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SUMMARY

Activity-dependent modifications in synapse struc-
ture play a key role in synaptic development and
plasticity, but the signaling mechanisms involved
are poorly understood. We demonstrate that gluta-
matergic Drosophila neuromuscular junctions un-
dergo rapid changes in synaptic structure and func-
tion in response to patterned stimulation. These
changes, which depend on transcription and transla-
tion, include formation of motile presynaptic filopo-
dia, elaboration of undifferentiated varicosities, and
potentiation of spontaneous release frequency. Ex-
periments indicate that a bidirectional Wnt/Wg
signaling pathway underlies these changes. Evoked
activity induces Wnt1/Wg release from synaptic bou-
tons, which stimulates both a postsynaptic DFz2
nuclear import pathway as well as a presynaptic
pathway involving GSK-3B/Shaggy. Our findings
suggest that bidirectional Wg signaling operates
downstream of synaptic activity to induce modifica-
tions in synaptic structure and function. We propose
that activation of the postsynaptic Wg pathway is
required for the assembly of the postsynaptic appa-
ratus, while activation of the presynaptic Wg path-
way regulates cytoskeletal dynamics.

INTRODUCTION

Synaptic plasticity has been placed at the foundation of com-
plex brain functions, such as learning and memory and the
refinement of synaptic connections. In these processes, corre-
lated changes in electrical activity lead to long-term modifica-
tions in synaptic efficacy, which are often accompanied by
structural changes in synapse shape and/or number (Chklovskii
et al., 2004; Kandel, 2001). Although understanding the mecha-
nisms for the induction of these changes has been the focus of
intense efforts, many of the mechanisms downstream of activity
remain unclear.

An important breakthrough has been the realization that many
of the secreted molecules that play fundamental roles in pattern
formation during early development function later in the nervous
system to signal synapse development and plasticity. These
include brain-derived neurotrophic factor (BDNF), bone morpho-
genetic protein (BMP), and Wnts (Lu, 2003; Marques, 2005;
Speese and Budnik, 2007). However, the extent of their partici-
pation and the cellular processes they initiate are for the most
part unclear. Recent studies demonstrate that members of the
Wingless (also known as Wg)/Int (Wnt) family of secreted signal-
ing proteins are pivotal players during differentiation of synapses
(Ciani and Salinas, 2005; Speese and Budnik, 2007), and misre-
gulation of Wnt signaling is associated with a number of cogni-
tive disorders, such as schizophrenia and Alzheimer’s (De Ferrari
and Moon, 2006). However, a potential involvement of Wnts in
activity-dependent changes at synapses is just beginning to be
recognized (Chen et al., 2006; Wayman et al., 2006). A microar-
ray analysis of dentate gyrus genes regulated by induction of
long-term potentiation (LTP) led to the identification of several
members of Wnt transduction pathways. Further, interfering
with Wnt function reduced the magnitude of late LTP (Chen
et al., 2006).

Both activity and the Wg pathway influence the development
of synapses at the Drosophila larval neuromuscular junction
(NMJ) (Budnik et al., 1990; Mosca et al., 2005; Packard et al.,
2002; Schuster et al., 1996b). The larval NMJ is continuously
forming and stabilizing new synapses in order to maintain
synaptic efficacy as the postsynaptic muscle cells grow in size
(Griffith and Budnik, 2006). NMJ expansion is stimulated by
chronic intensification of both motorneuron activity and Wnt-1
(Wg) signaling (Budnik et al., 1990; Mosca et al., 2005; Packard
etal., 2002). Mutations that decrease wg or the gene encoding its
receptor, Dfrizzled-2 (DFz2), result in underdeveloped NMJs
containing fewer synaptic boutons. A subset of these boutons
remain undifferentiated, lacking active zones and postsynaptic
specializations (Packard et al., 2002).

Current observations suggest that Wg might operate in a
bidirectional manner, as DFz2 receptors are present in both
pre- and postsynaptic compartments (Packard et al., 2002). In
postsynaptic muscles, Wg secretion by presynaptic boutons ac-
tivates an unconventional pathway, the Frizzled nuclear import
(FNI) Wg pathway, in which the DFz2 receptor is endocytosed,
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cleaved, and the C-terminal fragment (DFz2C) is translocated
into the nucleus (Ataman et al., 2006; Mathew et al., 2005). The
signal transduction pathway activated by Wg in the presynaptic
compartment is less clear. Studies show that the Wnt/Wg family
of proteins utilizes a divergent canonical pathway involving the
regulation of the microtubule cytoskeleton through the action
of glycogen synthase kinase 3p (GSK-3B/Shaggy [Sgg]) on
microtubule-associated proteins (Ciani et al., 2004; Speese
and Budnik, 2007). GSK-3 is enriched at presynaptic boutons,
and mutations in sgg have a positive effect on bouton prolifera-
tion, consistent with Wg inhibition of GSK-3p activity. Moreover,
mutations in wg and sgg result in opposing defects in presynap-
tic microtubule cytoskeleton organization (Franco et al., 2004;
Packard et al., 2002).

Here, we establish that activity-dependent modifications in
synapse structure at the larval NMJ are not simply the result of
chronic changes in activity levels throughout development.
Rather, rapid changes leading to the formation of new synaptic
structures can be elicited by acute stimulation. These rapid
structural changes depend on bidirectional Wg signaling and
new protein synthesis. Our results support the notion that Wg
is released from synaptic boutons in an activity-dependent
manner and that Wg functions downstream of activity to regulate
synapse development and function. Thus, these studies estab-
lish a mechanistic link between acute activity changes and
modifications in synaptic structure and identify an important
transduction cascade underlying these changes.

RESULTS

Activity Induces Rapid Changes in Synaptic Structure

As in mammalian synapses, developmental changes in presyn-
aptic activity have a substantial influence on the expansion
of the Drosophila NMJ. Alterations that increase excitability
throughout development result in enhanced proliferation of syn-
aptic boutons, and this phenotype can be rescued by mutations
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Figure 1. Acute Spaced Stimulation Induces
the Formation of Synaptopods at the NMJ
(A) Time-lapse images of live NMJs expressing
membrane-tethered GFP in motorneurons about
2.5 hr from the beginning of spaced depolarization
(exact time is stated in minutes in each panel). Red
arrowheads point to a retracting synaptopod. White
arrowheads point to elongating synaptopods.

(B) High K*-induced depolarization paradigms.

(C) Number of synaptopods per NMJ arbor in wild-
type controls and preparations stimulated with
spaced high K* depolarization.

(D) Comparison of a representative NMJ arbor im-
aged live (D1) before and (D2) after 2.5 hr from the
beginning of spaced high K* depolarization, show-
ing the increase in synaptopod frequency and
length. Left column shows an entire NMJ at muscle
6 and 7, and right column is a high-magnification
view of the NMJ area circumscribed by the box in
the left column panels.

