100–200 individual, sequential spontaneous
mEPSP events per NMJ. The average per-NMJ mEPSP amplitudes were
then averaged for each genotype. Measurement of mEPSP amplitudes
was semiautomated (Synaptosoft). The average superthreshold-evoked
EPSP amplitude was calculated for each synapse, ensuring that both
motor axons innervating muscle 6 in segment A3 were recruited. Quantal
content (QC) was calculated as the average of EPSP amplitude divided by
the average mEPSP amplitude. Quantal content was determined for each
synapse and then averaged across synapses to generate the average quan-
tal content for each genotype. Data for steady-state synaptic transmission
were acquired in HL3 saline (0.3 mM Ca 2�; 10 mM Mg 2�). For experi-
ments examining synaptic depression during sustained nerve stimula-
tion, synapses were recorded in HL3 saline (2 mM Ca 2�; 20 mM Mg 2�).

Recordings of central neurons were performed in wandering third
instar larvae as described previously (Rohrbough and Broadie, 2002).
Whole-cell recordings were achieved using thick-walled borosilicate
glass electrodes (GC100F-10; Harvard Apparatus) fire polished to resis-
tances of between 5 and 10 M�. Cells were identified based on position
within the ventral nerve cord, and absolute identification was deter-
mined after recording by labeling with sulfur rhodamine (0.3%; Invitro-
gen), which was included in the patch saline. Recordings were made
using an Axopatch-200B amplifier and Digidata 1322A controlled by
pClamp 9 (Molecular Devices). Only cells with an input resistance �1
G� were accepted for analysis. Traces were filtered online at 5 kHz and
sampled at 10 kHz. Membrane excitability was determined using injec-
tion of depolarizing current (10 –100 pA/500 ms) from a resting mem-
brane potential (RMP) of �60 mV. RMPs were maintained at �60 mV
by injection of a small amount of hyperpolarizing current. Action poten-
tial dynamics were analyzed using the Mini Analysis program (Synap-
tosoft). External saline for dissection and current-clamp analysis of
excitability consisted of the following (in mM): 135 NaCl, 5 KCl,
4 MgCl2�6H2O, 2 CaCl2�2H2O, 5 N-Tris[hydroxymethyl]methyl-2-
aminoethanesulfonic acid, and 36 sucrose, pH 7.15. Internal patch solu-
tion consisted of (in mM): 140 K � methylsulfonate (KCH3SO3), 2
MgCl2�6H2O, 2 EGTA, 5 KCl, and 20 HEPES, pH 7.4.

Quantitative reverse transcription PCR. Primer-probes specific for real-
time PCR detection of Gsb and ribosomal protein L32 (RpL32) were
designed and developed by Applied Biosystems. The CNS was removed
from 25 third instar larvae per sample (3– 6 samples/genotype). Total
RNA was isolated from each sample using the standard TRIzol (Invitro-
gen) protocol. DNase digestion removed potential DNA contamination
(RQ1 RNase-free DNase; Promega). Reverse transcription (RT) was per-
formed (TaqMan reverse transcription reagents; Applied Biosystems)
using random hexamers and 1 �g of total RNA. A no RT control was
performed for each sample. Purified cDNA was used as a template in 30
�l of PCR (TaqMan Universal PCR Master Mix, no AmpErase uracil
N-gylcosylase, Applied Biosystems). This 30 �l reaction was divided into
three 10 �l triplicates. In addition, one 10 �l no RT reaction was used for
each sample. ABI Prism 7900 was used for all PCRs. Cycle threshold (CT)
was determined by automated threshold analysis using SDS2.3 software
according to the manufacturer’s instructions (Applied Biosystems).
Comparative Gsb levels (between wt and mutant animals) were deter-
mined using the ��CT method (Applied Biosystems User Bulletin No.
2). To determine whether the two amplification reactions have the same
PCR efficiency, �CT (CT of experimental gene � CT of reference gene)
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values are determined across the serial dilutions and plotted against the
log of the cDNA dilution. Briefly, the ��CT method is performed as
follows: (1), �CT values are determined as explained above; (2) experi-
mental animal (mutants) �CT values were subtracted from control ani-
mal (wt) �CT values to give the ��CT; (3) using the equation
2�(���CT) � 100, the percentage expression of each gene in experi-
mental animals compared with control animals was calculated. Each
experimental animal sample was compared with each wild-type sample
(Applied Biosystems User Bulletin No. 2).

Results
The gooseberry gene was identified in a screen for genes that dis-
rupt synaptic homeostasis when mutated or knocked down
(Frank et al., 2009). gsb encodes a transcription factor homolo-
gous to mammalian pax3 and pax7, containing both a homeodo-
main and a paired domain. Null mutations in gsb are embryonic
lethal because of severe defects in neuroectoderm patterning.
However, heterozygous null mutations are adult viable and show
no evidence of altered cell fate in the neuromuscular system. In
heterozygous gsb01155/� mutants, for example, motoneurons
navigate into the periphery and establish the correct stereotyped
pattern of synaptic connections with identified muscle cells (data
not shown). In addition, staining the nervous system with anti-
bodies that label subpopulations of central neurons shows no
evidence of perturbed neuronal cell fate (data not shown). These
data agree with previous genetic studies of cell fate determination
(Gutjahr et al., 1993; Li and Noll, 1993; Skeath et al., 1995;
Duman-Scheel et al., 1997).

Synaptic homeostasis is inhibited by a heterozygous
gsb mutation
Glutamate receptors at the Drosophila NMJ include two nones-
sential subunits, GluRIIA and GluRIIB (Petersen et al., 1997;
DiAntonio et al., 1999). Null mutations in the GluRIIA gene

(GluRIIAsp16) cause a significant decrease
in the amplitude of spontaneous mEPSPs
and a corresponding increase in presyn-
aptic vesicle release (quantal content) (Pe-
tersen et al., 1997). In combination with
the results observed in several other stud-
ies, it is concluded that a homeostatic in-
crease in presynaptic release offsets the
decrease in mEPSP amplitude caused by
the mutation of the muscle-specific Glu-
RIIA receptor subunit (for review, see
Davis, 2006).

