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Introduction
We have previously screened for mutations in genes that are 
critical for synaptic stability at the Drosophila neuromuscular 
junction (NMJ; Eaton et al., 2002; Eaton and Davis, 2005; 
Pielage et al., 2005, 2008). When mutated, these genes cause 
the presynaptic motoneuron terminal to retract from the mus-
cle fiber in a distal-to-proximal manner, leaving behind an  
unopposed postsynaptic apparatus that no longer receives 
motoneuron input (Eaton et al., 2002; Eaton and Davis, 2005; 
Pielage et al., 2005, 2008; Koch et al., 2008). These genes in-
clude - and -spectrin (Pielage et al., 2005), ankyrin2 (Koch 
et al., 2008; Pielage et al., 2008), as well as genes coding for 
components of the dynein–dynactin complex (Eaton et al., 2002). 
It is currently unknown whether these mutations represent a 
cellular stress that triggers an active process of synapse dis-
assembly and retraction at the NMJ, or whether these muta-
tions disrupt cellular mechanisms that directly stabilize the NMJ 
and therefore cause a passive structural collapse of the pre
synaptic terminal. Spectrin and ankyrin2 are prominent cellular 
components that establish and maintain cell shape (Bennett and 

Davis, 1983; Bennett and Lambert, 1991; Bennett and Gilligan, 
1993). If it is possible to suppress synapse retraction in these 
mutant animals, then one might be able to distinguish between 
the mechanisms responsible for structural integrity of the NMJ, 
and the mechanisms involved in the retraction or elimination of 
the NMJ.

Here, we demonstrate that synapse retraction after loss of 
-spectrin can be significantly delayed by overexpression of the 
wallerian degeneration slow (WldS) transgene (Zhai et al., 2008; 
Avery et al., 2009; Conforti et al., 2009), as well as by enhanced 
bone morphogenetic protein (BMP) trophic signaling. Thus, 
our new data demonstrate that the disassembly of the Drosoph-
ila NMJ can be suppressed after a severe cytoskeletal perturba-
tion, and that this process may have mechanistic similarities 
with Wallerian-type degeneration.

We then use this system to define a novel stabilizing sig-
naling system at the Drosophila NMJ. The focus of this signal-
ing system is the immediate early gene (IEG) fos. There is evidence 
to support both a neuroprotective and neurodegenerative role 

 Loss of spectrin or ankyrin in the presynaptic moto­
neuron disrupts the synaptic microtubule cytoskeleton 
and leads to disassembly of the neuromuscular junction 

(NMJ). Here, we demonstrate that NMJ disassembly after 
loss of -spectrin can be suppressed by expression of a 
WldS transgene, providing evidence for a Wallerian-type 
degenerative mechanism. We then identify a second sig­
naling system. Enhanced MAPK-JNK-Fos signaling sup­
presses NMJ disassembly despite loss of presynaptic 
-spectrin or ankyrin2-L. This signaling system is acti­
vated after an acute cytoskeletal disruption, suggesting an 

endogenous role during neurological stress. This signal­
ing system also includes delayed, negative feedback via 
the JNK phosphatase puckered, which inhibits JNK-Fos to 
allow NMJ disassembly in the presence of persistent cyto­
skeletal stress. Finally, the MAPK-JNK pathway is not re­
quired for baseline NMJ stabilization during normal NMJ 
growth. We present a model in which signaling via JNK-
Fos functions as a stress response system that is transiently 
activated after cytoskeletal disruption to enhance NMJ 
stability, and is then shut off allowing NMJ disassembly 
during persistent cytoskeletal disruption.
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Figure 1.  Overexpression of Fos, but not Jun, suppresses synaptic instability at the NMJ. (A–C) Representative images of muscle 6/7 NMJs stained for the 
presynaptic active zone protein Brp (green) and postsynaptic Dlg (red). (A) A wild-type NMJ shows Brp in apposition to Dlg throughout the NMJ. (B) An 
NMJ lacking presynaptic -spectrin shows a large retraction (arrowheads), encompassing over 50% of the NMJ. (C) A similar loss of presynaptic innerva-
tion is not seen when Fos is expressed presynaptically, even in the absence of presynaptic -spectrin. (D) Image of a wild-type animal (top) with -spectrin 
expression (green) visible both in the muscle and innervating axon (as visualized by HRP). Expression of UAS–-spectrin–dsRNA both neuronally and in the 
muscle eliminates -spectrin staining throughout the NMJ (middle). Elimination of -spectrin is not altered by concomitant expression of UAS-fos (bottom). 
(E) -Spectrin immunoreactivity is quantified at 12 NMJs per genotype. (F and G) Quantification of retraction frequency (F) is measured as the average 
percentage of NMJs with >1 or >7 boutons retracted. Retraction severity (G) is measured as the number of boutons per NMJ that are retracted and the 
data are plotted as a cumulative frequency histogram for each genotype. Wild type = w1118 (n = 128 NMJs/30 animals). -spec RNAi = elavC155-GAL4/+;  
2x UAS–-spectrin–dsRNA (n = 177 NMJs/18 animals). -spec RNAi; UAS-fos = elavC155-GAL4/+; 2x UAS–-spectrin–dsRNA; UAS-fos (n = 137 NMJs/ 
14 animals). -spec RNAi; UAS-jun = elavC155- GAL4/+; 2x UAS–-spectrin–dsRNA; UAS-jun (n = 90 NMJs/9 animals). Error bars represent SEM;  
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UAS–-spectrin RNAi and UAS-fos have significantly fewer 
and less severe synapse retractions at the NMJ compared with 
animals expressing UAS–-spectrin RNAi alone (Fig. 1, C, 
F, and G). This result suggests that increased Fos signaling can 
suppress synapse destabilization caused by loss of presynaptic 
-spectrin. To further investigate this possibility, several con-
trols were performed. First, we controlled for the possibility 
that coexpression of UAS-fos diluted the amount of available 
GAL4, thereby decreasing the efficiency of UAS–-spectrin 
RNAi. We controlled for this possibility by coexpressing an  
inert transgene, UAS-mRFP(myr), along with UAS–-spectrin 
RNAi. In these animals we see no suppression of synapse re-
traction frequency or severity (retraction frequency compared 
with UAS–-spectrin RNAi alone, P = 0.2, n = 79; retraction 
severity compared with UAS–-spectrin RNAi alone, P = 0.25, 
n = 79). Thus, dilution of GAL4 cannot account for the UAS-fos–
dependent suppression of synapse retraction. As an additional 
control, we directly assayed presynaptic -spectrin protein levels. 
Because muscle expression of -spectrin masks our ability 
to observe presynaptic -spectrin within the NMJ, we first as-
sayed -spectrin protein levels in the presynaptic axon just be-
fore innervation of the muscle. We find that -spectrin protein is 
still absent from the presynaptic axon when UAS-fos is co-
expressed with UAS–-spectrin RNAi (Fig. S1). Identical results 
were obtained analyzing the axons of second-instar animals, 
demonstrating that -spectrin knockdown occurs early in larval 
development despite coexpression of UAS-fos with UAS– 
-spectrin RNAi (unpublished data). In addition, we show that si-
multaneous pre- and postsynaptic expression of UAS–-spectrin 
RNAi severely depletes -spectrin from the NMJ and coexpres-
sion of UAS-fos is without effect (Fig. 1, D and E). Thus, the 
efficiency and extent of -spectrin knockdown by RNAi is not 
altered by the expression of UAS-fos. Finally, examination of 
synapse morphology in animals overexpressing UAS-fos in a 
wild-type background confirms previous observations that UAS-fos  
expression alone is not sufficient to drive synaptic growth or 
otherwise alter synapse morphology (unpublished data and 
Sanyal et al., 2002). Thus, improved synapse integrity is not a sec-
ondary consequence of accelerated synaptic growth. Together, 
these data suggest that expression of UAS-fos enhances synapse 
stability in the absence of presynaptic -spectrin.

We next confirmed that presynaptic expression of UAS– 
-spectrin RNAi causes a significant electrophysiological deficit 
at the NMJ (Fig. 2). In these experiments UAS–-spectrin RNAi 
is coexpressed with UAS-mRFP(myr) as a control (see Fig. 2 
legend). Then we asked whether coexpression of UAS-fos with 
UAS–-spectrin RNAi would improve synaptic transmission as 
well as synapse stability. We find that UAS-fos coexpression sig-
nificantly improves every measure of synaptic function when 
compared with animals that express UAS–-spectrin RNAi. In 
animals coexpressing UAS-fos and UAS–-spectrin RNAi pre-
synaptically the average EPSP amplitude is significantly rescued 

for Fos. Fos expression is up-regulated in vivo in response to 
acute brain injury (e.g., ischemia or seizure induction) (Dragunow 
et al., 1994; Walton et al., 1998, 1999a; Cho et al., 2001). How-
ever, it is unclear whether Fos is mediating the resulting neuro-
nal apoptosis or functioning in a neuroprotective pathway.  
A neurodegenerative function is supported by the observation 
that genetic elimination of c-Fos can be protective in light-induced 
retinal degeneration (Hafezi et al., 1997). In contrast, a number 
a studies have correlated c-Fos and/or upstream signaling mole-
cules with neuroprotection (Walton et al., 1999b; Mabuchi et al., 
2001; Lonze et al., 2002; Mantamadiotis et al., 2002; Palop 
et al., 2003; Saura et al., 2004). Here, we demonstrate that over-
expression of Fos effectively reverses many of the hallmark 
phenotypes of synapse disassembly that are observed in animals 
lacking presynaptic -spectrin. However, our data suggest that 
the stabilizing activity provided by endogenous Fos is only tran-
sient. Increased Fos protein induces the activity of a negative 
feedback signaling system that may, ultimately, allow synapse 
retraction and elimination to proceed in the presence of a persis-
tent cellular stress.