Arrows point to synaptopods. **p < 0.001. Calibra-
tion scale is 4.5 umin (A), 23 um in (D), left column,
and 5 um in (D), right column. Error bars represent
SEM.
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that lower excitability (Budnik et al., 1990; Mosca et al., 2005).
The mechanisms by which enhanced presynaptic activity induce
these morphological changes are still poorly understood. More-
over, itis unclear whether these changes arise as a result of long-
term exposure to augmented activity during development or
whether acute activity is sufficient to regulate synaptic structure.

To address the latter question directly, preparations express-
ing a membrane-tethered GFP (mCD8-GFP) in motorneurons
were imaged live before and after acute intervals of stimulation
induced by high K* depolarization paradigms. Spaced depolar-
ization, in a pattern similar to that required to induce morpholog-
ical changes in dendritic spines in mammalian hippocampal
cultures (Wu et al., 2001), was found to be most effective in in-
ducing rapid changes. Two striking changes were observed after
repetitive, spaced depolarizations, consisting of four to five high
(90 mM) K* pulses spaced by 15 min of rest (Figure 1B). First,
after approximately 2 hr from the beginning of the stimulation
paradigm, numerous short filopodia-like structures began to
extend and retract from the NMJ with a time course of minutes
(Figures 1A and 1D and see Movie S1 available online). These
filopodia were 0.5-5.5 um long (average 2.44 + 0.15 ym; n =
47) and remained at their maximal length from 4 s to over
100 s (average 33.8 + 3.9 s; n = 33).

Many of these filopodia-like processes, which we termed
synaptopods, appeared from the stretch of neurite between
two boutons, but some also appeared to emerge from boutons
themselves. Synaptopods could also be observed in unstimu-
lated controls, or immediately after dissection, although their
frequency was significantly lower (Figure 1C), and they were
much shorter (1.12 + 0.13 um; n = 23) compared to those
observed after stimulation (2.44 + 0.15 um; n = 47). Synaptopods
were usually not preserved by fixation, limiting their study to live
preparations.

We also observed the appearance of synaptic varicosities that
were often large and quite rounded (Figure 2A, top row, arrows).
Unlike synaptopods, we were able to preserve these varicosities
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Figure 2. Acute Spaced Stimulation In-
duces the Formation of Undifferentiated
“Ghost Boutons”

(A) De novo ghost bouton formation observed live,
after 150 min from the beginning of spaced depo-
larization. In the bottom row of (A), the same sam-
ple shown in the top right panel of (A) is exhibited
after fixation and immunocytochemical staining
with anti-HRP (left panel) and anti-DLG (right
panel) antibodies, Arrows point to two ghost bou-
tons in the live and fixed preparations.

(B and C) NMJs double stained with anti-HRP and
anti-DLG antibodies in (B) a control unstimulated
preparation, and (C) a sample subjected to spaced
5X K* depolarization, fixed and imaged at 2.5 hr
after dissection. Arrows in (C) point to ghost
boutons, which are recognized by labeling with
anti-HRP antibodies, while lacking DLG immuno-
reactivity.

(D and F) View of ghost boutons (arrows) in prepa-
rations fixed after stimulation and triple stained
with (D) HRP, DLG, and CSP antibodies, showing
that ghost boutons contain a synaptic vesicle
marker; and (F) HRP, NC82, and GIuRlIl anti-
bodies, showing that ghost boutons are devoid
of GluR clusters and most active zones.

(E) Time-lapse image series in which the prepara-
tion was imaged before stimulation and at the indi-

cated times during the spaced stimulation protocol (arrowheads). Note the sudden appearance of ghost boutons (red arrows) after the fourth depolarization pulse.
Calibration scale is 12 umin (A), 17 um in (B) and (C), 6.5 um in (D) and (F), and 24 um in (E).

by our fixation protocol (Figure 2A, bottom row). However, similar
to synaptopods the thin process connecting them to the main
arbor was most often destroyed by fixation. Our ability to fix
the newly formed varicosities allowed us to determine their
nature by using a number of synaptic markers. Notably, they
were devoid of postsynaptic proteins, such as discs-large
(DLG; Figure 2A, bottom right panel, 2B, and 2C, arrows) or glu-
tamate receptors (GluRs; Figure 2F, left panel, arrows), and they
rarely contained active zone markers such as nc82/Brp (Kittel
et al., 2006b) (Figure 2F, right panel). In contrast, they were
labeled with synaptic vesicle markers such as cysteine string
protein (CSP) (Zinsmaier et al., 1994) (Figure 2D, arrows) and
synapsin (data not shown). These varicosities resembled a cer-
tain type of synaptic bouton previously referred to as a “ghost
bouton” (Ataman et al., 2006), which contains synaptic vesicles
but lacks active zones and postsynaptic structures. Ghost bou-
tons have been shown to increase substantially in number upon
genetically interfering with the Wg pathway at the NMJ, and in
that case their appearance is accompanied by a dramatic
decrease in normal bouton number (Ataman et al., 2006; Pack-
ard et al., 2002). Here, upon spaced stimulation, ghost boutons
formed de novo and did not arise from retraction of existing
boutons (Figures 2A and 2E and Figure S1A). Therefore, these
ghost boutons likely represent an undifferentiated bouton state,
as they lack both pre- and postsynaptic specializations. Indeed,
ghost boutons are also observed in unstimulated wild-type
preparations, albeit at very low frequency (Ataman et al., 2006).
Thus, acute depolarization induces rapid changes in synaptic
structure.

To determine if the formation of synaptopods represented
a normal physiological process during NMJ growth and whether

ghost boutons developed into mature boutons, we imaged
wild-type unstimulated NMJs through the cuticle of intact early
third-instar larvae. NMJs were labeled by expressing mCD8-
GFP or myristylated-mRFP (myr-mRFP) in motorneurons. In
some experiments, larvae also expressed either a postsynaptic
GFP-tagged GIuRIIA transgene driven by the endogenous
promoter (Rasse et al., 2005) or a presynaptic GFP-tagged Brp
transgene (Wagh et al., 2006). We observed several instances
of motile synaptopods at these NMJs (Movie S2), suggesting
that they are a normal occurrence during NMJ development. In
addition, we observed the appearance of ghost boutons, which,
as expected, were labeled by presynaptic myr-mRFP but were
virtually devoid of postsynaptic GIuR clusters (Figures 3A and
3C, arrows) and Brp-positive active zones (Figures 3D and 3E,
arrows). To establish whether ghost boutons eventually acquired
GIuR or Brp clusters, larvae were returned to the food, and the
same NMJ was imaged at 12-18 hr intervals until the beginn-
ing of pupariation. We found several instances in which ghost
boutons acquired GIuR (Figures 3A and 3C, arrows) or Brp
(Figures 3D and 3E) clusters de novo, and we found that the
number of GIuR clusters increased over time (Figure 3B). There-
fore, ghost boutons are likely to represent an immature synaptic
bouton state, which can differentiate into a mature bouton over
prolonged periods.