Here, we demonstrate that a heterozy-
gous gsb01155/� mutation significantly sup-
pressesthemagnitudeofsynaptichomeostasis
that is expressed in a GluRIIAsp16 mutant
background (Fig. 1A,B). We first demon-
strate that synaptic transmission is normal
in the heterozygous gsb01155/� mutant (Fig.
1). Specifically, we find that the wild-type
average mEPSP amplitude (0.94 � 0.04
mV; n � 25) and average quantal content
(41.8 � 1.8; n � 25) are not significantly
different from the average mEPSP ampli-
tude (0.88 � 0.04 mV; n � 23) and average
quantal content (45.3 � 1.9; n � 23) re-
corded in gsb01155/� ( p � 0.1). However,
whentheheterozygousgsb01155/�mutationis
placed in the background of the GluRIIAsp16

mutant, we find that the homeostatic in-
crease in presynaptic release that is normally observed in the
GluRIIAsp16 animals is significantly suppressed (Fig. 1B). Specif-
ically, the GluRIIAsp16 mutant normally shows a 64% decrease in
quantal size and a compensatory 98% increase in presynaptic
release (quantal content). By contrast, when gsb01155/� is
placed in the GluRIIA mutant, there is a 62% decrease in
mEPSP amplitude but only a 37% increase in quantal content.
Thus, the homeostatic enhancement of presynaptic release has
been significantly suppressed ( p 	 0.003) (Fig. 1). We have also
quantified gsb mRNA levels by quantitative (QT) PCR (see Ma-
terials and Methods) in gsb01155/� and find a significant 43 � 3%
decrease in message ( p 	 0.01; n � 3) compared with wild type,
consistent with the haplo-insufficient phenotype observed in
these animals. It is worth noting that it is not unusual for Pax-
family transcription factors to show haplo-insufficient mutant
phenotypes (Wehr and Gruss, 1996; Dahl et al., 1997). In human,
mutation of a single copy of pax3 is associated with Waardenburg
syndrome (Waardenburg, 1951; Baldwin et al., 1992; Tassabehji
et al., 1992, 1993; Dahl et al., 1997).

Gsb is widely expressed in the postembryonic nervous system
To investigate how Gsb might participate in synaptic homeosta-
sis, we examined the postembryonic expression of the gsb gene.
Previous reports have characterized gsb expression during em-
bryonic stages and have shown that this segment polarity gene
specifies cell fate within a subpopulation of central neurons (Gutjahr
et al., 1993; Li and Noll, 1993; Zhang et al., 1994). To visualize gsb
expression in the larval CNS, we took advantage of the gsb01155

transposon insertion. This transposon includes the �-galacto-
sidase coding sequence and is inserted at position �46 relative to
the transcription start site of the gsb gene (Duman-Scheel et al.,
1997). Prior genetic studies demonstrate that this mutation spe-
cifically disrupts the gsb gene, including analysis of gsb01155 in

Figure 1. Disruption of synaptic homeostasis in heterozygous gsb mutant animals. A, Top, Representative traces of wild type and
GluRIIAsp16. Bottom, Quantification of average mEPSP amplitude (open bars) and quantal content (filled bars). Values are normalized to
wild-type control. GluRIIAsp16 mutants have decreased mEPSP amplitudes and a homeostatic increase in quantal content ( p 	 0.001).
B, Top: Representative traces recorded from gsb01155/�and GluRIIAsp16; gsb01155/�. Note that there is no difference between comparing
wild-type mEPSP amplitude (0.94�0.04 mV; n�25) and quantal content (41.8�1.8; n�25) and gsb01155/�mEPSPs (0.88�0.04
mV; n�23)andquantalcontent(45.3�1.9; n�23)( p�0.18).Bottom,Quantalcontent(filledbar)andmEPSPamplitude(openbar)
are quantified. Quantification shows that the homeostatic increase in quantal content is significantly reduced in GluRIIAsp16; gsb01155/�
animals. Although GluRIIA sp16 animals (mEPSP � 0.34 � 0.02 mV; EPSP � 27.8 � 1.8 mV; quantal content � 82.5 � 5.1; n � 16)
show a considerable homeostatic increase in QC (98 � 12% increase beyond control value; p � 4.1 10 �7), the GluRIIA sp16, gsb01155/
GluRIIA sp16, � animals show greatly reduced synaptic transmission (mEPSP � 0.33 � 0.02 mV; EPSP � 20.8 � 1.6 mV; quantal
content � 62.3 � 1.3; n � 13) due to compromised homeostasis compensation. There is significantly less homeostatic compensation
(only a 37 � 7% increase; p � 0.002). Error bars represent average � SEM.
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trans to a separate gsb allele, reversion of the mutant phenotype
following imprecise excision of the gsb01155 P-element, and rescue
of the mutant phenotype with a genomic fragment containing the
gsb region (Duman-Scheel et al., 1997). These and other data also
support the conclusion that �-galactosidase reporter activity of
this P-element insertion accurately reflects gsb transcription
(Duman-Scheel et al., 1997).

We have taken advantage of this P-lacZ insertion element
( gsb01155) and document Gsb reporter expression throughout the
CNS of the third instar larvae. It appears that gsb is expressed in a
large numbers of cells, more so than observed in the embryo, and
is expressed in these cells throughout larval development. Impor-
tantly, we never observed gsb expression in muscle by this
method. We then combined the gsb01155 reporter with a UAS-
GFP (green fluorescent protein) reporter driven by a moto-
neuron-specific GAL4 driver. This allowed us to identify those
motoneurons that express gsb. We find �-galactosidase immuno-
reactivity in the majority of motoneurons identified by UAS-GFP
expression (Fig. 2) (98 � 1.32% of motoneurons had �-galacto-
sidase immunoreactivity levels higher than background levels,
and 84% of these motoneurons showed immunofluorescence in-
tensity �2 SDs above background). From these data we conclude
that gsb is expressed postembryonically in the majority of mo-
toneurons, where it could participate in the mechanisms of syn-
aptic homeostasis.