Results
Assaying retraction of the presynaptic 
motoneuron terminal at the  
Drosophila NMJ
We previously published an assay for synapse integrity at the 
Drosophila NMJ (Eaton et al., 2002; Eaton and Davis, 2005; 
Pielage et al., 2005, 2008; Koch et al., 2008) that is similar to 
assays of synapse stability used at the vertebrate NMJ (Pun et al., 
2006). In this assay we use neural-specific antibodies to label 
the presynaptic motoneuron terminal and simultaneously label 
the postsynaptic muscle membrane folds (Eaton et al., 2002; 
Eaton and Davis, 2005; Pielage et al., 2005, 2008). In wild-type 
animals, there is a precise alignment of pre- and postsynaptic 
markers throughout the Drosophila larval NMJ. However, mu-
tations that disrupt synaptic integrity result in sites where the 
presynaptic nerve terminal retracts, leaving behind well-organized 
postsynaptic muscle membrane folds with clusters of post-
synaptic glutamate receptors.

Fos overexpression suppresses  
presynaptic retraction after depletion of 
presynaptic -spectrin
The NMJ in a wild-type animal rarely shows evidence of syn-
apse retraction, and when retractions are observed they almost 
never encompass more than two boutons (Fig. 1 A). In contrast, 
neuronal expression of UAS–-spectrin RNAi results in frequent 
and severe synapse retractions. In some cases these retractions 
can completely eliminate the presynaptic nerve terminal both 
anatomically and electrophysiologically (Fig. 1; see also Pielage 
et al., 2005). Here, we demonstrate that animals coexpressing 

P values for retraction frequency were determined using one-way ANOVA with post-hoc Tukey-Kramer; P values for retraction severity were determined 
using a Kruskal-Wallis test with a post-hoc Dunn’s test for multiple comparisons: *, P < 0.05; **, P < 0.01; ***, P < 0.001. Statistical differences remain 
when comparisons are made using Student’s t test. Bar = 10 µm.
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when UAS-fos is expressed in the ank2-L mutant (Fig. S2). In con-
clusion, ectopic expression of Fos confers synapse-stabilizing 
activity that slows the process of NMJ retraction despite the 
presence of a persistent cellular stress in ank2-L mutants.

Fos overexpression suppresses NMJ 
retraction despite a persistent disruption 
of the presynaptic MT cytoskeleton
Disruption of the presynaptic microtubule (MT) cytoskeleton is a 
common feature observed during synapse retraction at the Dro-
sophila NMJ (Eaton and Davis, 2005; Pielage et al., 2005) and in 
many other forms of neuronal retraction and degeneration (Zhai 
et al., 2003; Luo and O’Leary, 2005; Hoopfer et al., 2006). 
Indeed, it has been proposed that disruption of neuronal micro
tubules could be causative for Wallerian-type neuronal degeneration 
(Zhai et al., 2003). It has been shown previously that presynaptic 
knockdown of -spectrin causes a severe disruption of the Futsch-
stabilized microtubule cytoskeleton at the Drosophila NMJ 
(Pielage et al., 2005). This result is repeated here (Fig. 3, A and B). 
In wild-type animals, the Futsch-positive MTs extend as a narrow 
filament throughout the NMJ (Fig. 3 A). After presynaptic 

toward wild-type values (Fig. 2 A), and the average quantal con-
tent and mini frequency are not statistically different from wild 
type (Fig. 2, C and D). This demonstrates that UAS-fos coexpres-
sion improves synaptic function to near wild-type levels despite 
the severe depletion of presynaptic -spectrin protein. Collec-
tively, these data suggest that synapse retraction after depletion 
of the spectrin skeleton is not simply due to collapse of neuronal 
architecture, but reflects a process of synapse destabilization that 
can be significantly suppressed by overexpression of Fos.

Finally, as a control, we asked whether UAS-fos expres-
sion could suppress synapse retraction in the ank2-L mutant 
background (Pielage et al., 2008). NMJ retraction in ank2-L 
mutants is significantly more severe than that observed after 
RNAi-dependent depletion of presynaptic spectrin (Fig. S2). 
Although the number of NMJs that show evidence of retraction 
is unchanged in ank2-L animals that also overexpress presynap-
tic Fos, the severity of NMJ retraction is significantly decreased 
(Fig. S2). In addition, we find a significant reduction in the 
number of NMJs that are completely eliminated when UAS-fos 
is expressed presynaptically in the ank2-L mutant (Fig. S2). 
Finally, NMJ morphology more closely resembles wild type 

Figure 2.  Overexpression of Fos rescues synaptic function after loss of presynaptic -spectrin. (A–D) Average EPSP amplitude (A), mEPSP amplitude (B), 
quantal content (C), and mEPSP frequency (D) are plotted for three genotypes. Averages are shown in bar graph format. Superimposed on each bar are 
the individual averages for each parameter recorded from a single NMJ. There is a significant decrease in EPSP amplitude (P < 0.001) and quantal 
content (P < 0.001) in -spec RNAi animals compared with wild type. There is a significant increase in average EPSP amplitude and quantal content toward 
wild-type levels by coexpression of UAS-fos (EPSP amplitude comparing -spec RNAi to -spec RNAi; UAS-fos: P < 0.01) (quantal content comparing -spec 
RNAi to -spec RNAi; UAS-fos, P < 0.001). Wild type = w1118 (n = 13 NMJs). -spec RNAi = elavC155-GAL4/+; 2x UAS–-spectrin–dsRNA; UAS-mRFP(myr) 
(n = 21 NMJs). -spec RNAi; UAS-fos = elavC155-GAL4/+; 2x UAS–-spectrin–dsRNA; UAS-fos (n = 12). P values were determined using one-way ANOVA 
with post-hoc Tukey-Kramer. Statistical differences remain when comparisons are made using Student’s t test.

http://www.jcb.org/cgi/content/full/jcb.200903166/DC1
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cell adhesion molecules Fasciclin II (FasII) and Neuroglian 
(Nrg, the L1 homologue in Drosophila) (Pielage et al., 2005, 
2008). Fasciclin II is a homophilic cell adhesion molecule nec-
essary for synapse stability at this NMJ (Schuster et al., 1996). 
Therefore, we asked whether UAS-fos–dependent suppression 
of synaptic retraction might be mediated through up-regulation 
of one or both of these cell adhesion molecules. However, we 
find no evidence for a Fos-dependent increase in either FasII or 
Nrg protein at the NMJ (Fig. S3) that could explain enhanced 
NMJ stability.

Overexpression of WldS delays  
synapse retraction
It remains unclear whether the retraction of the presynaptic 
nerve terminal at the Drosophila NMJ is molecularly related to 
a developmental pruning process, akin to synapse elimination at 
the developing vertebrate NMJ, or whether it is related to neuro
degeneration. Several lines of evidence have been used to argue 
that retraction of the motoneuron terminal at the Drosophila 

-spectrin knockdown, the Futsch staining becomes disorganized 
and accumulates in large presynaptic swellings (Fig. 3 B).

One possible mechanism by which UAS-fos expression 
could stabilize the NMJ is through the production of molecules 
that re-stabilize the MT cytoskeleton at the NMJ. However, we 
find that the Futsch-positive MTs remain disorganized when 
UAS-fos is expressed in animals lacking presynaptic -spectrin 
(Fig. 3 C). Importantly, this MT phenotype is unaltered even 
though the frequency and severity of NMJ retraction is signifi-
cantly decreased. These observations indicate that Fos does not 
achieve synapse stability by restoring the stability or organiza-
tion of the presynaptic MT cytoskeleton. Ultimately, we cannot 
rule out a partial, qualitative improvement in MT organization 
caused by UAS-fos overexpression. However, because UAS-fos 
expression does not restore -spectrin protein to the NMJ and 
because -spectrin is linked to MT organization via Ank2-L 
(Pielage et al., 2008), we consider this unlikely.