We also determined some of the cellular and physiological
requirements for enhanced ghost bouton formation. Dissected
samples were stimulated with different depolarization paradigms
and/or in the presence of specific pharmacological agents. A fre-
quent appearance of synaptopods and ghost boutons required
at least four to five cycles of spaced depolarization (Figure 2E,
red arrows; Figure 4A). Fewer cycles of spaced stimulation or
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Figure 3. Ghost Boutons Form De Novo in Intact Undissected Larvae and Develop into Mature Boutons by Acquiring Postsynaptic GluR and
Presynaptic Brp Clusters

Time-lapse imaging through the intact cuticle of NMJs expressing presynaptic myr-RFP (red) and either postsynaptic GIuR-GFP (green) or presynaptic Brp-GFP
(green) showing (A) de novo formation of a ghost bouton (arrows) in muscle 27 at 24 hr and clustering of GIuR receptors on the ghost bouton (arrows) at 36 hr.
(B) Progressive increase in the number of GluR clusters (arrows) in a differentiating bouton, on muscle 27, over a 24 hr period. Arrowhead in myr-RFP at 0 hr points
to a synaptopod.

(C) Another example of a ghost bouton (arrows) in muscles 14 and 30 imaged at 0 hr, which acquired GIuR clusters (arrows) at 24 hr. * = peptidergic ending, which
normally lacks GluR clusters.

(D and E) Ghost boutons (arrows) in muscles 14 and 30 at 0 hr, which acquired Brp clusters at 18 hr (arrows). Thin neurites may appear invisible, next to bright

mRFP signal of boutons.
Calibration scale is 5 um in (A), 3 um in (B), and 8 pm in (C)—(E).

pseudomassed stimulation (same total stimulation period con-
sisting of longer high K* depolarization times and fewer stimula-
tion/rest cycles) (Figures 1B and 4A) or eliminating Ca* from the
external solution (Figure 4B) did not lead to an increase in ghost
bouton formation.

The spaced stimulation dependency was reminiscent of the
patterned training required for long-term plasticity in a variety
of systems (Kogan et al., 1997; Mauelshagen et al., 1998; Wu
etal.,2001; Yu et al., 2006), a process that depends on transcrip-
tion and new protein synthesis. As both of these phenomena
require spaced stimulation, we examined whether activity-
dependent ghost bouton formation also required transcription
and translation. Bath application of either the transcriptional
inhibitor actinomycin (5 mM) or the translational inhibitor cyclo-
heximide (100 mM) during stimulation prevented the formation
of ghost boutons (Figure 4B). Thus, activity-dependent synapse
remodeling depends on transcription and translation.

Just blocking action potentials in neurons by shifting the
temperature-sensitive neuronal Na* channel mutant paralytic
(para®™) (Wu and Ganetzky, 1980) to restrictive temperature
during high K* stimulation prevented the formation of ghost
boutons (Figure 4C), even though high K* depolarization

708 Neuron 57, 705-718, March 13, 2008 ©2008 Elsevier Inc.

should allow neurotransmitter release in the absence of action
potentials. This observation indicates that neurotransmitter re-
lease is not the only factor mediating rapid activity-dependent
synapse modification but that normal action potentials are also
required.

Spaced Stimulation Potentiates Spontaneous

Release Frequency

We next determined the physiological consequences of spaced
5X K* depolarization by recording from the postsynaptic mus-
cles after the spaced depolarization paradigm. In these animals,
the frequency of spontaneous excitatory potentials (mMEJPs) was
increased on average by about 3-fold compared to controls
(Figures 5A and 5B), suggesting a presynaptic modification.
Presynaptic potentiation was evaluated through a frequency
potentiation index, which is arrived at by dividing the mEJP
frequency after stimulation by the control mEJP frequency
(Figure 5C).

A small but significant increase in mEJP amplitude was also
observed upon spaced depolarization (Figure 5D). This might
result from multiquantal release, changes in postsynaptic
receptor function, or activity-dependent changes in the size of
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synaptic vesicles (Steinert et al., 2006). No change in the ampli-
tude of nerve-evoked responses was observed (Figure S1B).
This was not due to a change in quantal content, as determina-
tion of quantal content by failure analysis (Del Castillo and Katz,
1954; Petersen et al., 1997) revealed no differences between 5X
K* stimulated and nonstimulated samples (quantal content in
unstimulated samples was 1.3 + 0.12 versus 1.3 + 0.07 in 5X
K* stimulated samples; n = 4 and 5, respectively).
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Figure 4. Activity-Dependent Ghost Bouton
Formation Depends on Spaced Stimulation,
Ca?*, as well as Transcription and Transla-
tion

(A-C) Number of ghost boutons upon K* depolar-
ization induced (A) by using alternative stimulation
protocols, (B) in the presence of different drugs
and Ca?* conditions (no Ca?* and 0.5 mM
EGTA), and (C) in para' mutants. *p < 0.05, **p <
0.001, **p < 0.0001. Error bars represent SEM.

# ghost boutons

To assess whether the changes in NMJ
morphology and physiology could be eli-
cited by patterned stimulation of motor
nerves at frequencies comparable to
those observed upon endogenous activ-
ity (Budnik et al., 1990), we also stimulated motor nerves with
patterned 10 Hz frequency and examined the consequences
for mEJPs and NMJ structural changes. A precise spaced pat-
tern of high-frequency stimulation (five stimulation cycles, each
consisting of 5 min of stimulation [2 s at 10 Hz interspersed by
3 s rest] and 15 min of rest; Figure 5F, blue and black) was re-
quired to elicit mEJP frequency potentiation (Figures 5B and
5C) and structural synapse dynamics, as illustrated by the rapid
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Figure 5. Potentiation of Spontaneous
Release Frequency after Spaced K* Depo-
larization, Nerve Stimulation, and Light-
Induced Stimulation of Motorneurons by
o K CnRe Using ChR2

{ o (A) mEJP traces in (top) controls and (bottom)
. samples subjected to spaced 5X K* depolariza-
tion.

(B) Normalized probability distribution of mEJP

+ 5XK

5X nerve stim

Control t=150"
A 5 B
3 6
A &
2 5
2T
= X
2mv| Stimulated t=150" 2 x
0.2 sec we 3
A A P Ex
| g5 2
© 1
E
A A L s 0
Diop .

O

3
- 3 =
& >
< E.O'B
2 @
@2 806
e =
2 204
2 5
g 502
Sy £ 5
3 0 2 2 2
e 5373832
3 R = 2 ® 9
g 2 28 32
3 3 3 M3
F 2
3
i 3amv
i i L
Y 1.3 sec
o on o"
1 1
3 3 light
5 5' L 5 5
15" 15 15 15 e
o° o" stimulation
R 17111 T MR ~~~~«...
10 Hz

| PR
0 1 10 50 90
percentile

5X nerve stimulation (GFP-live)

frequencies, obtained by dividing the mEJP
frequency of experimental samples by the mean
control frequencies, after spaced 5X K* depolar-
ization (red), 5X nerve stimulation (blue), or 5X light
stimulation of presynaptic ChR2 (purple).

(C) mEJP frequency potentiation index (mEJP
frequency in experimental samples divided by
the mean control frequency).

(D) Mean mEJP amplitude after the above stimula-
tion paradigms.