Gsb is required postembryonically for the expression of
synaptic homeostasis
We hypothesize that postembryonic gsb expression is required
for the expression of synaptic homeostasis. To test this hypothe-
sis, we engineered animals that express a gene-specific gsb-RNAi
under the control of the UAS promoter (UAS-gsb-RNAi). First,
we performed experiments to test whether UAS-gsb-RNAi could
inhibit gsb expression. We initially performed a functional assay
of Gsb activity. When gsb is overexpressed in the developing
wing, there is a severe perturbation of wing morphology (100%
penetrance), consistent with the function of gsb as a potent reg-
ulator of developmental signaling (Fig. 3). However, when we
coexpress UAS-gsb with UAS-gsb-RNAi, we are able to signifi-
cantly suppress this morphological defect, resulting in nearly
normal wing morphology with 100% penetrance. These data are
consistent with UAS-gsb-RNAi limiting gsb expression. We then
quantified gsb mRNA levels in animals neuronally expressing

UAS-gsb-RNAi by QT-PCR and find a significant 48 � 2% de-
crease in gsb mRNA compared with controls (n � 3; p 	 0.01).

Next, we assayed synaptic function when UAS-gsb-RNAi is
expressed in postmitotic neurons using the pan-neuronal GAL4
driver elav -GAL4. There is no statistically significant difference
when comparing recordings made in wild type to those made in
animals with neuronal expression of UAS-gsb-RNAi (elav-Gal4;
UAS-gsb-RNAi). The average wild-type mEPSP amplitude is
0.96 � 0.04 mV (n � 19) (Fig. 4A), and quantal content is 35.5 �
1.6 (n � 19) (Fig. 4A). When UAS-gsb-RNAi is expressed in
postmitotic neurons we find that mEPSPs are 0.94 � 0.05 mV
(n � 9) and quantal content is 33.4 � 1.9 (n � 23) (Fig. 4B).
Thus, RNAi-dependent knockdown of gsb does not alter baseline
synaptic transmission.

We then asked whether neuronal expression UAS-gsb-RNAi
disrupts synaptic homeostasis in the GluRIIA mutant back-
ground. We find that expression of UAS-gsb-RNAi in the

Figure 2. Gooseberry is expressed in mature motoneurons. A, Whole mount CNS from a third instar larvae expressing �-galactosidase under the control of the gsb promoter shows that gsb is
widely expressed throughout the CNS. The inset shows a region of the ventral nerve cord where motoneurons are located. This is also a prominent site of Gsb expression. B, Whole mount CNS from
a third instar larvae expressing �-galactosidase under the control of the gsb promoter (B2) and coexpressing CD8-GFP under a motoneuron (M.N)-specific driver (B1). These markers show
colocalization in a subpopulation of motoneurons postembryonically. Asterisks indicate regions magnified for insets.

Figure 3. Transgenically expressed UAS-gsb-RNAi can reduce gsb activity in vivo. Top, Over-
expression of UAS-Gsb is driven by the wing-pouch driver MS-1096 GAL4 line and provokes
profound wing anomalies with 100% penetrance. Bottom, Coexpression of UAS-gsb-RNAi re-
stores wings morphology toward a wild-type phenotype (100% penetrance) demonstrating
that expression of UAS-gsb-RNAi effectively reduces gsb activity.
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GluRIIA mutant background (elav-Gal4; GluRIIAsp16; UAS-gsb-
RNAi/�) significantly suppresses the homeostatic increase in
presynaptic release normally observed in the GluRIIA mutant
(a homeostatic increase in quantal content of only 17% was
found in animals expressing UAS-gsb-RNAi compared with a
101% increase observed in the GluRIIA mutant alone) (Fig.
4 B). Although gsb is not expressed in muscle, we also per-

formed a control examining muscle-
specific expression of UAS-gsb-RNAi
and find that synaptic homeostasis is
unchanged compared with wild type
(GluRIIA; BG57-Gal4; UAS-gsb-RNAi
compared with wild type; n � 15; p �
0.67). These data confirm that loss of
Gsb disrupts the expression of synaptic
homeostasis. In addition, these data
demonstrate that gsb is necessary within
postmitotic neurons for the expression
of synaptic homeostasis. This represents
a novel postembryonic function for this
well documented developmental pat-
terning gene.

Synaptic homeostasis at the Drosophila
NMJ is expressed as an increase in presyn-
aptic transmitter release. To further verify
that expression of UAS-gsb-RNAi disrupts
a homeostatic increase in presynaptic
release probability, we assayed short-
term synaptic plasticity at the NMJ. The
wild-type NMJ is able to maintain EPSP
amplitudes without substantial synaptic
depression during prolonged synaptic
stimulation in elevated extracellular cal-
cium saline (2 mM Ca 2�) (Marie et al.,
2004; Frank et al., 2006). By contrast,
GluRIIA mutant animals show pronounced
synaptic depression under identical condi-
tions, most likely because the increased
rate of vesicle release in the GluRIIA mu-
tant exceeds the rate of vesicle endocyto-
sis, resulting in vesicle depletion (Frank et
al., 2006). If loss of gsb prevents a homeo-
static increase in presynaptic release in the
GluRIIA mutant background, then it
should also relieve the synaptic depression
normally observed in the GluRIIA mutant
background. This is confirmed here. We
demonstrate that expression of UAS-gsb-
RNAi in the background of the GluRIIA
mutant significantly reduces the synaptic
depression normally observed in the GluRIIA
mutant (Fig. 4C). Synaptic depression is
not restored completely to wild-type lev-
els. However, on average there remains a
small amount of homeostatic compensa-
tion in GluRIIA animals that also express
UAS-gsb-RNAi. Together, these data are
consistent with the conclusion that neu-
ronal expression of Gsb-RNAi disrupts
the homeostatic increase in presynaptic
release normally observed in the GluRIIA
mutant background.