Previously, loss of presynaptic spectrin and ankyrin2-L 
has been correlated with altered organization of the synaptic 

Figure 3.  Overexpression of Fos suppresses instability despite persistent microtubule disruption. (A–C) Representative images of muscle 6/7 NMJs 
stained for the microtubule-associated protein Futsch (green; second row), the presynaptic membrane marker HRP (red; third row), and the presynaptic 
protein Dap160 (blue; bottom row). (A) A wild-type NMJ. (B) An NMJ lacking presynaptic -spectrin shows disorganized Futsch staining. Accumulation 
of Futsch within boutons (arrowheads) and a lack of Futsch staining in distal boutons (arrows) can be observed. (C) Neuronal overexpression of Fos does 
not restore microtubule integrity. Distal boutons lacking Futsch staining (arrows), as well as large accumulations of Futsch (arrowheads) are still observed. 
Wild type = w1118. -spec RNAi = elavC155-GAL4/+; 2x UAS–-spectrin–dsRNA. -spec RNAi; UAS-fos = elavC155-GAL4/+; 2x UAS–-spectrin–dsRNA; 
UAS-fos. Bar = 10 µm.

http://www.jcb.org/cgi/content/full/jcb.200903166/DC1
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the Drosophila NMJ after loss of -spectrin may be related to 
neurodegenerative processes in vertebrate systems.

Evidence for the induction of  
Fos-MAP kinase signaling after  
cytoskeletal disruption
Because the overexpression of UAS-fos is sufficient to suppress 
neuromuscular retraction, we sought to determine whether Fos 
protein levels are altered after expression of UAS–-spectrin 
RNAi. Available Fos antibodies do not work well in situ, but can 
reliably report a 50% decrease in Fos protein in heterozygous 
fos/+ null mutant animals on Western blots (Fig. 5 B, top row) 
(the fos gene is also called kayak [kay] in Drosophila and the 
terms are used interchangeably). When we assayed Fos protein 
levels from the CNS of third-instar larvae that express UAS–
-spectrin RNAi throughout development and have significant 
NMJ retraction, we find no change in total Fos protein com-
pared with controls (Fig. 5 B, bottom row). Thus, neuromuscular 
retraction is not correlated with a persistent change in Fos pro-
tein relative to controls.

Because Fos is an immediate early gene, we next consid-
ered the possibility that Fos protein levels transiently increase 
at some time during larval development after the loss of -spectrin 
and the ensuing cytoskeletal disruption. To test this hypothesis, 
we acutely disrupted the neuronal cytoskeleton, in vivo, and as-
sayed Fos protein levels. Pharmacological reagents to disrupt 
spectrin are not available. However, loss of -spectrin results in 
a severe disruption of the underlying microtubule cytoskeleton 
(Fig. 3; Pielage et al., 2005). We reasoned that pharmacological 
perturbation of MTs might represent a similar, generalized,  
cytoskeletal stress, though clearly not identical to that caused 
by the developmental loss of -spectrin. Several prior studies 
support such a conclusion (Zhai et al., 2003; Luo and O’Leary, 
2005; Hoopfer et al., 2006). Therefore, we assayed Fos protein 
levels after disruption of the neuronal microtubules through  
application of 50–100 µM nocodazole (Noc) to larval neuro
muscular preparations. This concentration of Noc efficiently dis-
rupts the dynamic population of microtubules in Drosophila 
motoneuron axons and at the Drosophila NMJ without an im-
mediate effect on Futsch-stabilized microtubule organization (un-
published data). We assayed Fos protein in animals incubated in 
Noc for either 30 min or 2 h (Fig. 5, E and F). At the 30-min time 
point, we observe a highly significant, greater than twofold increase 
in Fos protein levels compared with controls. At the 2-h time point, 
Fos levels have returned to baseline. These data are consistent with 
a rapid induction and decay of Fos protein after perturbation  
of the neuronal microtubule cytoskeleton. Because Fos over
expression is sufficient to suppress neuromuscular degeneration, 
we suggest that the increase in endogenous Fos protein may pro-
vide a transient stabilizing effect after cytoskeletal disruption.

Fos is embedded within a negative feedback signaling 
system that includes the dual-specificity, VH1 family phospha-
tase puckered (puc) (Fig. 5 A). Increased Fos activity leads to 
elevation of puckered transcription, decreased JNK activity and, 
ultimately, decreased Fos phosphorylation (Fig. 5 A) (Ring and 
Martinez Arias, 1993; Martín-Blanco et al., 1998; Agnès et al., 
1999; Dobens et al., 2001). We asked whether this negative 

NMJ is a degenerative event. First, elimination of previously 
functional NMJs is not a spontaneous event that occurs during 
normal development (Keshishian et al., 1996; Pielage et al., 
2005, 2008). Second, mutations in genes that cause NMJ retrac-
tion in Drosophila have similarly been shown to play a role in 
neural degeneration in vertebrate model systems and humans 
(Parkinson et al., 2001; LaMonte et al., 2002; Hafezparast et al., 
2003; Puls et al., 2003; Ligon et al., 2005; Ikeda et al., 2006; 
Levy et al., 2006; Bennett and Healy, 2008). Finally, the retrac-
tion of the motoneuron terminal is not preceded by motoneuron 
cell death (Eaton et al., 2002), and we have again confirmed this 
finding using a tunnel assay, examining wild-type and mutant 
CNS (unpublished data).

Recently, a molecular distinction has been made between 
the mechanisms responsible for developmental pruning of neuro-
nal arbors and neurodegeneration. WldS is a spontaneously occur-
ring dominant genetic aberration that fuses the 5 end of ube4b and 
the nmnat gene (Lyon et al., 1993; Ring and Martinez Arias, 1993; 
Martín-Blanco et al., 1998; Mack et al., 2001). In vertebrates, the 
WldS mutation has been shown to slow Wallerian degeneration as 
well as other forms of neural degeneration (Perry et al., 1990, 
1991; Wang et al., 2001, 2002; Ferri et al., 2003; Sajadi et al., 2004; 
Fischer et al., 2005; Luo and O’Leary, 2005; Hoopfer et al., 
2006). In Drosophila, neuronal expression of a WldS transgene is 
sufficient to suppress neurodegeneration caused by axon trans-
section (Hoopfer et al., 2006). However, in both Drosophila and 
vertebrate systems, WldS does not alter the process of develop-
mental pruning of neuronal arborizations (Parson et al., 1997; 
Hoopfer et al., 2006). Therefore, we asked whether expression 
of the WldS transgene could suppress or slow the process of pre-
synaptic retraction at the Drosophila NMJ.

Here, we demonstrate that animals neuronally coexpress-
ing UAS–-spectrin RNAi and UAS-WldS have significantly 
fewer and less severe synapse retractions compared with ani-
mals expressing UAS–-spectrin RNAi alone (Fig. 4, B–E). 
Expression of UAS-WldS in a wild-type background has no  
effect on synaptic stability (unpublished data). These data are 
consistent with the conclusion that loss of -spectrin induces a 
degenerative retraction of the presynaptic nerve terminal.

In vertebrate systems, the withdrawal of trophic factors 
from cultured motoneurons also induces a neurodegenerative re-
sponse, and elevated expression of trophic signaling molecules 
can suppress neuromuscular degeneration in mouse models of 
amyotrophic lateral sclerosis (ALS) (Pun et al., 2006). At the 
Drosophila NMJ, BMP signaling functions as a trophic signal-
ing system that supports NMJ growth (Aberle et al., 2002), and 
it has been shown that impaired BMP signaling causes synapse 
retraction at the NMJ (Eaton et al., 2002). Therefore, we asked 
whether neuronal expression of the BMP ligand glass bottom 
boat (gbb) could suppress synapse retraction after depletion of 
-spectrin. Here, we show that neuronal coexpression of UAS-
gbb with UAS–-spectrin RNAi significantly suppresses the 
frequency and severity of NMJ retractions compared with ex-
pression of UAS–-spectrin RNAi alone (Fig. 4, F and G; see 
also Materials and methods section for supplemental discussion 
relevant to this figure). Collectively, these data support the con-
clusion that retraction of the presynaptic motoneuron terminal at 
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that there is a statistically significant 50% reduction in re-
porter activity in the heterozygous null fos/+ mutant background 
that parallels the observed 50% reduction in Fos protein (Fig. 5 C). 
We then find that there is a highly significant (greater than 

feedback system might be induced after cytoskeletal disruption. 
To do so, we monitored the activity of a previously published 
puckered reporter (Martín-Blanco et al., 1998; Dobens et al., 
2001). First, we validated the use of this reporter by showing 