(F) Paradigms for nerve and light stimulation and
postsynaptic recording of responses to the 5X
light ChR2 paradigm. Traces below the recording
correspond to (purple) LED lights on and off cycles
and (blue) nerve stimulation, with the entire 5X
paradigm shown in black.

(E and G) Morphological plasticity of NMJs upon
(E) 5X nerve and (G) 5X ChR2 stimulation. (E)
shows an instance of extending and retracting
synaptopods (arrows mark moving synaptopods,
white lines are fiduciary markers) in a presynaptic
mCD8-GFP-labeled preparation imaged live. (G)
shows an example of enhanced ghost bouton
formation (arrows) in a fixed preparation double
labeled with anti-HRP (green) and anti-DLG (red)
antibodies.

*p < 0.05, **p < 0.001. Calibration scale is 3 um in
(E) and 6 um in (G). Error bars represent SEM.
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Figure 6. Wg Signaling Regulates Ghost
Bouton Formation and mEJP Potentiation
(A) Number of ghost boutons after 0X, 3X, or 5X
spaced K* stimulation in controls (red), wg'/+ het-
erozygous, and wg’ homozygous mutants (blue),
upon expressing UAS-Wg in motorneurons (or-
ange), and upon rescuing wg'®'+ with UAS-Wg in
motorneurons (green).

(B) Normalized probability distribution of mEJP
frequencies in the indicated genotypes after
spaced 5X K* stimulation. Normalization was ob-
tained by dividing the frequency of experimental
samples by the mean control frequencies.

(C) Frequency potentiation index.

(D) Mean mEJP amplitude in the indicated geno-
types in controls and samples subjected to
spaced 5X K* stimulation.
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motility of synaptopods (Figure 5E, arrows). The average magni-
tude of these changes was only slightly smaller than the 5X K*-
induced depolarization results in wild-type (Figure 5C). However,
examining individual experiments in a probability plot indicated
that the high-frequency nerve stimulation paradigm was not as
effective as the spaced K*-induced depolarization paradigm
(Figure 5B).

As an additional independent way to establish that the obser-
vations with K* depolarization were physiologically relevant in
the intact organism, experiments were also carried out by stim-
ulating undissected larvae. For these experiments, larvae ex-
pressing the light-activated channel channelrhodopsin-2 (ChR2;
Nagel et al., 2002; Schroll et al., 2006) were fed all-trans-
retinal-containing food and subjected to light stimulation para-
digms using 470 nm illumination from an LED controlled by
a stimulator. Patterned light stimulation similar to the electrical
stimulation paradigm (five stimulation cycles, each consisting
of 5 min of light stimulation [2 s illumination interspersed by 3 s
rest] and 15 min of rest; Figure 5F, purple and black) indeed
potentiated mEJP frequency on average to the same level as
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*p < 0.05, *p < 0.001, **p < 0.0001.
Error bars represent SEM.

nerve stimulation (Figures 5B and 5C)
and induced structural synaptic changes
including the formation of ghost boutons
(Figures 4A and 5G). Recording from the
postsynaptic muscles of ChR2-express-
ing larvae while subjecting them to the
light paradigm demonstrated that the
light stimulation elicited bursts of synap-
tic activity that did not exceed 50 Hz, as
previously reported (Figure 5F; Schroll
et al., 2006). It is also noteworthy that
light-induced mEJP potentiation lasted
for at least 2-3 hr. Thus, an acute in-
crease in activity by direct nerve stimula-
tion in dissected preparations or by light
in ChR2-expressing intact larvae also
leads to rapid modifications in synaptic
structure and function. These observa-
tions also provide compelling evidence that the changes induced
by high K* depolarization are physiologically relevant.

M M XS
a1d-Bp, +3 X0
a.d-BpA M XS

Rapid Activity-Dependent Changes in Synaptic
Structure and Function Depend on Wg Signaling

The similarity between ghost boutons observed upon spaced
stimulation and those found in mutations that interfere with the
Wg pathway led us to investigate a potential relationship between
the activity-dependent changes described above and Wg signal-
ing. Reducing Wg dosage by using heterozygous wg'/+ mutants
shifted to restrictive temperature for 16 hr prior to dissection or
homozygous wg’ hypomorphic mutants completely prevented
the observed increase in ghost bouton formation (Figure 6A,
blue; compare to red) upon spaced 5X K* depolarization. This
phenotype could be rescued by expressing Wg in motorneurons
in the wg'/+ mutant background (Figure 6A, green). These
changes were not simply due to a decreased excitability in
wg'/+ mutants, since 0X K* wg™/+ larvae had mEJP frequency
and amplitude as well as EJP amplitudes that were undistinguish-
able from wild-type controls (Figure 6D and Figure S1C).
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Enhancing Wg secretion by overexpressing a wg transgene
in motorneurons (c380/+;;UAS-Wg/+) resulted in an increase in
ghost boutons upon 5X K* spaced depolarization similar to
wild-type (Figure 6A, orange; compare to red). However, in
NMJs overexpressing Wg in motorneurons, only three cycles
of spaced stimulation (compared to the usual five in wild-type)
were sufficient to enhance ghost bouton formation, quite unlike
wild-type NMJs with three cycles (Figure 6A, orange; compare
to red). This enhancement was again suppressed by reducing
wg dosage in c380/+; wg™/+; UAS-Wg/+ larvae (Figure 6A,
green). The effect of overexpressing Wg in motorneurons was
unlikely to result from increased excitability at these NMJs, as
mEJP amplitude was not significantly different in 0X K+ wild-
type and UAS-Wg-pre controls (Figure 6D). Further, these larvae
actually had a small but statistically significant decrease in EJP
amplitude (Figure S1C). Thus, spaced depolarization induces
ghost bouton formation in a Wg-dependent fashion, and en-
hancing Wg secretion can bypass some of the stimulation
requirements for inducing ghost bouton formation.

We next examined whether the potentiation in mEJP
frequency observed upon spaced 5X K* stimulation was also
dependent on Wg signaling. Notably, this potentiation was
prevented by reducing wg gene dosage (Figures 6B and 6C,
blue). When stimulated NMJs overexpressing Wg in motorneu-
rons were compared to stimulated wild-type NMJs, on average
there was no statistically significant difference in the mEJP fre-
quency (Figure 6C, orange). However, many stimulated NMJs

M XSG 81d-sNaIuS

Figure 7. Activity-Dependent Wg Secretion by Synap-
tic Boutons

(A) Wg immunoreactivity (green) at synaptic boutons of
wild-type (top row) controls and (bottom row) specimens
subjected to spaced 5X K* depolarization in samples triple
stained with anti-HRP (red), anti-DLG (blue), and anti-Wg
(green). Images correspond to single confocal slices. The
postsynaptic (DLG minus HRP) and the presynaptic (HRP)
areas are outlined in white in the middle-upper and the left-
upper rows, respectively.

(B) Pre- (red) and postsynaptic (blue) Wg levels in wild-type
controls and samples subjected to spaced 5X K* depolariza-
tion, in the presence or absence of Ca®*. Numbers in the y axis
correspond to the difference in mean Wg intensity levels
between control and experimental samples.