Loss of postmitotic Gsb does not alter NMJ growth
and morphology
It is possible that loss of gsb could lead to abnormal synaptic
growth and/or development and indirectly impair synaptic ho-
meostasis. Therefore, we assessed NMJ morphology and quanti-
fied the growth of the NMJ by counting the number of synaptic
boutons present at an identified NMJ. There is no change in the

Figure 4. Disrupting gsb expression in postmitotic neurons strongly diminishes synaptic homeostasis. A, Representative traces
of wild type and GluRIIAsp16 and quantification of average mEPSP amplitude (open bars) and quantal content (filled bars). Values
are normalized to wild-type control. GluRIIAsp16 mutants have decreased mEPSP amplitudes and a homeostatic increase in quantal
content ( p 	 0.001). B, Representative elav-Gal4; UAS-gsb-RNAi and GluRIIA; elav-Gal4; UAS-gsb-RNAi. Note that there is no
statistically significant difference between wild-type mEPSPs (0.96 � 0.04 mV; n � 19; in A) and quantal content (35.5 �
1.6; n � 19; in A) and elav-Gal4; UAS-gsb-RNAi mEPSPs (0.94 � 0.05 mV; n � 9) and quantal content (33.4 � 1.9; n � 9; p �
0.43). Quantal content (filled bar) and mEPSP amplitude (open bar) are quantified. GluRIIA; elav-Gal4; UAS-gsb-RNAi animals are
unable to express a homeostatic increase in quantal content despite a significant decrease in mEPSP amplitude. GluRIIAsp16

mutants animals (mEPSP � 0.38 � 0.02 mV; EPSP � 26.5 � 1.4 mV; QC � 71.2 � 3.9; n � 19) showed robust homeostatic
compensation (QC is increased by 101 � 11% compared with control value; p � 4.7 10 �9), while elav-Gal4; GluRIIAsp16; UAS-
gsb-RNAi/� animals (mEPSP � 0.41 � 0.02 mV; EPSP � 16.1 � 0.9 mV; QC � 39.2 � 1.9; n � 9) showed a near complete
blockade of synaptic homeostasis (QC is increased by 17 � 6% compared with control value; p � 5.8 10 �8 when compared with
GluRIIA compensation, p � 0.048 when compared with elav-Gal4; UAS-gsb-RNAi). C, Sample traces showing that there is signif-
icantly greater depression of EPSP amplitudes in GluRIIA mutant synapses during sustained stimulation in elevated extracel-
lular calcium (6000 stimuli at 8 Hz in 2 mM Ca 2�). This effect is strongly reduced in GluRIIA; elav-Gal4; UAS-gsb-RNAi
synapses, consistent with a decreased release probability in these animals. Rapid recovery to initial EPSP amplitudes is
demonstrated by low-frequency stimulation (0.2 Hz) following the cessation of the stimulus train. Right, Quantification of
the depression at the end of the train shows that removing gsb activity in GluRIIA mutant animals significantly reduces
synaptic depression. GluRIIA animals show a 49.3 � 3.4% depression while control animals show 20.7 � 7.5% depression
and GluRIIA; elav-Gal4; UAS-gsb-RNAi animals show a 32.8 � 3.3% depression. Scale bar, 1 min/25 mV. Experiments in C
were performed in high extracellular calcium (2 mM). At this concentration, the amplitude of the EPSP does not directly
reflect quantal content due to the effects of nonlinear summation, and there is no difference in initial EPSP amplitude
comparing GluRIIA and GluRIIA/RNAi. Error bars represent average � SEM.
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morphology of the NMJ in animals with decreased levels of gsb. In
particular, there is no evidence of altered bouton size or “satel-
lite” bouton formation (Marie et al., 2004). In addition, there is
no significant difference between control NMJs and NMJs with
decreased gsb, either in the heterozygous mutant background or
in animals expressing UAS-gsb-RNAi in postmitotic neurons
(Fig. 5).

Next, we asked whether essential synaptic antigens are cor-
rectly organized and expressed in motoneurons with decreased
gsb activity. To do so, we examined several different synaptic
markers and asked whether the distribution or abundance of
these markers was altered in neurons with decreased gsb. We
examined Bruchpilot, a protein homologous to ELKS/CAST
that promotes active zone assembly and vesicle release (Kittel
et al., 2006; Wagh et al., 2006), Dynamin (Roos and Kelly,
1998; Sever, 2002), Synapsin (Klagges et al., 1996; Fdez and
Hilfiker, 2006), and Dlg (Budnik et al., 1996; Hough et al.,
1997). Decreased gsb levels do not alter the subcellular local-
ization or the abundance of any of these proteins at the NMJ

(Fig. 6). Thus, we conclude that loss of gsb in postmitotic
neurons does not have a significant effect on the development
or growth of the NMJ.

Loss of gsb does not impair the rapid induction of
synaptic homeostasis
Application of a sub-blocking concentration of the glutamate
receptor antagonist PhTx causes a rapid decrease in mEPSP am-
plitude and a corresponding homeostatic increase in presynaptic
transmitter release (Frank et al., 2006). The homeostatic increase
in release induced by acute application of PhTx occurs rapidly,
being observed in 2–10 min, demonstrating a rapid induction of
synaptic homeostasis at the Drosophila NMJ (Frank et al., 2006).
Several experiments suggest that the mechanisms responsible for
the rapid induction of synaptic homeostasis by PhTx are similar
to the mechanisms that are responsible for a homeostatic increase
in presynaptic release in the GluRIIA mutant animal. For exam-
ple, mutations in the cacophony calcium channel (CaV2.1 ho-
molog) prevent a homeostatic increase in presynaptic release in
both the GluRIIA mutant background and following PhTx appli-
cation to the NMJ (Frank et al., 2006). Similarly, mutations in the
BMP signaling system disrupt synaptic homeostasis in both the
GluRIIA mutant and following PhTx application to the NMJ
(Goold and Davis, 2007). Therefore, we asked whether loss of gsb
also inhibits the rapid PhTx-dependent induction of synaptic
homeostasis.