Figure 4.  WldS expression and potentiation of trophic signaling suppress instability at the NMJ in animals lacking presynaptic -spectrin. (A–C) Represen-
tative images of muscle 6/7 NMJs stained for the presynaptic active zone protein Brp (green) and postsynaptic Dlg (red). (A) A wild-type NMJ. (B) An NMJ 
lacking presynaptic -spectrin shows a large retraction, encompassing a majority of the NMJ. (C) Neuronal expression of UAS-WldS slows the synaptic 
retraction process. (D and E) WldS decreases the severity of synaptic instability as well as the frequency of larger retraction events. Retraction frequency 
(D) is measured as the average percentage of NMJs with >1 or >7 boutons retracted. Retraction severity (E) is measured as the number of boutons per 
NMJ that are retracted and the data are plotted as a cumulative frequency histogram for each genotype. Wild type = w1118 (n = 137 NMJs/14 animals).  
-spec RNAi = elavC155-GAL4/+; 2x UAS–-spectrin–dsRNA (n = 134 NMJs/14 animals). -spec RNAi; UAS-WldS = elavC155-GAL4/+; 2x UAS–-spectrin–
dsRNA; UAS-WldS (n = 127 NMJs/13 animals). (F and G) Neuronal expression of UAS-gbb decreases the severity (F) and frequency (G) of synaptic 
retractions. Wild type = w1118 (n = 119 NMJs/12 animals). -spec RNAi = elavC155-GAL4/+; UAS–-spectrin–dsRNA (n = 100 NMJs/10 animals). 
-spec RNAi; UAS-gbb = elavC155-GAL4/+; UAS–-spectrin–dsRNA; UAS-gbb (n = 67 NMJs/7 animals). Error bars represent SEM; P values for retraction 
frequency were determined using one-way ANOVA with post-hoc Tukey-Kramer; P values for retraction severity were determined using a Kruskal-Wallis 
test with a post-hoc Dunn’s test for multiple comparisons: *, P < 0.05; **, P < 0.01; ***, P < 0.001. Statistical differences remain when comparisons are 
made using Student’s t test. Bar = 10 µm.
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Figure 5.  Fos-MAP kinase signaling is induced after cytoskeletal disruption. (A) Schematic diagram representing MAPK signaling that converges on Fos. 
Puckered (Puc) is shown as both a downstream target of Fos and Jun, as well as an upstream regulator of Fos and Jun activity through negative regulation 
of the upstream MAPK, Jun-Kinase (JNK). (B) Representative Western blot lanes and corresponding quantification for different genotypes. Images show 
bands for Dfos and the corresponding loading control for those lanes (tubulin or actin). Quantification shows average Fos protein levels normalized to 
loading control levels. Fos band intensity for each lane was normalized to the loading control band intensity for the same lane. Fos protein is decreased by 
50% in kay1/+ animals, confirming the specificity of the antibodies (data are aggregated from two different experiments with different anti-Fos antibodies).  
Wild type (top) = w1118 (6 CNS total). kay1/+ (6 CNS total). Wild type (bottom) = w1118 (12 CNS total). -spec RNAi = elavC155-GAL4/+; 2x UAS–-spectrin–
dsRNA (12 CNS total). (C and D) puckered reporter is induced in the CNS in animals lacking presynaptic -spectrin. (C) -Gal levels are quantified in 
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Wu et al., 2005). In both Drosophila and Caenorhabditis ele-
gans, the highwire (or RPM-1) mutation leads to increased 
levels of the MAP3K protein encoded by wallenda (Drosophila) 
or dlk (C. elegans) (Nakata et al., 2005; Collins et al., 2006). 
In Drosophila, the highwire mutation leads to increased syn-
aptic growth that is dependent upon wallenda, JNK, and fos 
(Collins et al., 2006). Therefore, we tested whether highwire-
dependent activation of Fos could suppress synapse retraction 
after loss of presynaptic -spectrin. In these experiments, two 
copies of the UAS–-spectrin RNAi transgene were used (as 
shown in Fig. 1).

First, we find that the presence of a heterozygous high-
wire/+ mutation in the background of animals that express 
UAS–-spectrin RNAi neuronally causes a slight but statisti-
cally significant suppression of synapse retraction severity 
(Fig. 7 F). There is also a trend toward a lower frequency of syn-
apse retractions, though this is not statistically significant 
(Fig. 7 E). Importantly, in these animals, the NMJ is not overgrown, 
demonstrating that improved synapse stability can occur with-
out a change in bouton number. Next, we analyzed synapse 
stability in animals harboring a hemizygous highwire muta-
tion (highwire/Y) that also neuronally express UAS–-spectrin 
RNAi. A hemizygous highwire mutation does not have any  
effect on stability in a wild-type background (Fig. 7, C, E, and F). 
However, we observe that a hemizygous highwire mutation 
results in a strong, statistically significant suppression of both 
synapse retraction frequency and severity in animals lacking 
presynaptic -spectrin (Fig. 7, D–F). It is possible that NMJ 
overgrowth contributes to the suppression of synapse retraction 
in this experiment. However, because highwire/+ can partially 
suppress synapse retractions without causing NMJ overgrowth, 
we speculate that NMJ overgrowth is not required to achieve in-
creased synapse stability after loss of presynaptic -spectrin. 
This is further supported by the demonstration that Fos over-
expression suppresses synapse retraction without inducing 
NMJ overgrowth. Together these data support our model in which 
induction of negative feedback signaling via puckered attenu-
ates the stabilizing activity of Fos, leading to more rapid NMJ 
disassembly. It should also be noted that the stabilizing activity 
of the hiw mutation could be due to elevated BMP signaling in 
this background (McCabe et al., 2004), which we have shown to 
be sufficient to suppress NMJ retraction (Fig. 4).

Evidence that Map kinase signaling is not 
required for NMJ stability
Finally, we asked whether the MAPK-Fos signaling pathway  
is required to prevent synapse retraction at the NMJ during 
normal development. First, we overexpressed the puckered 

twofold) induction of puckered reporter expression in the  
-spectrin RNAi animals (Fig. 5 C). A similar induction of the 
puckered reporter can also be observed in central neurons, con-
firming the neuronal expression of this signaling pathway as 
well as a neuronal induction of this pathway in response to loss 
of -spectrin (Fig. 5 D). One interpretation is that an initial ele-
vation of Fos protein induced a persistent elevation in puckered 
transcription. Persistent activity of this negative feedback would 
constitutively inhibit Fos activity and prevent reactivation of 
elevated Fos protein during a persistent cytoskeletal perturba-
tion. If the induction of Puckered-dependent negative feedback 
signaling favors NMJ retraction in the presence of a cytoskeletal 
perturbation, then loss-of-function mutations in the puckered 
gene might function similar to UAS-fos overexpression and 
suppress NMJ disassembly in animals lacking -spectrin. 
Therefore, we went on to test this hypothesis genetically.

Mutations in the JNK phosphatase 
puckered suppress synapse retraction 
after loss of presynaptic -spectrin
Homozygous puckered mutations are embryonic lethal. Therefore, 
we asked whether a hypomorphic loss-of-function puckered allelic 
combination could suppress synapse retraction in the background 
of animals expressing UAS–-spectrin RNAi in neurons. First, we 
find that the puckered hypomorphic mutation alone did not show 
any significant defects in synapse stability compared with wild 
type (Fig. 6, A, B, E, and F). We then assayed synapse stability in 
the elav-GAL4; UAS–-spectrin RNAi/+; puc1/pucA251 double-
mutant animals. We find that the presence of the puckered mutation 
significantly improves synapse stability as shown by a statistically 
significant decrease in both retraction frequency and severity  
(Fig. 6, C–F). Note that it was necessary, due to genetic consider-
ations, to initiate synapse retractions by expressing a single copy of 
the UAS–-spectrin RNAi transgene. A single copy of the RNAi 
transgene results in a less severe (though still highly significant) 
synapse retraction phenotype (see Materials and methods for sup-
plemental discussion). These data support a model in which tran-
sient Fos activity is initially stabilizing, but is then attenuated by the 
induction of negative feedback via puckered. To further test this 
model, we examined mutations in a second gene, highwire, which 
has been previously shown to negatively regulate MAPK protein 
levels and Fos (Collins et al., 2006).