(C) Pre- (red) and postsynaptic (blue) Wg levels in response to
5X K* depolarization after blocking activity with para®’ and
ShiDN's-pre. Wg levels were normalized by dividing the Wg
levels after the 5X K* paradigm at restrictive temperature
(HS) by the Wg levels after the 5X K* paradigm at permissive
temperature (RT).

Calibration scale is 2.5 um in (A). Error bars represent SEM.

overexpressing Wg in motorneurons displayed
a significant shift toward higher mEJP frequencies
when comparing individual experiments in a proba-
bility plot (Figure 6B), further indicating that Wg re-
lease is involved in this potentiation. Interestingly,
mEJP amplitude was also increased in all geno-
types, suggesting that, unlike mEJP frequency,
the increase in mEJP amplitude did not depend
on Wg (Figure 6D). Just as in wild-type stimulation, there was
also no significant change in evoked EJP amplitude
(Figure S1C). Thus, the induction of ghost boutons and mEJP
frequency potentiation after spaced 5X K* depolarization
depends on the Wg pathway.

Acute Depolarization Enhances Wg Secretion

The suppression of activity-dependent structural and functional
modifications by reducing wg dosage and the partial bypass
of the stimulation requirements by increasing presynaptic Wg
levels suggested that presynaptic activity might regulate Wg
secretion. A measure of Wg release can be obtained by calculat-
ing the mean intensity of Wg staining within the immediate post-
synaptic volume (as defined by the extent of DLG immunoreac-
tivity and exclusion of the labeling by the presynaptic membrane
marker anti-HRP; Jan and Jan, 1982) (Figure 7A) by using 3D vol-
umetric quantification of confocal stacks. Consistent with our
hypothesis, the mean intensity of Wg immunoreactivity in the
postsynaptic junctional volume displayed a small but statistically
significant increase upon spaced 5X K* depolarization (Figures
7A and 7B and Figure S2). This effect was suppressed by elimi-
nating Ca®* from the external solution (Figure 7B). The levels of
secreted postsynaptic Wg upon 5X K* depolarization was also
substantially reduced when neurotransmitter release was tem-
porally blocked (Figure 7C, blue). This was achieved by express-
ing a temperature-sensitive dominant-negative dynamin trans-
gene (Shibire-DN'; ShiDN™) (Kitamoto, 2001) in motorneurons
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and shifting the samples from permissive temperature to restric-
tive temperature, which blocks neurotransmission in a reversible
manner by interfering with vesicle recycling (Koenig and Ikeda,
1989) (Figure 7C, blue; controls in Figure S3C). Similarly, the
secretion of Wg was also substantially reduced by blocking
action potentials in para®’ mutants shifted to restrictive temper-
ature (Figure 7C, blue). Notably, the levels of presynaptic Wg did
not change significantly after 5X K* depolarization (Figure 7B,
red), suggesting that, as demonstrated by studies of peptidergic
vesicles (Shakiryanova et al., 2006), activity might induce the
mobilization of vesicles into active terminals. This notion is also
consistent with the observation that in ShiDN® and para®’
synapses, there was a decrease in presynaptic Wg (Figure 7C,
red). Thus, activity regulates rapid synapse remodeling, most
likely by stimulating Wg release from presynaptic boutons in
a Ca*-dependent manner.

Acute and Chronic Alterations in Electrical Activity
Modulate the Postsynaptic Wnt Frizzled Nuclear

Import Pathway at the NMJ

The above observations demonstrated that NMJs can undergo
rapid structural changes in response to activity in a Wg-depen-
dent fashion. A short-term consequence of these changes is
the formation of ghost boutons, which lack postsynaptic proteins
and structures. Earlier studies have demonstrated that in post-
synaptic muscles Wg secretion activates the postsynaptic FNI
pathway (Mathew et al., 2005). Mutations that interfere with
this pathway reduce DFz2C import into postsynaptic muscle
nuclei. In contrast, enhancing Wg secretion from motorneurons
leads to substantial increase in nuclear DFz2C entry. Therefore,
if increased activity enhances Wg secretion, we would expect to
observe that acute spaced stimulation should result in augmen-
tation of nuclear DFz2C entry. We found that the number of intra-
nuclear DFz2C spots was significantly higher upon 5X K* spaced
depolarization (Figure 8A).

We also tested the effects of blocking activity on DFz2C
nuclear import by expressing ShiDN' in motorneurons and shift-
ing the larvae to restrictive temperature for various time periods.
Blocking neurotransmitter release significantly reduced the
number of DFz2C nuclear spots (Figure 8B). This decrease in
nuclear DFz2C import was a function of the duration of the
neurotransmitter block. While blocking synaptic transmission
for 90 min before dissection led to a small but significant reduc-
tion in nuclear DFz2C import, increasing cumulative durations of
the temperature shift led to increasingly larger reductions in
nuclear DFz2C import when compared to their wild-type controls
(Figure 8B; temperature controls in Figure S3A). A similar reduc-
tion in DFz2C nuclear import was observed when action poten-
tials in neurons where blocked by shifting para®™ mutants to
restrictive temperature (Figure 8C). In these mutants, K* depolar-
ization would still elicit neurotransmitter release, suggesting that
neurotransmitter release is not the only relevant process in the
regulation of muscle DFz2C nuclear import. Thus, levels of
activity are directly correlated to the magnitude of DFz2C nuclear
import.

A prediction of the above experiments is that chronic changes
in activity should also lead to an increase in DFz2C nuclear
import. This was tested by examining the hyperexcitable mutant

712 Neuron 57, 705-718, March 13, 2008 ©2008 Elsevier Inc.

Neuron
Synapse Modification by Activity and Wnt Signaling

eag Sh, which was previously reported to stimulate the develop-
ment of new synaptic boutons and active zones (Budnik et al.,
1990; Jia et al., 1993). We found a dramatic increase in the
number of nuclear DFz2C spots in eag Sh mutants (Figures 8D
and 8E). This enhancement was completely suppressed by
reducing wg gene dosage in a heterozygous wg mutant, corrob-
orating a dependency on FNI (Figure 8D). An enhancement in
DFz2C nuclear import was also found when larvae expressing
ChR2 in motorneurons were stimulated by the light paradigm ev-
ery 12 hr for the last 3 days of larval development (Figure 8D).
Thus, the acute changes in DFz2C nuclear import are further
enhanced by augmenting activity in a chronic fashion.