We applied PhTx (4 �M) to the Drosophila NMJ as done pre-
viously (Frank et al., 2006; Goold and Davis, 2007). In wild type,
gsb01155/� mutants, and animals expressing UAS-gsb-RNAi in
neurons, the application of PhTx causes an indistinguishable de-
crease in average mEPSP amplitude and a homeostatic increase in
presynaptic release (Fig. 7). Thus, the rapid induction of synaptic
homeostasis is unaffected in the same gsb loss-of-function condi-
tions that are sufficient to inhibit synaptic homeostasis in the
GluRIIA mutant background. Next, we sought to knock down gsb
expression as much as possible. We have previously found that
expression of multiple copies of a UAS-RNAi transgene in neu-
rons is necessary to achieve near complete depletion of protein
from motoneurons at the Drosophila NMJ (Pielage et al., 2005,
2008). Therefore, we applied PhTx to flies containing the post-
mitotic driver elavC155-Gal4, directing the expression of two or
three inserts encoding for UAS-gsb-RNAi (Fig. 7). After PhTx
application, the mEPSP amplitudes are similarly decreased in
control animals and in elav C155-Gal4; UAS-gsb-RNAi 2 � or
elavC155-Gal4; UAS-gsb-RNAi 3 � (average mEPSP amplitudes
are, respectively, 56.6, 57.1, and 53% of the control amplitude)
(Fig. 7). Again, all three genotypes also showed robust homeo-
static compensation (an increase of 67, 57, and 83% above the
control QC) (Fig. 7) that is not significantly different from that
observed following PhTx application to the genetic controls (Fig.
7). From these data we conclude that gsb is not required for the
rapid induction of synaptic homeostasis. Ultimately, we cannot
rule out the possibility that synaptic homeostasis in the GluRIIA
mutant background is simply more sensitive to decreased levels
of Gsb protein compared with the mechanisms underlying the
rapid PhTx-dependent induction of synaptic homeostasis. How-
ever, we favor the conclusion that gsb selectively participates in a
mechanism that is involved in the sustained expression of synap-
tic homeostasis versus the rapid protein synthesis-independent
induction of synaptic homeostasis.

Figure 5. NMJ growth is normal following neuronal gsb knockdown. Top, Images of NMJs at
muscles 6/7 of wild type and UAS-gsb-RNAi expressed presynaptically (elav-Gal4; UAS-gsb-
RNAi). Bottom, Quantification of NMJ size at muscles 6 and 7 within segment A3 of third instar
larvae. No significant difference in bouton number was observed comparing wild type with
gsb/� or when comparing animals expressing UAS-gsb-RNAi with the elav-Gal4 controls (n �
8). Error bars represent mean � SEM.
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Gsb is not required for homeostatic signaling that decreases
presynaptic release
Two recent studies have shown that homeostatic signaling at the
Drosophila NMJ is also capable of decreasing presynaptic release
in response to perturbations that either increase muscle innerva-
tion (Davis and Goodman, 1998) or increase presynaptic quantal
size (Daniels et al., 2004). For example, neuronal expression of
the vesicular glutamate transporter (vGlut) causes an increase in
quantal size that is attributed to an increase in the amount of
neurotransmitter packaged into individual synaptic vesicles at
the Drosophila NMJ (Daniels et al., 2004). In response to in-
creased quantal size, there is a compensatory decrease in quantal
content that restores average EPSP amplitudes to wild-type levels.

It remains unknown whether a homeo-
static decrease in presynaptic release re-
quires the same molecular machinery as
the homeostatic increase in presynaptic
release observed in the GluRIIAsp16 mu-
tant background (Davis, 2006). There-
fore, we generated animals that coexpress
the vGlut transporter and UAS-gsb-RNAi
in postmitotic neurons. We find that ex-
pression of the vGlut transporter in neu-
rons caused a significant increase in
average mEPSP amplitude when driven
alone (54% increase beyond control
mEPSP amplitude) or in combination
with the UAS-gsb-RNAi (47% increase be-
yond control mEPSP amplitude) (Fig. 8).
We also find that there is a homeostatic
decrease in presynaptic quantal content
when UAS-vGlut is driven alone (77.2%
of control QC) or in combination with
UAS-gsb-RNAi (78.7% of control QC)
(Fig. 8). These data indicate that gsb is not
required for a homeostatic decrease in
presynaptic release.

One possibility is that coexpression of
two UAS constructs dilutes the transgene
expression, making the UAS-gsb-RNAi
less effective. However, the efficacy of the
UAS-vGluT transgene in generating a
change in quantal size is identical regard-
less of whether UAS-gsb-RNAi is coex-
pressed (mEPSP amplitudes are increased
identically). This suggests that there is no
quantitative “dilution” effect from coex-
pressing two UAS constructs. Based upon
these data, we conclude that Gsb is neces-
sary only for the homeostatic increase in
release that occurs following a decrease in
mEPSP amplitude and is dispensable for
homeostatic mechanisms that decrease
presynaptic release in response to in-
creased mEPSP amplitude.

As a final control, we considered the
possibility that postembryonic expression
of gsb is necessary to maintain the general
electrophysiological profile of Drosophila
motoneurons. Since gsb is a transcription
factor involved in neuronal cell fate spec-
ification, we reasoned that postembryonic
Gsb might be important for maintaining

motoneuron firing properties and that this could influence the
expression of synaptic homeostasis. For example, a chronic de-
crease in motoneuron excitability might initiate a homeostatic
enhancement that could occlude further homeostatic regulation
in the GluRIIA mutant background. Therefore, we recorded
from motoneuron soma in the CNS following a series of step
depolarizations of increasing amplitude (Fig. 9A). Step depo-
larizations of 10 –50 pA elicited action potential trains that did
not differ comparing wild type and animals expressing UAS-gsb-
RNAi ( p � 0.1). Depolarizations between 60 and 100 pA elicited
action potential trains of slightly, although statistically signifi-
cant, higher frequency in motoneurons expressing UAS-gsb-
RNAi compared with controls. However, there was no significant