Mutations in highwire suppress  
synapse retraction after loss of 
presynaptic -spectrin
The highwire gene encodes a large protein with putative E3 
ubiquitin ligase activity (Wan et al., 2000; Aberle et al., 2002; 

wild-type animals, kay1/+ animals, and animals lacking presynaptic -spectrin. Wild type = pucA251.1F3/+ (6 animals). kay1/+ = kay1/pucA251.1F3 (3 animals). 
-spec RNAi = elavC155-GAL4/+; pucA251.1F3/+; 2x UAS–-spectrin–dsRNA (6 animals). (D) Representative images of ventral nerve cords stained with an 
antibody against -Gal to visualize expression of the puckered reporter in the CNS of a wild-type animal and an animal lacking presynaptic -spectrin.  
(E and F) Representative Western blot lanes (E) and corresponding quantification (F) for control and nocodazole-treated animals. Images show bands for 
Dfos and the corresponding loading control for those lanes (tubulin). Quantification shows average Fos protein levels normalized to loading control levels. 
Fos band intensity for each lane was normalized to the loading control band intensity for the same lane. Quantification shows a greater than twofold 
increase in Fos protein after 30 min of nocodazole incubation. All animals = w1118 (30 min: control n = 3 trials/15 CNS total, nocodazole n = 3 trials/15 CNS 
total; 2 h control n = 4 trials/20 CNS total, nocodazole n = 5 trials/25 CNS total). Error bars represent SEM; P values were determined using Student’s 
t test: *, P < 0.05; **, P < 0.01; ***, P < 0.001. Bar = 20 µm.
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neurons through the activity of the ubiquitin proteosome sys-
tem (Collins et al., 2006). This is also consistent with recent 
work in C. elegans where it has been shown that disruption of 
the homologous MAPK signaling system does not alter syn-
apse stability (Hammarlund et al., 2009). Finally, we assayed 
Wnd protein levels, comparing wild-type and -spectrin–depleted 
animals, examining both the ventral nerve cord and the NMJ. 
Wnd protein levels are kept low through the activity of the 
ubiquitin-proteosome system and, therefore, increased Wnd 
function would be expected to correlate with increased Wnd 
protein (Collins et al., 2006). However, we did not find an 

phosphatase, which has been shown to inhibit JNK activity  
in Drosophila (Ring and Martinez Arias, 1993; Martín-Blanco 
et al., 1998; Dobens et al., 2001). Overexpression of UAS-
puckered has no effect on synapse stability (Fig. 8). We also 
find no change in synapse stability in the wallenda (MAPKKK) 
mutant background or when a dominant-negative JNK trans-
gene is neuronally expressed (Fig. 8). From these data we con-
clude that inhibition of this MAPK signaling pathway does not 
trigger an underlying neurodegenerative response. This is con-
sistent with the observation that Wallenda protein levels are 
normally maintained at low steady-state levels in Drosophila 

Figure 6.  Loss of Puckered suppresses synaptic instability at the NMJ. (A–D) Representative images of muscle 6/7 NMJs stained for the presynaptic ac-
tive zone protein Brp (green) and postsynaptic Dlg (red). (A) A control NMJ. (B) An NMJ from a larva with mutations in puckered (puc1/pucA251.1F3) shows 
maintenance of this apposition of pre and postsynaptic markers. (C) An NMJ lacking presynaptic -spectrin shows a severe retraction (arrowheads).  
(D) This phenotype is suppressed in puckered mutants. (E and F) Quantification of retraction frequency (E) is measured as the average percentage of NMJs 
with >1 or >7 boutons retracted. Retraction severity (F) is measured as the number of boutons retracted per NMJ and the data are plotted as a cumulative 
frequency histogram for each genotype. control = 1x UAS–-spectrin–dsRNA (no GAL4) (n = 39 NMJs/4 animals). puc1/pucA251 control = 1x UAS– 
-spectrin–dsRNA; puc1/pucA251.1F3 (no GAL4) (n = 97 NMJs/10 animals). -spec RNAi = elavC155-GAL4/+ or elavC155-GAL4/Y; 1x UAS--spectrin–dsRNA  
(n = 96 NMJs/10 animals). -spec RNAi; puc1/pucA251 = elavC155-GAL4/+; 1x UAS–-spectrin–dsRNA; puc1/pucA251.1F3 (n = 136 NMJs/14 animals). 
Error bars represent SEM; P values for retraction frequency were determined using one-way ANOVA with post-hoc Tukey-Kramer; P values for retraction 
severity were determined using a Kruskal-Wallis test with a post-hoc Dunn’s test for multiple comparisons: *, P < 0.05; **, P < 0.01; ***, P < 0.001. 
Statistical differences remain when comparisons are made using Student’s t test. Bar = 10 µm.
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We next assayed a hypomorphic fos mutation that sur-
vives until mid-larval stages. We assayed NMJ stability at the 
second-instar stage and found no evidence of NMJ degenera-
tion. However, we have previously shown that NMJ degenera-
tion after loss of ankyrin2-L is a progressive process such that 
second-instar animals show relatively few retractions and re-
traction frequency increases significantly over the ensuing 2 d 
of larval development (Pielage et al., 2008). Therefore, we 
aged second-instar fos hypomorphic mutants for an additional 
3 d before assaying the NMJ for degeneration. The fos hypo-
morphic mutations survive for at least 3 d as growth arrested 
second-instar larvae. Again, we found no evidence of NMJ de-
generation in aged second-instar fos mutant larvae. These data 
suggest that fos is not critically required for NMJ stability, but 

induction of Wnd protein. This suggests that cytoskeletal dis-
ruption induces a neuronal stress response that is independent 
or downstream of Wnd.

In contrast to Wnd, Fos protein is maintained at detectable 
levels in neurons as assayed by Western blot, and there is endoge-
nous activity of a Fos reporter, suggesting that Fos is constitutively 
active in neurons. Therefore, we next tested whether Fos is neces-
sary for NMJ stability during normal development. Existing fos 
null mutants are embryonic lethal. Therefore, to assess a potential 
required function of fos during NMJ stability, we first assayed a 
heterozygous fos null mutant (kayak/+) that reduces protein levels 
and Fos activity by 50% (Figs. 5 and 8). These heterozygous mu-
tants survive to be normally sized third-instar larvae and we find 
no change in synapse stability compared with wild type.

Figure 7.  highwire mutation suppresses synaptic instability at the NMJ. (A–D) Representative images of muscle 6/7 NMJs stained for the presynaptic  
active zone protein Brp (green) and postsynaptic Dlg (red). (A) A wild-type NMJ. (B) An NMJ lacking presynaptic -spectrin shows a large retraction, encom-
passing an entire branch (arrowhead). (C) hiwND9 NMJs show altered morphology and overgrowth, but they maintain apposition of pre and postsynaptic 
markers and do not show a substantial amount of retractions (2x magnification of boxed region is shown below). (D) Presynaptic expression of UAS– 
-spectrin–dsRNA in homozygous hiwND9 mutants results in a much abrogated frequency and severity of synaptic retractions as compared with expression 
in a wild-type background. hiwND9 NMJs that lack presynaptic -spectrin show a characteristic hiwND9 morphology and maintain good apposition of pre 
and postsynaptic markers (2x magnification of boxed region is shown below). (E and F) Quantification of retraction frequency (E) is plotted as the average 
percentage of NMJs with >1 or >7 boutons retracted. Retraction severity (F) is measured as the number of boutons per NMJ that are retracted and the data 
are plotted as a cumulative frequency histogram for each genotype. Wild type = w1118 (n = 70 NMJs/7 animals). hiwND9 = hiwND9/ hiwND9 or hiwND9/Y  
(n = 65 NMJs/7 animals). -spec RNAi = elavC155-GAL4/+ or elavC155-GAL4/Y; 2x UAS–-spectrin–dsRNA (n = 182 NMJs/19 animals). hiwND9/+; -spec 
RNAi; = elavC155-GAL4, hiwND9/+; 2x UAS–-spectrin–dsRNA (n = 106 NMJs/11 animals). hiwND9; -spec RNAi; = elavC155-GAL4, hiwND9/Y; 2x UAS– 
-spectrin–dsRNA (n = 149 NMJs/15 animals). Error bars represent SEM; P values for retraction frequency were determined using one-way ANOVA with  
post-hoc Tukey-Kramer; P values for retraction severity were determined using a Kruskal-Wallis test with a post-hoc Dunn’s test for multiple comparisons:  
*, P < 0.05; **, P < 0.01; ***, P < 0.001. Statistical differences remain when comparisons are made with Student’s t test. Bar = 10 µm.
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induction of Puckered-dependent negative feedback is delayed 
relative to the stabilizing increase in Fos and is observed to per-
sist throughout the life of the larvae. Thus, our data suggest that 
during a prolonged cytoskeletal perturbation, transient stabiliz-
ing Fos activity is replaced by a strong induction of puckered. 
The induction of puckered has been shown to suppress baseline 
JNK/Fos activity and should, therefore, prevent reactivation of 
stabilizing Fos signaling during a persistent cellular stress. The 
delayed activation of Puckered-dependent negative feedback in 
the presence of a persistent cytoskeletal stress could represent an 
endogenous mechanism to ensure that Fos activity is inhibited in 
the presence of ongoing stress and switch the motoneuron into a 
state that favors rapid NMJ retraction. Such a system would favor 
synapse stability when it is possible to repair cellular damage, but 
favor the elimination of a neuron when damage persists.

This model predicts that prolonging Fos expression or 
inhibiting Puckered transcription should prolong synapse stabil-
ity despite the presence of a persistent cytoskeletal disruption 
(Fig. 9). This is precisely what we observe. In addition, loss of 
function mutation in the E3 ubiquitin ligase highwire, which is 
believed to potentiate baseline Fos signaling (Collins et al., 
2006), also significantly suppresses NMJ retraction (Fig. 9).