Rapid Changes in Presynaptic Structure and Function
Depend on GSK-33/Sgg Function in Motorneurons

While the above results implicate a role for the postsynaptic Wg
signaling pathway, most of the immediate changes we observed
in synaptic structure were presynaptic. Presynaptic activation of
a Wg pathway has been previously suggested through studies of
the Shaggy/GSK-38 kinase (Franco et al., 2004; Packard et al.,
2002). A major outcome of activation of the canonical and diver-
gent canonical Wnt/Wg pathways is the inhibition of GSK-38.
The latter pathway has been implicated in cytoskeletal rear-
rangements during axonal remodeling and in the differentiation
of presynaptic terminals (Ciani and Salinas, 2005; Speese and
Budnik, 2007). This regulation is thought to occur through
GSK-3B-dependent phosphorylation of microtubule-associated
proteins (MAPs), which in turn influence microtubule dynamics
(Goold and Gordon-Weeks, 2004). Studies have also provided
evidence that GSK-3B is localized to actin-rich regions of the
growth cone, where it controls axonal growth (Eickholt et al.,
2002). Studies at the larval NMJ demonstrate that GSK-38 is
enriched within presynaptic terminals and that mutations in the
GSK-3B gene sgg result in alterations in bouton number and
the organization of the microtubule cytoskeleton (Franco et al.,
2004; Packard et al., 2002). These changes are, as expected
from the inhibition of GSK-3B by Wg signaling, the opposite of
those elicited by mutations in Wg.

The Wg-dependent modifications in the structure of presynap-
tic arbors upon spaced stimulations raised the question of
whether Sgg, a key component of Wg signaling, was involved
in this process. This question was investigated by enhancing
or decreasing Sgg function specifically in motorneurons, either
by presynaptic expression of a full-length Sgg transgene, which
was previously shown to antagonize Wg signaling (Bourouis,
2002), or by presynaptic expression of a dominant-negative
kinase null Sgg transgene (SggDN), which was reported to
phenocopy sgg loss of function at the NMJ (Franco et al.,
2004). Presynaptic expression of Sgg completely suppressed
the activity-dependent induction of ghost boutons (Figure 8F,
blue; compare to red). In contrast, inhibiting presynaptic Sgg
by expressing the SggDN transgene did not interfere with ghost
bouton formation upon 5X K* spaced depolarization, although
this increase was slightly less robust than wild-type (Figure 8F,
orange). Notably, in agreement with the notion that inhibiting
Sgg mimics the activation of the Wg pathway, the number of
ghost boutons was significantly increased even upon just three
cycles of stimulation upon expressing SggDN in motorneurons
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as compared to the requirement of four to five cycles of stimula-
tion in wild-type (Figure 8F, orange). Thus, while activity activates
the FNI pathway in postsynaptic muscles, our results are consis-
tent with a concomitant activation of a divergent canonical Wg
pathway mediated by Sgg in the presynaptic motorneuron.

We also determined whether potentiation of mEJP frequency
was influenced by enhancing or decreasing Sgg activity. Overex-
pressing Sgg resulted in an increase in mEJP frequency after 5X
K* spaced stimulation, although this increase was less than
2-fold compared with a 3-fold enhancement in stimulated wild-
type larvae (Figures 8G and 8I, blue; compare to red). Interest-
ingly, potentiation of mEJP frequency was augmented by almost
4-fold upon presynaptic expression of SggDN (Figures 8G and
8l, orange). These results are in agreement with the previously
suggested hypothesis that Wg activates a canonical or divergent
canonical presynaptic pathway that leads to Sgg inhibition.
Increasing Sgg function partially or completely bypassed
Wg-dependent inhibition, preventing the activity-dependent
increase in ghost boutons and decreasing mEJP potentiation.
Reducing Sgg function in presynaptic motorneurons did not
interfere with activity-dependent potentiation of mEJP frequency
and enhanced ghost bouton formation close to wild-type levels
(Figures 8F, 8G, and 8l). Similar to all other genotypes
(Figure 6D), Sgg transgenic flies also exhibited a small but signif-
icant increase in mEJP amplitude upon spaced 5X K* depolar-
ization (Figure 8J). These observations provide evidence for
simultaneous activation of pre- and postsynaptic Wg signaling
in response to patterned activity and place a bidirectional Wg
pathway as a critical downstream component of activity-depen-
dent synapse remodeling.

DISCUSSION

Understanding how neuronal circuits can be modified in the
mature brain requires knowledge of the mechanisms by which
synapses can be shifted from arelatively stable state to a dynamic
condition that allows new synaptic growth or elimination. Here,
we have shown that rapid activity-dependent changes in
synapse development and function can be induced at the Dro-
sophila glutamatergic NMJs in a process that depends on spaced
stimulation, akin to changes observed in dendritic spines of
hippocampal neurons in culture (Yao et al., 2006). During the
postembryonic period after initial formation of synaptic contacts,
synaptic boutons continuously proliferate in conjunction with
changes in postsynaptic target size (Griffith and Budnik, 2006).
Chronic increases in activity, induced by mutations in ion chan-
nels, significantly enhance the formation of new synaptic boutons
(Budnik et al., 1990; Schuster et al., 1996a). Here, we demon-
strate that activity-dependent changes are not simply the result
of a developmental elevation in overall neuronal excitability but
rather that the ability of synapses to respond to changes in ac-
tivity through structural and functional dynamics is an acute
process, which is rapidly established upon patterned stimulation.
Further, we have identified an important downstream mecha-
nism, the Wnt pathway, which links activity-dependent changes
to structural and functional synaptic modifications.

Together, the findings that (1) activity can induce Wg release
from presynaptic boutons, (2) patterned activity elicits acute

changes in synapse function and structural dynamics in a Wg-
dependent fashion, (3) increasing Wg secretion can bypass
some of the activity requirements, (4) intensifying or blocking
activity has a corresponding influence on DFz2C entry into the
nucleus in the postsynaptic muscle cell, and (5) activity modifica-
tions can be completely or partially suppressed by modulating
GSK-3B in the presynaptic cell demonstrate that bidirectional
Wg signaling is a key downstream mediator of activity-depen-
dent synaptic plasticity.

We propose the following model of bidirectional regulation of
synapse structure and function by the Wg pathway (Figure 8H).
Spaced stimulation results in the release of Wg by presynaptic
boutons, which binds to DFz2 receptors present both pre- and
postsynaptically (Packard et al., 2002). In the presynaptic
compartment, Wg release likely regulates cytoskeletal dynamics
through inhibition of Sgg activity, leading to synaptopod dynam-
ics and formation of ghost boutons in a process that depends on
transcriptional and/or translational activation. In the postsynap-
tic compartment, Wg release activates the FNI pathway, result-
ing in DFz2C cleavage and import into the nucleus, where it
may induce the transcription of synaptic genes (Figure 8H).
Disrupting the Wg pathway during synapse development
dampens the maturation of new synaptic boutons, resulting in
NMJs containing fewer mature boutons as well as a larger
number of undifferentiated ghost boutons (Ataman et al., 2006;
Packard et al., 2002). While our results are consistent with this
model, alternative possibilities must be also considered. For
example, changes in Wg signaling might alter excitability (be-
yond the parameters examined in this study), and these changes
might trigger parallel transduction pathways that modulate
synaptic structure and function. In addition, it is unlikely that
Wg alone is responsible for all activity-dependent mechanisms.
For example, the participation of a retrograde BMP signaling
pathway in the regulation of synaptic bouton proliferation is
well established (Marques, 2005). It is highly likely that multiple
signaling pathways, including Wg, BMPs, and others, collabo-
rate in the orchestration of activity-dependent synapse modi-
fications.