Figure 6. Decreased gsb does not affect the abundance or localization of synaptic antigens. Top, Representative wild-type and
gsb01155/� synaptic boutons at muscle 4 (segment A3) show that Bruchpilot (red) and Dynamin (green) localization and abun-
dance are similar in both genotypes. Representative elavC155-Gal4/� and elavC155-Gal4/�; UAS-gsb-RNAi synaptic boutons at
muscle 4 (segment A3) show that Synapsin (red) and Dlg (green) localization and abundance are similar in both genotypes.
Bottom, Quantification of the fluorescence intensity for Bruchpilot, Dynamin, Synapsin, and Dlg at the NMJ of muscle 4 (n�7 for
each genotype). The abundance of these markers is not statistically different in any of the genotypes tested. Values are normalized
to wild-type control. Error bars represent average �SEM.
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change in the individual action potential waveform (Fig. 9B–E).
Since the observed difference in UAS-gsb-RNAi-expressing ani-
mals is small, occurs only at the largest step depolarizations,
causes an increase rather than a decrease in firing rate, and occurs
without a change in action potential waveform, we favor the con-
clusion that impaired Gsb-dependent maintenance of motoneu-
ron firing properties is unlikely to be the direct cause of impaired
synaptic homeostasis.

Evidence that Gsb antagonizes Wingless signaling to allow
synaptic homeostasis
Finally, we sought to provide insight into the mechanism by
which Gsb might influence the sustained expression or consoli-
dation of synaptic homeostasis. To gain insight into the signaling
pathways influenced by Gsb, we turned to studies of embryonic
Gsb function. During embryonic patterning, gsb functions cell
autonomously to suppress the action of Wingless (Wg). In brief,
gsb acts specifically within the Wg secreting cell to suppress auto-
crine Wg signaling, allowing Wg-dependent intercellular regula-
tion of cell fate (Duman-Scheel et al., 1997; Bhat et al., 2000) (Fig.
10A). In the vertebrate and invertebrate nervous systems there is
evidence that Wg is secreted by neurons and functions as a potent
intercellular signaling molecule (Packard et al., 2002; Charron
and Tessier-Lavigne, 2005; Davis et al., 2008; Henriquez et al.,
2008; Miech et al., 2008; Poon et al., 2008; Gogolla et al., 2009;
Jing et al., 2009; Korkut and Budnik, 2009). At the Drosophila
NMJ, Wg is secreted by the motoneuron and has been shown to
act postsynaptically via the DFrizzled2 receptor (Packard et al.,
2002; Mathew et al., 2005). Wg has also been shown to act upon
the presynaptic nerve terminal to sculpt the morphology of the
nerve terminal (Miech et al., 2008). Presynaptic effects of Wg are

mediated by the Arrow receptor and includes signaling that is
localized to the presynaptic nerve terminal (Miech et al., 2008).

We first hypothesized that the embryonic function of Gsb
might be conserved in postembryonic motoneurons and, there-
fore, that Gsb might act to inhibit Wingless signaling in mo-
toneurons. Next, we considered that loss of Gsb suppresses
synaptic homeostasis. Therefore, if Gsb inhibits Wg signaling,
then Wg would likely function as an endogenous inhibitor of
homeostatic compensation. Thus, the persistent activity of Gsb
would be necessary to block the action of Wg and enable the
expression of synaptic homeostasis. This model predicts, there-
fore, that loss of wg should restore homeostatic compensation to
the GluRIIA; gsb/� double mutant animals (Fig. 10A).

We generated double and triple mutant animals in which we
combined a wg mutation with the GluRIIA and gsb mutations. In
these experiments, we took advantage of a well characterized,
loss-of-function wg mutation, wgI-12 (C104S) (van den Heuvel et
al., 1993, Couso and Martinez Arias, 1994), shown previously to
alter NMJ development in Drosophila (Packard et al., 2002). In
our experiments we sought to decrease but not eliminate Wg
signaling. Therefore, we analyzed heterozygous wgI-12 mutants.
NMJ development is normal in these animals, allowing us to
circumvent a requirement of Wg during anatomical NMJ devel-
opment. We first show that synaptic homeostasis occurs nor-
mally in GluRIIA animals harboring a heterozygous wgI-12

mutation (Fig. 10B). Indeed, there appears to be no effect on
synaptic homeostasis or baseline synaptic release properties in
these animals. Next, we examined the triple mutant combination
that includes a heterozygous wgI-12 mutation, the homozygous

Figure 7. Evidence that gsb is not required for the rapid induction of synaptic homeostasis.
Top, Representative traces for elav-Gal4; UAS-gsb-RNAi3 � animals with and without PhTx
(PTOX). Bottom, Quantal content (filled bar) and mEPSP amplitude (open bar) are quantified.
The data represent values recorded after 10 min of PhTx application and are presented normal-
ized to control values recorded in the absence of PhTx. There is a significant decrease in mEPSP
amplitude and a significant compensatory increase in quantal content for the three genotypes.
Error bars represent mean � SEM.

Figure 8. Evidence that gsb is not required for the homeostatic response to increased quan-
tal size. Top, Representative traces for elav-Gal4 and elav-Gal4; UAS-vGluT/�; UAS-gsb-RNAi/
�. Bottom, Quantal content (filled bar) and mEPSP amplitude (open bar) are quantified and
normalized to control values (elav-Gal4 ). There is a significant increase in quantal size and a
significant, compensatory decrease in quantal content in elav-Gal4; UAS-vGluT/� and in elav-
Gal4; UAS-vGluT/�; UAS-gsb-RNAi/� animals. Error bars represent mean � SEM.
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GluRIIA mutation, and a heterozygous gsb mutation. There is
significantly more homeostatic compensation in the triple mu-
tant compared with the GluRIIA; gsb/� double mutants. Indeed,
the presence of the heterozygous wgI-12/� mutation restores ho-
meostatic compensation to levels that are statistically the same as
those observed in GluRIIA alone (Fig. 10C). These data are con-
sistent with a model in which Gsb has a conserved function to
suppress Wg signaling in Drosophila motoneurons. Furthermore,
these data suggest the interesting possibility that an additional
function for Wg signaling at the Drosophila NMJ is to inhibit
homeostatic compensation.