The next question we considered was whether the cel-
lular state represented by low Fos/high Puckered activity 
causes synapse loss, or whether this state permits the expres-
sion of a destabilizing process during persistent cellular 
stress. In principle, overexpression of UAS-puckered should 
mimic the low Fos/high Puckered signaling state. When we 
overexpressed UAS-puckered pan-neuronally we found no 
change in NMJ stability. Thus, it seems that this pathway 
permits the induction of a destabilizing process rather than 
directly inducing disassembly.

The model for a temporal switch from stabilization to dis-
assembly shares similarity to a model for stress-induced cell 
death that involves the induction of the unfolded protein response 
(UPR) (Lin et al., 2007). The UPR can elicit both a protective re-
sponse by reestablishing appropriate levels of unfolded protein 
as well as pro-apoptic signaling. A recent study has provided evi-
dence that the switch from protective to pro-apoptotic signaling 
correlates with the duration of activation for different signaling 
systems downstream of UPR induction. All downstream signal-
ing systems are initially induced, but the switch to pro-apoptotic 
signaling is correlated with the decay of IRE1 signaling and the 
prolonged activation of PERK signaling (Lin et al., 2007). Again, 
the switch from protective to cell-destructive signaling is 
achieved by temporal changes in the balance of signaling sys-
tems that reside downstream of a persistent cellular stress.

Sustaining motoneuron integrity despite 
loss of presynaptic -spectrin
We previously demonstrated that loss of presynaptic -spectrin 
causes profound synaptic loss at the NMJ (Pielage et al., 
2005). Impaired NMJ stability was correlated with the loss of 
synaptic cell adhesion, a severely disorganized microtubule 
cytoskeleton, and the appearance of large protein aggrega-
tions in motor axons (Pielage et al., 2005). It is remarkable, 
therefore, that increased expression of WldS, Gbb, or Fos can 

it remains possible that residual Fos activity is sufficient for 
synapse stability in these experiments or that NMJ disassembly 
occurs only during the late stages of larval neuromuscular 
growth and development.

Discussion
Here we define genetic and transgenic conditions capable of 
conferring enhanced NMJ stability after the loss of presynaptic  
-spectrin, a molecule that is necessary for normal microtubule 
organization and which has been termed a master organizer of the 
cell membrane (Lacas-Gervais et al., 2004). Enhanced NMJ sta-
bility in the absence of spectrin suggests that NMJ destabilization 
and degeneration are not simply a catastrophic collapse of the 
NMJ, but might be mediated through additional signaling pro-
cesses. Consistent with this hypothesis, we show a molecular link 
to Wallerian-type degeneration. These advances could provide 
insight into the molecular processes underlying neural degenera-
tion caused by spectrin mutations in vertebrate model systems 
and humans (Parkinson et al., 2001; LaMonte et al., 2002; 
Hafezparast et al., 2003; Puls et al., 2003; Ligon et al., 2005; 
Ikeda et al., 2006; Levy et al., 2006; Bennett and Healy, 2008).

We then go on to define a molecular pathway that appears 
to be centrally involved in the degenerative process at this syn-
apse. We have documented a sequence of events that occur after 
a persistent cytoskeletal disruption. We demonstrate that an 
acute cytoskeletal perturbation causes a transient induction of 
the immediate early gene fos. Because transgenic expression of 
Fos is sufficient to suppress synapse retraction in this system, 
we suggest that the transient elevation of Fos represents an ini-
tial stabilizing response. We then provide evidence that elevated 
Fos activates a negative feedback loop by increasing the tran-
scription of the dual specificity phosphatase puckered. The 

Figure 8.  Wnd/JNK signaling is not required for stability. Retraction fre-
quency is quantified for multiple genetic manipulations of MAPK signaling. 
Quantification of retraction frequency is measured as the average per-
centage of NMJs with >1 bouton retracted. puc Oe = elavC155-GAL4/+; 
UAS-puc (n = 97 NMJs/10 animals). wnd2/wnd3 (n = 105 NMJs/11 
animals). JNKDN = elavC155-GAL4/+; UAS-JNKDN (n = 108 NMJs/11 ani-
mals). kay1/+ (n = 118 NMJs/12 animals). kay2(L2) (n = 72 NMJs/9 ani-
mals). Error bars represent SEM. Neither one-way ANOVA nor Student’s 
t test determined any significant differences in mean retraction frequency 
between genotypes.
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WldS or Fos may be related to the mechanisms that are required 
for synaptic growth (Collins et al., 2006), enhanced NMJ growth 
is not necessary for the stabilizing actions of Fos.

We considered the possibility that loss of spectrin causes 
motor axons to break, followed by a neurodegenerative re-
sponse. The basis for this consideration is the recent demonstra-
tion that loss of spectrin in C. elegans causes motor axons to 
break during animal motility (Hammarlund et al., 2007, 2009). 
In Drosophila, it does not appear that motor axons break after 
loss of neuronal spectrin. It was previously shown that the 
severity of NMJ degeneration precisely correlates with the dis-
ruption of synaptic transmission at the NMJ (Pielage et al., 
2005). Specifically, a small degenerative event that encompasses 
25% of the NMJ was not associated with any defect in synap-
tic transmission, whereas a degenerative event encompassing 
>60% of the NMJ was associated with a significant decrease in 

significantly preserve synapse stability in animals that lack 
presynaptic -spectrin.

Several studies have documented a neuroprotective effect 
of synaptic growth. Increased expression of CNTF is neuro-
protective in a mouse model of ALS (Pun et al., 2006). It was 
also shown that NMJs with an increased endogenous capacity 
for synaptic growth and remodeling are more resistant to de-
generation in a mouse model of ALS (Frey et al., 2000; Pun et al., 
2006). Consistent with the importance of growth factor signal-
ing, we show that Gbb overexpression is able to rescue synapse 
stability. However, overexpression of WldS or UAS-fos has no 
effect on synaptic growth (Sanyal et al., 2002; unpublished 
data). In addition, a heterozygous highwire mutation is suffi-
cient to rescue some aspects of synapse stability in animals that 
lack presynaptic -spectrin without stimulating significant NMJ 
growth (Fig. 7). Therefore, although the stabilizing function of 

Figure 9.  Model for synapse stabilizing effects of MAPK signaling. (A–C) Effects of stress on MAPK signaling. (A) In the absence of cellular stress this JNK-
Fos pathway is at steady state (shown in black) and is not necessary for endogenous synapse stability. (B) Acute cellular stress (e.g., cytoskeletal disruption) 
induces activation (shown in red) of JNK and Fos, which enhances synapse stabilization. The elevation of Fos is transient. (C) In the presence of a persistent 
cellular stress, negative feedback via the phosphatase Puckered prevents reactivation of Fos and the neuron switches toward a state that favors disassembly  
or instability. (D–F) Experimental manipulations (shown in blue) that result in enhanced synapse stability in the presence of a persistent cellular stress.  
(D) Fos overexpression results in enhanced stability. (E) Loss of Puckered-dependent feedback inhibition promotes synapse stability, likely through enhanced 
Fos activity. (F) Loss of Highwire potentiates upstream MAPK signaling, acting through Fos to promote synapse stability.
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Immunocytochemistry and imaging
Wandering third-instar larvae were dissected in HL3 saline (Stewart et al., 
1994) and fixed in Bouin’s fixative (Sigma-Aldrich). Primary antibodies 
were applied at 4°C overnight. Primary antibodies were used at the fol-
lowing dilutions: anti-bruchpilot, 1:50; anti-Futsch, 1:20; anti--spectrin, 
1:20; anti-Fasciclin II, 1:10; anti-Neuroglian, 1:10 (all provided by the 
Developmental Studies Hybridoma Bank, Iowa City, IA); rabbit anti–
Wallenda, 1:100 (courtesy of A. DiAntonio, Washington University, St. 
Loius, MO); anti–-Galactosidase, 1:50 (Cell Signaling Technology); and 
rabbit polyclonal anti-Dlg, 1:10,000 (Budnik et al., 1996). Secondary 
Alexa Fluor antibodies (goat anti–mouse 488, goat anti–rabbit 555, and 
goat anti–rabbit 647) were obtained from Invitrogen and used at a 1:600 
dilution. All other secondary antibodies and Cy3-conjugated HRP were 
obtained from Jackson Immunoresearch Laboratories, Inc. or Invitrogen 
and used at a 1:200 dilution. All secondary antibodies were applied for 
1–2 h at room temperature. All NMJ image stacks were captured using 
an inverted microscope (Axiovert 200; Carl Zeiss, Inc.) with a Plan- 
APOCHROMAT 100x oil-immersion lens (NA = 1.40; Carl Zeiss, Inc.), a 
cooled CCD camera (CoolSnapHQ; Photometrics), and piezo controlled 
z-axis positioning. All images were taken at room temperature, using  
Immersol imaging oil (Carl Zeiss, Inc.). Hardware and software analysis 
was driven by Intelligent Imaging Innovations (3I) software, specifically 
the Slidebook imaging program. Using the Slidebook software, images 
were deconvolved with the nearest neighbor algorithm, and z-stacks were 
combined into a single projection image. Further processing of images, 
specifically cropping and adjustment of levels, was done in Adobe Photo-
shop. No thresholding was incorporated into the images shown. Ventral 
nerve cord image stacks (Fig. 5 D) were captured using a microscope 
(Axioskop 2; Carl Zeiss, Inc.) and the LSM 510 Meta Laser Scanning Sys-
tem (Carl Zeiss, Inc.). Images were acquired with a Plan-APOCHROMAT 
40x oil-immersion lens (NA = 1.3; Carl Zeiss, Inc.), a CCD camera 
(Rolera-XR Mono Fast 1394; QImaging) and piezo controlled z-axis posi-
tioning. All images were taken at room temperature, using Immersol imaging 
oil (Carl Zeiss, Inc.). Hardware and software analysis was driven by LSM 
510 software (Carl Zeiss, Inc.). Using the LSM 510 software, z-stacks 
were combined into a single projection image, and further processing of 
images, specifically cropping and adjustment of levels, was done in 
Adobe Photoshop.