Acute Changes in Synapse Structure and Function

The most striking structural changes we observed were the de
novo formation of synaptopods and ghost boutons. Although
the nature of synaptopods is unclear, they might represent an
initial stage during synaptic bouton formation, like the filopodia
observed at dendritic spines in normal animals and in response
to activity (Niell et al., 2004; Yuste and Bonhoeffer, 2004).
However, in our studies we never observed a transition from
synaptopod to bouton. Another possibility is that they might
correspond to exploratory structures that convey a signal to
pre- and/or postsynaptic sites. This function has also been sug-
gested for dendritic filopodia (Dunaevsky and Mason, 2003;
Yuste and Bonhoeffer, 2004) as well as for growth cone filopodia
prior to target innervation (Kalil and Dent, 2005).

Ghost boutons, on the other hand, represent rapid de novo
formation of undifferentiated boutons. Their formation is not
the result of retraction of mature boutons. They are found to
contain synaptic vesicles, but virtually lack pre- and postsynap-
tic specializations. Our live-imaging studies showed that these
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Figure 8. Activity-Dependent Regulation of Postsynaptic DFz2C Nuclear Import and Role of Sgg in Rapid Activity-Dependent Changes at
the NMJ

(A-D) Number of DFz2C nuclear spots in (A) wild-type after spaced 5X K* depolarization, (B) larvae expressing ShiDN' in motorneurons and in which neurotrans-
mitter release was blocked for 90, 150, and 450 min, (C) para™’ animals in which action potentials were blocked for 150 min, and (D) eag Sh mutants (chronic
hyperexcitability) and larvae expressing ChR2 in motorneurons and stimulated by light with a developmental paradigm (see Experimental Procedures).

(E) Nuclear DFz2C immunoreactivity in the postsynaptic muscle nucleus of wild-type (top) and eag Sh mutants. White circles outline the nucleus.

(F, G, I, and J) Effect of alterations in Sgg activity in ghost bouton number and mEJP potentiation. (F) Number of ghost boutons, (I) mEJPs frequency potentiation
index, and (J) mean mEJP amplitude upon spaced 5X K* stimulation in controls (red) as well as in animals overexpressing Sgg (blue) and SggDN (orange) in
motorneurons. (G) shows the normalized probability distribution of mEJP frequencies in the above genotypes. *p < 0.05, **p < 0.001, ***p < 0.0001. Calibration
scale in (E) is 11 um. (H) Proposed model for activity-dependent regulation of synapse formation at the NMJ. Patterned activity induces Wg secretion from
presynaptic terminals. Once released, Wg binds to DFz2 receptors localized both pre- and postsynaptically. In the presynaptic cell, Wg transduction leads to
the formation of synaptopods and ghost boutons in part through regulation of cytoskeletal dynamics, which involves inhibition of GSK-3B/Sgg activity. In the
postsynaptic cell, Wg activates the Frizzled nuclear import (FNI) pathway and signals the formation/stabilization of synaptic specializations through transcrip-
tional regulation.

Error bars represent SEM.
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boutons could acquire postsynaptic GIuR and presynaptic Brp
clusters over a relatively long period after their initial formation.

The above morphological changes required transcription and/
or translation, akin to late LTP and long-term memory (Kandel,
2001), but the step(s) at which they are required remains unclear.
Potential scenarios include an activity-dependent increase in wg
mRNA or Wg protein synthesis as observed in the mammalian
brain (Wayman et al., 2006). They could also involve the activa-
tion of alternative pathways such as PKA and CREB-dependent
mechanisms (Davis et al., 1996, 1998; Wayman et al., 2006).

Previous live-imaging studies of wild-type intact larval NMJs
did not report the occurrence of synaptopods and ghost boutons
(Zito et al., 1999). However, in that study a postsynaptic marker
(mCD8-GFP-Sh) was used to label the NMJ, and thus synapto-
pods and ghost boutons would not have been observed.

We also observed a Wg-dependent potentiation of mEJP
frequency after spaced stimulation. An increased mEJP fre-
quency has also been observed at the embryonic NMJ upon
high-frequency stimulation, although the accompanying struc-
tural changes were not examined in that preparation (Yoshihara
et al., 2005). The potentiation of mEJP frequency that we ob-
served did not result from the addition of ghost boutons, as ghost
boutons only rarely contain active zones (Ataman et al., 2006). In
addition, it occurred without any change in the number of nc82/
Brp puncta in existing boutons (data not shown), suggesting that
this potentiation is unlikely to emerge from the recruitment of
new active zones. However, nc82/Brp is thought to label just
the T-bar component of the active zone (Kittel et al., 2006a),
and many active zones lack T-bars (Atwood et al., 1993). Thus,
this possibility cannot be completely ruled out. Alternatively,
the increase in minifrequency might arise from unsilencing of
existing synapses as shown in mammals (Yao et al., 2006) or
from changes in their intrinsic properties.

Potentiation of spontaneous release frequency has been
widely implicated in synapse maturation (Zucker, 2005). At the
Xenopus NMJ, repetitive neuron stimulation also results in the
potentiation of spontaneous synaptic activity, which is associ-
ated with synapse maturation (Lo et al., 1991). Expressing
SynCaM, a homophilic cell adhesion molecule that drives synap-
tic maturation, also increases the frequency of spontaneous
release (Biederer et al., 2002). At the Drosophila embryonic
NMJ, mutations that block the potentiation of spontaneous
release frequency, such as mutants lacking both DGIuRIIA and
DGIuRIIB, as well as mutations in syntaxin and synaptotagmin
IV, exhibit abnormal NMJ development. These mutants all
show a lack of presynaptic maturation, as demonstrated by
a maintained growth cone structure (Yoshihara et al., 2005). In
the mammalian nervous system, spontaneous release has
been shown to regulate postsynaptic local protein synthesis,
which is thought to stabilize synaptic function (Chung and
Kavalali, 2006). Thus, the mEJP frequency potentiation observed
here may play an initial role in postsynaptic maturation.

Importantly, spaced stimulation also induced a small but
significant increase in mEJP amplitude that did not depend
on Wg. Thus, activity is likely to regulate additional Wg-inde-
pendent pathways. For example, elevated Ca®** induces the
mobilization of vesicles to release sites, thereby increasing
the number of active zones containing more than one docked

vesicle, and thus eliciting multiquantal release (Koenig et al.,
1993). Recent studies have also suggested an activity-depen-
dent increase in the size of synaptic vesicles (Steinert et al.,
2006). However, the change in mEJP amplitude was not
accompanied by modifications in the amplitude of evoked re-
sponses, as expected if quantal size was larger, and further,
we did not see a change in quantal content as determined
by failure analysis.