Discussion
In this study we advance our understanding of synaptic ho-
meostasis in several important ways. First, we identify a new gene,
gsb, that is required in postmitotic, postembryonic neurons for
synaptic homeostasis at the Drosophila NMJ. Drosophila gsb is the
homolog of vertebrate pax3/pax7. Thus, our data identify a new
function for a conserved gene family that has been traditionally
studied in the context of neuronal fate specification. Second, we
demonstrate that loss of gsb selectively disrupts the expression
of synaptic homeostasis without impairing the rapid induc-
tion of synaptic homeostasis. These data suggest that geneti-
cally separable mechanisms exist for the induction versus the
expression of synaptic homeostasis at the Drosophila NMJ,
consistent with recently published data (Frank et al., 2009).

Third, we demonstrate that loss of Gsb
selectively disrupts the mechanisms re-
sponsible for a homeostatic increase in
presynaptic release without impairing
the mechanisms responsible for homeo-
static decrease in presynaptic release.
Therefore, these two forms of homeo-
static modulation, both expressed at the
Drosophila NMJ, appear to involve genet-
ically separable mechanisms. Fourth, be-
cause gsb is a transcription factor, our data
highlight the possibility that the persistent
expression of synaptic homeostasis in the
GluRIIA mutant is consolidated through
transcription-/translation-dependent mech-
anisms, while the rapid induction of ho-
meostatic signaling is independent of
new protein synthesis (Frank et al.,
2006). Thus, there may exist genetically
separable phases of homeostatic signal-
ing at the Drosophila NMJ analogous to
the induction versus expression of long-
term synaptic plasticity in other systems. Fi-
nally, we present evidence to support the
hypothesis that Gsb functions similarly
during cell fate specification and syn-
aptic homeostasis. According to the
emerging model, Gsb may antagonize
Wingless signaling in motoneurons to
facilitate the consolidation of synaptic
homeostasis. While there remains con-
siderable work to prove this model, our
data, in combination with prior work dur-
ing embryonic cell fate specification, pro-
vide the basis for a compelling model that
can be examined in greater detail in future
studies.

Gsb selectively impairs the expression of synaptic homeostasis
Here, we demonstrate that motoneurons with decreased levels
of Gsb are unable to express synaptic homeostasis in the back-
ground of a GluRIIA mutation. By contrast, the rapid, protein
synthesis-independent induction of synaptic homeostasis follow-
ing application of the glutamate receptor antagonist PhTx is nor-
mal. One possible explanation for this difference is that PhTx and
the GluRIIA mutant cause different postsynaptic perturbations
and initiate separate homeostatic signaling systems, only one of
which is affected by loss of gsb. This seems unlikely, however,
because previously published data indicate that PhTx primarily
acts upon postsynaptic glutamate receptors including those that
contain the GluRIIA receptor subunit (Frank et al., 2006). Fur-
thermore, several mutations have been shown to block synaptic
homeostasis both in the GluRIIA mutant and following PhTx
application, demonstrating that these two perturbations share, at
some level, a common molecular mechanism of homeostatic sig-
naling (Frank et al., 2006; Goold and Davis, 2007). We hypothe-
size, therefore, that loss of Gsb impairs a molecular process that is
selectively involved in the sustained expression of synaptic ho-
meostasis. This would be consistent with the sustained expres-
sion of synaptic homeostasis requiring new protein synthesis.

The possibility that Gsb participates specifically in the sus-
tained expression or consolidation of synaptic homeostasis has
interesting implications. In one model of homeostatic signaling,

Figure 9. Motoneuron excitability in animals expressing UAS-gsb-RNAi. A, Representative traces recorded from motoneuron
soma in response to the indicated step depolarization. B, Quantification of action potential number across the range of step
depolarizations tested (current injected) for control (elav-Gal4 ) and animals expressing UAS-gsb-RNAi (elav-Gal4; UAS-gsb-
RNAi3 �). C–E, There is no significant difference in action potential amplitude (C), rise time (D), or half-width (E) comparing control
(elav-Gal4 ) and animals expressing elav-Gal4; UAS-gsb-RNAi3 �.
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the GluRIIA mutation represents a persistent stress that induces a
continuous, rapidly induced form of homeostatic compensation.
In this model, the homeostatic modulation of presynaptic release
is continually updated and never consolidated. An alternative

model is that, once induced, the homeostatic modulation of pre-
synaptic release is consolidated and maintained for prolonged
periods of time. If this is the case, it should be possible to selec-
tively disrupt the consolidation of synaptic homeostasis indepen-
dently of the mechanisms of induction. Loss of Gsb appears to do
just this. It is not possible to persistently inhibit protein synthesis
during larval development. However, the demonstration that de-
creased Gsb disrupts synaptic homeostasis in the GluRIIA mutant
suggests that transcription and translation may be involved in the
mechanisms that consolidate a homeostatic change in presynap-
tic release.

Gsb selectively impairs the mechanisms responsible for a
homeostatic increase in presynaptic release
Several studies have now demonstrated that synaptic homeosta-
sis is bidirectional at the Drosophila NMJ, being able to increase
or decrease presynaptic vesicle release (Davis and Goodman,
1998; Daniels et al., 2004). It is currently unknown whether the
same molecular mechanisms are responsible for the observed
homeostatic increase versus decrease in presynaptic release.
Here, we demonstrate that loss of Gsb disrupts the homeostatic
increase of presynaptic release observed in the GluRIIA mutant
background, but it does not alter the homeostatic decrease in
presynaptic release observed when the vGlut transporter is driven
presynaptically and quantal size is thereby increased. These data
suggest that different molecular mechanisms could be involved in
the consolidation of a homeostatic increase in release versus a
homeostatic decrease in presynaptic release. The possibility that
Gsb participates only in the expression of a homeostatic increase
in release may suggest something about the role of Gsb within this
homeostatic signaling system. It is hypothesized, at the Drosoph-
ila NMJ, that altered postsynaptic excitation, either an increase or
a decrease in glutamate receptor activation, is somehow detected
by a monitor that resides within the postsynaptic muscle cell
(Davis, 2006). Similar monitors of cellular excitation have been
invoked in other neural systems, including central neurons, and
evidence has been presented that altered calcium signaling par-
ticipates in the monitoring of cellular excitability (Liu et al., 1998;
Turrigiano and Nelson, 2000; Marder and Prinz, 2002; Piedras-
Rentería et al., 2004; Thiagarajan et al., 2005). Since loss of Gsb
does not impair the ability of the neuromuscular system to ho-
meostatically adapt to an increase in quantal size, and since the
rapid induction of homeostatic signaling is intact, it is suggested
that the postsynaptic monitor of muscle glutamate receptor acti-
vation is unaffected by the loss of Gsb. This possibility is consis-
tent with the observation that Gsb is expressed only in the
presynaptic neuron. Thus, Gsb appears to function downstream
of the “homeostatic sensor” and is somehow involved in the
mechanisms that sustain a homeostatic increase in presynaptic
release over time.