Image quantification
All retractions were counted at 40x magnification, and the observer was 
blind to genotype. Segments A2 through A6 were counted. A retraction 
was defined as an area of the NMJ where clearly defined postsynaptic Dlg 
staining is not apposed by presynaptic nc82 staining. Levels of immuno
reactivity were quantified (Figs. 1 and S3) using the masking function in 
Slidebook. Image stacks were taken at the same exposure from animals 
that were dissected and stained together. Images were deconvolved and 
projected into a single 3D stack before masking. No alterations were 
made to the images before quantification.

Electrophysiology
Recordings were performed as described previously (Albin and Davis, 
2004). Specifically, wandering third-instar larvae were selected after leav-
ing the food. Larvae were recorded in HL3 saline with 0.3 mM Ca2+ and 
10 mM Mg2+. Muscle recordings were made from muscle 6 in abdominal 
segment 3 (A3) and were achieved using sharp electrodes (12–18 M) 
filled with 3M potassium chloride. Stimulation electrodes were fabricated 
with an opening equal to the diameter of the motor nerve. Stimulation thresh-
old was set for each recording such that the maximal EPSP was achieved, 
including the recruitment of both motoneurons contacting muscle 6. Record-
ings were performed using an Axoclamp2B amplifier (Axon Instruments), 
Master-8 stimulator (AMPI) and digitized using Axon Instruments hardware 
and P-Clamp software (Axon Instruments). Electrodes were positioned using 
MP285 micromanipulators (Sutter Instrument Co.). All recordings were 
made in current clamp mode and analyzed offline. The preparation was 
visualized using a compound, fixed stage microscope (model BX50WI; 
Olympus) and 40x water immersion lens (0.8 NA). Quantal content was 
calculated by dividing the average maximal EPSP amplitude by the average 
amplitude of the spontaneous miniature release events (mEPSP) for each re-
cording. Multiple recordings were averaged per genotype. Measurements 
of maximal EPSP and input resistance were done by hand using the cursor 
option in Clampfit (MDS Analytical Technologies). Measurements of sponta-
neous miniature release events were semi-automated using MiniAnalysis 
software (Synaptosoft). For each recording, 100–300 mEPSP events were 
averaged to determine the average mEPSP amplitude.

synaptic transmission. However, in both cases, the presynaptic 
action potentials clearly invade the presynaptic nerve terminal 
and reliably evoke neurotransmitter release. This would not be 
the case if there were axonal breaks. It is interesting, however, 
that MAPK signaling is emerging as an important pathway in-
volved in axon regeneration (Ayaz et al., 2008; Hammarlund 
et al., 2009) and, as shown here, the transition from stabilization 
to disassembly at the NMJ.

Finally, a recently published study provides evidence that 
Wallenda and JNK function specifically in distal neuronal pro-
cesses, severed from the neuronal soma, to promote Wallerian-
type degeneration (Miller et al., 2009). These recent data are in 
apparent contrast with the neuronal growth-promoting function 
of Wallenda/JNK/Fos during neural development (Wan et al., 
2000; DiAntonio et al., 2001; Sanyal et al., 2002; Collins et al., 
2006) and axon regeneration (Hammarlund et al., 2009). Fur-
thermore, previous studies have shown that both Wallenda and 
JNK normally promote axonal transport, which is required for 
ongoing neuronal health (Byrd et al., 2001; Horiuchi et al., 
2007). One possible way to reconcile these recent data from 
Miller et al. (2009) with our current model is to consider the 
cellular compartment in which the signaling pathways have 
been examined. In an intact cell, MAPK/JNK/Fos signaling ap-
pears to generally promote synapse stability, axonal transport, 
cell growth, and neuroprotection. In contrast, within an axonal 
process that has been severed from the cell body and is destined 
to degenerate, Wallenda and JNK may function to facilitate the 
induction of the degenerative process. Thus, there may be 
context-dependent and compartment-specific functions of this 
important, stress response pathway.

Materials and methods
Fly stocks
Flies were maintained at 25°C on normal food, unless otherwise noted. The 
following strains were used in the study: w1118 (wild type), elavC155-GAL4 
(neuron-specific; Lin and Goodman, 1994), BG57-GAL4 (muscle specific; 
Budnik et al., 1996), hiwND9 (Wan et al., 2000), puc1 and pucA251.1F3 
(Martín-Blanco et al., 1998), wnd2 and wnd3 (Collins et al., 2006), 
kay1(Riesgo-Escovar and Hafen, 1997), kay2 (courtesy of D. Bohmann,  
University of Rochester, Rochester, NY), GAL4-responsive UAS-Wlds  
(Hoopfer et al., 2006), UAS-gbb (S. Thor, University of Cambridge, Cam-
bridge, UK; Wharton et al., 1999), UAS-puc (Martín-Blanco et al., 1998), 
UAS-fos and UAS-jun, (Eresh et al., 1997) UAS-bskDN (Weber et al., 2000), 
UAS–-spectrin–dsRNA (Pielage et al., 2005), Pbac(WH)CG32373f02001 
[P(CG323732001) or ank22001] (identified in the BDGP/Exelixis gene dis-
ruption project), and Df(3L)RM5-2 (from the Bloomington stock center, 
Bloomington, IN). All UAS constructs were driven presynaptically with 
elavC155-GAL4, except for Fig. 1 (D and E), where UAS constructs were 
simultaneously driven both presynaptically with elavC155-GAL4 and post-
synaptically with BG57-GAL4.

Throughout this paper we make use of multiple genomic insertions 
of the UAS–-spectrin RNAi transgene. To allow for construction of  
double mutants in different experiments, either one or two copies of the 
RNAi transgene were used. This results in different baseline retraction 
phenotypes in different experiments, with a single copy of the RNAi 
transgene causing a lower frequency and severity of retractions than the 
two copies. The milder phenotype seen with a single copy of UAS– 
-spectrin RNAi is significantly different from wild type, and is qualitatively 
identical to the more severe phenotype seen with two copies of UAS– 
-spectrin RNAi. One copy of UAS–-spectrin RNAi was used in the fol-
lowing figures: Fig. 4 (F and G) and Fig. 6. Two copies of UAS–-spectrin 
RNAi were used in the following figures: Figs. 1, 2, 3, 4 (A–E), 5, and 
7, and S1–S3.



115FOS PROMOTES SYNAPSE STABILITY • Massaro et al.

Avery, M.A., A.E. Sheehan, K.S. Kerr, J. Wang, and M.R. Freeman. 2009. 
Wld S requires Nmnat1 enzymatic activity and N16-VCP inter
actions to suppress Wallerian degeneration. J. Cell Biol. 184:501–513. 
doi:10.1083/jcb.200808042

Ayaz, D., M. Leyssen, M. Koch, J. Yan, M. Srahna, V. Sheeba, K.J. Fogle, 
T.C. Holmes, and B.A. Hassan. 2008. Axonal injury and regen-
eration in the adult brain of Drosophila. J. Neurosci. 28:6010–6021. 
doi:10.1523/JNEUROSCI.0101-08.2008

Bennett, V., and J. Davis. 1983. Spectrin and ankyrin in brain. Cell Motil. 3:623–
633. doi:10.1002/cm.970030527

Bennett, V., and D.M. Gilligan. 1993. The spectrin-based membrane skeleton 
and micron-scale organization of the plasma membrane. Annu. Rev. Cell 
Biol. 9:27–66. doi:10.1146/annurev.cb.09.110193.000331

Bennett, V., and J. Healy. 2008. Organizing the fluid membrane bilayer: dis-
eases linked to spectrin and ankyrin. Trends Mol. Med. 14:28–36. 
doi:10.1016/j.molmed.2007.11.005