Activity-Dependent Wg Release and Role
of Wg in Functional and Structural Synaptic Changes
W(g secretion was also found to be regulated by activity. Spaced
depolarization increased the levels of Wg at the postsynaptic
area, and conversely, temporally blocking activity in para’’
and by expressing ShiDN'™ in motorneurons decreased secreted
Wg. Given that diminishing wg gene dosage prevented the rapid
activity-dependent changes, these results suggest that Wg
operates downstream of activity to promote these changes.
This conclusion is further supported by the observation that in-
creasing Wg secretion by overexpressing Wg in motorneurons,
or activating the presynaptic Wg pathway by expressing a SggDN
in motorneurons, partially bypassed the requirement for activity.
Notably, we found that activity-dependent Wg release did not
decrease presynaptic Wg levels. In contrast, reducing Wg
release through para™’ and ShiDN'* diminished Wg levels in
presynaptic boutons. This is in agreement with recent studies
documenting activity-dependent trafficking of peptidergic vesi-
cles at the Drosophila NMJ (Shakiryanova et al., 2005, 2006).
In resting terminals, peptidergic vesicles are relatively immobile,
but activity induces a rapid mobilization of these vesicles to
active terminals. Alternatively (or in addition), activity (or lack
thereof) might influence the transcription and/or translation of
Wg, consistent with the requirement of transcription and/or
translation in ghost bouton formation.

Whnts and Activity at Mammalian Synapses
Tetanic stimulation in hippocampal slices induces NMDA recep-
tor-dependent release of Wnt3a by postsynaptic cells, the trans-
location of B-catenin into the nucleus, and the upregulation of
Wnt target genes (Chen et al., 2006). Further, altering Wnt signal-
ing levels caused corresponding changes in the magnitude of
LTP (Ahmad-Annuar et al., 2006; Chen et al., 2006). Members
of the Wnt pathway are also involved in activity-dependent
dendritic arborization (Wayman et al., 2006; Yu and Malenka,
2003). Activation of an NMDA receptor- and Ca®**-dependent
pathway resulted in CREB-responsive transcription of Wnt-2,
through activation of CaM kinase kinase (CaMKK), that coupled
neuronal activity with dendritic development (Wayman et al.,
2006). Similarly, other studies suggest that the enhancement of
dendritic growth induced by depolarization requires B-catenin
and an increased Wnt release (Yu and Malenka, 2003).
Mammalian Wnts are considered to be secreted only by post-
synaptic cells (Ciani and Salinas, 2005). However, multiple mem-
bers of the Wnt family exist both in Drosophila and in mammalian
systems, and different members might be released by different
synaptic compartments. Alternatively, the anterograde, retro-
grade, or autocrine nature of Wnt signaling at synapses might
have changed through evolution.
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Notably, spaced, but not massed, stimulation of cultured hip-
pocampal neurons and dentate gyrus explants resulted in the
persistent extension of postsynaptic filopodia and spine-like
structures in dendrites (Wu et al., 2001). As in our experiments,
the induction of these structures depended on calcium and did
not begin to appear until the third to fourth spaced stimulation
cycle (Wu et al., 2001). Spaced depolarization also led to an in-
crease in MEPSC frequency thought to emerge from the
activation of silent synapses (Yao et al., 2006). Our findings in
this study indicate that the cellular processes underlying rapid
activity-dependent changes in synaptic structure and function
appear to be conserved in presynaptic arbors of the NMJ.

Our results also implicate presynaptic GSK-38 in the presyn-
aptic compartment during rapid activity-dependent changes at
the larval NMJ. GSK-3B is known to regulate microtubule and
actin cytoskeletons. In the case of microtubules, it phosphory-
lates MAP1B and tau, thereby influencing microtubule stability
(Goold and Gordon-Weeks, 2004). In agreement with those
observations, GSK-3p/Sgg phosphorylates the Drosophila
MAP1B-related protein Futsch (Gogel et al., 2006), and Futsch
is required for Sgg function in synaptic growth (Franco et al.,
2004). Further, in sgg mutants the number of bundled/stable
microtubule loops within synaptic boutons were dramatically
increased, exactly the opposite phenotype of wg mutants
(Franco et al., 2004; Packard et al., 2002).

In summary, our studies demonstrate that rapid modifications
in synapse structure and function can be elicited in glutamatergic
synapses at the larval NMJ and identify Wg signaling as a critical
effector of activity-dependent synaptic plasticity. These studies
also provide a prominent in vivo model system to examine struc-
tural and physiological consequences of acute activity in a genet-
ically tractable organism.

EXPERIMENTAL PROCEDURES

Fly Strains

Flies were reared in standard Drosophila medium at 25°C except where indi-
cated. The following stocks were used (see Supplemental Data for strain de-
tails and number of samples for each experiment): Canton-S, wg'® (wg™'"%),
wg’, UAS-Wg, GIURIIA-GFP, UAS-Brp-GFP, para’’, UAS-ShiDN®, eag’
Sh'33, UAS-mCD8-GFP, UAS-Sgg, UAS-SggDN (A81T), UAS-ChR2, and the
motorneuron Gal4 driver C380.

Heat Shock, High K* Depolarization, and Light Stimulation
Paradigms

Precise stimulation paradigms are described in the Supplemental Data. wg's/+
larvae reared at 17°C were shifted to 29°C for 16 hr prior to dissection. For
UAS-shiDN' or para'’, the restrictive temperature (RET) was 32°C and the
permissive temperature room temperature. High K* depolarization paradigms
were performed using 90 mM K* HL3 (Roche et al., 2002) adjusted for osmo-
larity. 100 mM cycloheximide or 5 mM actinomycin (Sigma) were included in
the normal and high K* HL3 in some experiments as indicated in the text.
For the channelrhodopsin-2 light paradigm, larvae were raised on 100 pM
all-trans-retinal food and stimulated with multiple blue light (470 nm) LEDs.
Live imaging was conducted with a Zeiss Pascal or an Improvision spinning
disc confocal microscope using a water-immersion 25x (0.8 N.A.) objective.

Immunocytochemistry

Primary antibodies were as follows (see Supplemental Data for details): anti-
Wg, anti-DLG, anti-GluRlIl, nc82, anti-CSP, anti-DFz2-C, and FITC- or Texas
Red-conjugated anti-HRP. Imaging of fixed preparations was performed using
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a Zeiss Pascal confocal microscope. Quantification of secreted Wg was per-
formed as in Gorczyca et al. (2007) and described in the Supplemental Data.

Quantification of Nuclear DFz2C Spots, Ghost Boutons,

and Synaptopods

Measurements were done at muscles 6 and 7 abdominal segment 3. Intranu-
clear DFz2C spots and ghost boutons were quantified as in Ataman et al.
(2006) and Mathew et al. (2005). Synaptopods were quantified from confocal
images of live preparations. Statistical significance in two-way or multiple
group comparisons was determined using a Student’s t test and a one-way
ANOVA with a Tukey post hoc test, respectively. Numbers in histograms
represent mean + SEM.

Live-Imaging of Intact Larvae
Live imaging of undissected larvae was conducted in muscle 14, 30, and 27 as
in Rasse et al. (2005) and described in the Supplemental Data.

Electrophysiology
Electrophysiological recordings were carried out as in Ashley et al. (2005). For
details on the stimulation paradigms see Supplemental Data.

SUPPLEMENTAL DATA

The Supplemental Data for this article can be found online at http://www.
neuron.org/cgi/content/full/57/5/705/DC1/.
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