Homeodomain transcription factors and evidence that
wg functions as an antagonist of synaptic homeostasis
In Drosophila, like in vertebrates, combinations of transcriptional
regulators determine the fate of neurons (for review, see Edlund
and Jessell, 1999; Jessell, 2000; Shirasaki and Pfaff, 2002). Indeed,
transcription factors control all stages of early neuronal develop-
ment and neuronal circuit formation, from the direction in
which the axon initially extends from the neuronal cell body
(Landgraf et al., 1999; Thor et al., 1999; Kania et al., 2000), the
location of the terminal zone of the axonal arborization (Arber et
al., 2000), and the specificity of synaptic targeting (Landgraf and
Thor, 2006) to the choice of neurotransmitter (Bröhl et al., 2008).

Figure 10. Synaptic homeostasis requires Gsb to antagonize Wg signaling. A, Left, During
neuronal development, neuroblasts expressing Gsb are impervious to Wg autocrine signaling.
Right, We envision that this signaling is also controlling the expression of synaptic homeostasis.
B, Quantal content (filled bars) and mEPSP amplitude (open bars) are quantified and normal-
ized to control values (W �). GluRIIA sp16 animals (mEPSP � 0.36 � 0.01 mV; EPSP � 26.2 �
1.1 mV; quantal content � 75 � 3.1; n � 33) show a considerable homeostatic increase in QC
(an increase of 83% � 7.6% beyond control values; p � 7.6 10 �13) when compared with
wild-type values (mEPSP � 0.95 � 0.03 mV; EPSP � 37.9 � 0.67 mV; quantal content �
41 � 1.3; n � 35). GluRIIAsp16 mutants missing one copy of wg (GluRIIAsp16; wgI-12/�) show a
similar decrease in mEPSP amplitudes (0.36 � 0.02 mV) and a compensatory homeostatic
increase in quantal content (EPSP � 26.9 � 2.3 mV; QC � 75.5 � 5.9; QC is increased by 84 �
14.4% compared with control values; p � 10 �4). C, The GluRIIA sp16, gsb01155/ GluRIIA sp16, �
animals show greatly reduced synaptic transmission (mEPSP � 0.35 � 0.01 mV; EPSP �
20.5 � 1 mV; QC � 58.8 � 2.8; n � 28) when compared with gsb01155/� control animals
(mEPSPs � 0.88 � 0.04 mV; EPSPs � 39.1 � 1.3 mV; QC � 45.3 � 1.9; n � 23). This is
caused by compromised homeostasis compensation: QC is increased by only 30 � 6.2% com-
pared with control values; p � 10 �6 when compared with GluRIIAsp16. However, GluRIIAsp16;
wgI-12/�; gsb01155/� animals have restored homeostasis (mEPSP � 0.34 � 0.02 mV;
EPSP � 26.8 � 2.4 mV; quantal content � 81.2 � 8.5; n � 14); QC is increased by 79 �
18.8% compared with control values. This is significantly different from GluRIIAsp16; gsb01155/�
animals ( p � 0.02) but not different from GluRIIAsp16 ( p � 0.85) or GluRIIAsp16; Wg/� ( p �
0.83). Error bars represent average � SEM.
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More recently, some evidence suggests that expression of the
transcription factor evenskipped during early embryogenesis
could affect a motoneuron’s complement of ion channels and
neuron excitability (Pym et al., 2006). However very little is
known regarding the role of transcriptional regulators in mature
neurons (Mee et al., 2004). Recently, it was demonstrated that
mild perturbation of the engrailed gene lead to mice with an adult
phenotype that resembles key pathological features of Parkin-
son’s disease (Sgadò et al., 2006; Sonnier et al., 2007). In our
study, the expression of Gsb-RNAi using a postmitotic neuronal
GAL4 driver allows us to conclude that Gsb has a postmitotic
activity that is essential to the maintenance of synaptic homeosta-
sis. These data provide evidence that the transcription factors
involved in embryonic development may have potent postem-
bryonic functions that are necessary for the maintenance of stable
neural function.

How do embryonic transcriptional regulators influence the
expression of synaptic homeostasis? We present data to support a
model in which Gsb function is conserved during embryonic
patterning (Duman-Scheel et al., 1997; Bhat et al., 2000) and
synaptic homeostasis (Fig. 10A). Specifically, decreased wg levels
rescue synaptic homeostasis in GluRIIA; gsb/� double mutant
animals. According to this model, Wg antagonizes the expression
or consolidation of synaptic homeostasis, providing new insight
into the activity of this potent intercellular, synaptic signaling
molecule. It could be important, for example, to suppress ho-
meostatic signaling during anatomical synaptic plasticity, a pro-
cess in which Wg has been implicated (Ataman et al., 2008).
These data are strengthened by two observations. First, these data
are supported by the well established embryonic activity of Gsb
(Duman-Scheel et al., 1997; Bhat et al., 2000). Second, since par-
tial loss of wg rescues the homeostatic defect in GluRIIA; gsb/�
double mutant animals, it is unlikely that this represents a non-
specific genetic interaction. Many additional experiments will be
necessary to prove the function of wg as an antagonist of synaptic
homeostasis. Our data, however, take this model beyond the
stage of pure speculation and suggest that this will be an impor-
tant avenue of future experimental investigation.
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