Bennett, V., and S. Lambert. 1991. The spectrin skeleton: from red cells to brain. 
J. Clin. Invest. 87:1483–1489. doi:10.1172/JCI115157

Budnik, V., Y.H. Koh, B. Guan, B. Hartmann, C. Hough, D. Woods, and 
M. Gorczyca. 1996. Regulation of synapse structure and function 
by the Drosophila tumor suppressor gene dlg. Neuron. 17:627–640. 
doi:10.1016/S0896-6273(00)80196-8

Byrd, D.T., M. Kawasaki, M. Walcoff, N. Hisamoto, K. Matsumoto, and Y. Jin. 2001. 
UNC-16, a JNK-signaling scaffold protein, regulates vesicle transport in 
C. elegans. Neuron. 32:787–800. doi:10.1016/S0896-6273(01)00532-3

Cho, S., E.M. Park, Y. Kim, N. Liu, J. Gal, B.T. Volpe, and T.H. Joh. 
2001. Early c-Fos induction after cerebral ischemia: a possible 
neuroprotective role. J. Cereb. Blood Flow Metab. 21:550–556. 
doi:10.1097/00004647-200105000-00009

Collins, C.A., Y.P. Wairkar, S.L. Johnson, and A. DiAntonio. 2006. Highwire 
restrains synaptic growth by attenuating a MAP kinase signal. Neuron. 
51:57–69. doi:10.1016/j.neuron.2006.05.026

Conforti, L., A. Wilbrey, G. Morreale, L. Janeckova, B. Beirowski, R. Adalbert, 
F. Mazzola, M. Di Stefano, R. Hartley, E. Babetto, et al. 2009. Wld S pro-
tein requires Nmnat activity and a short N-terminal sequence to protect 
axons in mice. J. Cell Biol. 184:491–500. doi:10.1083/jcb.200807175

DiAntonio, A., A.P. Haghighi, S.L. Portman, J.D. Lee, A.M. Amaranto, and C.S. 
Goodman. 2001. Ubiquitination-dependent mechanisms regulate synap-
tic growth and function. Nature. 412:449–452. doi:10.1038/35086595

Dobens, L.L., E. Martín-Blanco, A. Martínez-Arias, F.C. Kafatos, and L.A. 
Raftery. 2001. Drosophila puckered regulates Fos/Jun levels during fol-
licle cell morphogenesis. Development. 128:1845–1856.

Dragunow, M., E. Beilharz, E. Sirimanne, P. Lawlor, C. Williams, R. Bravo, and 
P. Gluckman. 1994. Immediate-early gene protein expression in neurons 
undergoing delayed death, but not necrosis, following hypoxic-ischaemic 
injury to the young rat brain. Brain Res. Mol. Brain Res. 25:19–33. 
doi:10.1016/0169-328X(94)90274-7

Eaton, B.A., and G.W. Davis. 2005. LIM Kinase1 controls synaptic stabil-
ity downstream of the type II BMP receptor. Neuron. 47:695–708. 
doi:10.1016/j.neuron.2005.08.010

Eaton, B.A., R.D. Fetter, and G.W. Davis. 2002. Dynactin is necessary for synapse 
stabilization. Neuron. 34:729–741. doi:10.1016/S0896-6273(02)00721-3

Eresh, S., J. Riese, D.B. Jackson, D. Bohmann, and M. Bienz. 1997. A CREB-binding 
site as a target for decapentaplegic signalling during Drosophila endo-
derm induction. EMBO J. 16:2014–2022. doi:10.1093/emboj/16.8.2014

Ferri, A., J.R. Sanes, M.P. Coleman, J.M. Cunningham, and A.C. Kato. 2003. 
Inhibiting axon degeneration and synapse loss attenuates apoptosis and 
disease progression in a mouse model of motoneuron disease. Curr. Biol. 
13:669–673. doi:10.1016/S0960-9822(03)00206-9

Fischer, L.R., D.G. Culver, A.A. Davis, P. Tennant, M. Wang, M. Coleman, S. 
Asress, R. Adalbert, G.M. Alexander, and J.D. Glass. 2005. The WldS 
gene modestly prolongs survival in the SOD1G93A fALS mouse. 
Neurobiol. Dis. 19:293–300. doi:10.1016/j.nbd.2005.01.008

Frey, D., C. Schneider, L. Xu, J. Borg, W. Spooren, and P. Caroni. 2000. Early 
and selective loss of neuromuscular synapse subtypes with low sprouting 
competence in motoneuron diseases. J. Neurosci. 20:2534–2542.

Hafezi, F., J.P. Steinbach, A. Marti, K. Munz, Z.Q. Wang, E.F. Wagner, A. 
Aguzzi, and C.E. Remé. 1997. The absence of c-fos prevents light-
induced apoptotic cell death of photoreceptors in retinal degeneration in 
vivo. Nat. Med. 3:346–349. doi:10.1038/nm0397-346

Hafezparast, M., R. Klocke, C. Ruhrberg, A. Marquardt, A. Ahmad-Annuar, S. 
Bowen, G. Lalli, A.S. Witherden, H. Hummerich, S. Nicholson, et al. 2003. 
Mutations in dynein link motor neuron degeneration to defects in retro-
grade transport. Science. 300:808–812. doi:10.1126/science.1083129

Hammarlund, M., E.M. Jorgensen, and M.J. Bastiani. 2007. Axons break in 
animals lacking beta-spectrin. J. Cell Biol. 176:269–275. doi:10.1083/ 
jcb.200611117

-Gal activity assay
-Galactosidase activity was measured using the Glacto-Light Plus System 
(Applied Biosystems). Samples consisted of at least three animals for 
each condition, and all assays were conducted in duplicate. For genetics 
experiments (i.e., comparisons between animals of different genotype), 
animals were dissected in HL3 saline with 0 mM Ca2+ and 20 mM Mg2+, 
and then transferred to lysis buffer for homogenization immediately after 
dissection. For nocodazole experiments, animals were dissected in HL3 
saline with 0.5 mM Ca2+ and 10 mM Mg2+, and then incubated for  
30 min, 1 h, 2 h, or 4 h in identical HL3 solution with nocodazole  
in DMSO or DMSO only (control condition). After incubation, animals  
were transferred to lysis buffer for homogenization. A standard Bradford  
assay for protein concentration was performed on each sample, and  
-Galactosidase activity was normalized to within-sample protein con-
centration for each condition.

Western blotting
For genetics experiments (i.e., comparisons between animals of different 
genotype), animals were dissected in HL3 saline with 0 mM Ca2+ and 
20 mM Mg2+. The CNS was removed from each animal and homogenized 
in sample buffer (95% 2x Laemmli sample buffer with 5% 2-Mercaptoethanol). 
For nocodazole experiments, animals were dissected in HL3 saline with 
0.5 mM Ca2+ and 10 mM Mg2+, and then incubated for 30 min or 2 h 
in identical HL3 solution with nocodazole in DMSO or DMSO only (con-
trol condition). After incubation, the CNS was removed from each ani-
mal and homogenized in sample buffer. Samples consisted of at least  
five CNS for each condition. Samples were boiled for 15 min and then 
run on 7.5% tris-HCl gels at 35 mA. Gels were transferred to PVDF mem-
brane for 1 h at 100 V, and then membranes were probed with one of 
two rabbit anti-Fos antibodies (101AP from Fabgennix, Inc., or courtesy 
of D. Bohmann) at 1:1,000. Secondary antibody (goat anti–rabbit-HRP) 
was obtained from Jackson Immunoresearch Laboratories, Inc., and used 
at 1:5,000. To control for protein loading, membranes were stripped 
with Restore Western Blot Stripping Buffer (Thermo Fisher Scientific) and 
reprobed with mouse anti--tubulin (courtesy of U. Heberlein, University 
of California, San Francisco, San Francisco, CA) at 1:1,000 or mouse 
anti-actin (Sigma-Aldrich) at 1:10,000. Secondary antibody (goat anti–
mouse-HRP) was obtained from Jackson Immunoresearch Laboratories, 
Inc., and used at 1:10,000. All antibody incubations were done at room 
temperature for 1 h in 2% milk in TBS with 0.1% Tween 20. All mem-
branes were developed with ECL substrate (GE Healthcare) and exposed 
to film. Films were quantified with the ImageJ gel analysis tool (National 
Institutes of Health, Bethesda, MD).

Online supplemental material
Fig. S1 provides evidence that neuronal expression of -spectrin RNAi 
eliminates presynaptic -spectrin protein from the nerve at the neuro
muscular junction. Fig. S2 provides evidence that expression of UAS-fos 
suppresses synaptic retraction in the ankyrin2-L mutant background. Fig. S3 
demonstrates that the levels of two prominent synaptic cell adhesion mole-
cules, Fasciclin II and Neuroglian, are not significantly increased by neuro-
nal expression UAS-fos. Online supplemental material is available at 
http://www.jcb.org/cgi/content/full/jcb.200903166/DC1.
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