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Cellular/Molecular

Retrograde BMP Signaling Modulates Rapid Activity-
Dependent Synaptic Growth via Presynaptic LIM Kinase
Regulation of Cofilin

Zachary D. Piccioli and J. Troy Littleton
The Picower Institute for Learning and Memory, Department of Biology and Department of Brain and Cognitive Sciences, Massachusetts Institute of
Technology, Cambridge, Massachusetts 02139

The Drosophila neuromuscular junction (NM]) is capable of rapidly budding new presynaptic varicosities over the course of minutes in
response to elevated neuronal activity. Using live imaging of synaptic growth, we characterized this dynamic process and demonstrated
that rapid bouton budding requires retrograde bone morphogenic protein (BMP) signaling and local alteration in the presynaptic actin
cytoskeleton. BMP acts during development to provide competence for rapid synaptic growth by regulating the levels of the Rho-type
guanine nucleotide exchange factor Trio, a transcriptional output of BMP-Smad signaling. In a parallel pathway, we find that the BMP
type Il receptor Wit signals through the effector protein LIM domain kinase 1 (Limk) to regulate bouton budding. Limk interfaces with
structural plasticity by controlling the activity of the actin depolymerizing protein Cofilin. Expression of constitutively active or inactive
Cofilin in motor neurons demonstrates that increased Cofilin activity promotes rapid bouton formation in response to elevated synaptic
activity. Correspondingly, the overexpression of Limk, which inhibits Cofilin, inhibits bouton budding. Live imaging of the presynaptic
F-actin cytoskeleton reveals that activity-dependent bouton addition is accompanied by the formation of new F-actin puncta at sites of
synaptic growth. Pharmacological disruption of actin turnover inhibits bouton budding, indicating that local changes in the actin
cytoskeleton at pre-existing boutons precede new budding events. We propose that developmental BMP signaling potentiates NM]Js for
rapid activity-dependent structural plasticity that is achieved by muscle release of retrograde signals that regulate local presynaptic actin

cytoskeletal dynamics.
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Introduction

Activity-dependent changes in synaptic structure play an impor-
tant role in developmental wiring of the nervous system. The
Drosophila larval neuromuscular junction (NMJ) has emerged as
amodel glutamatergic synapse that is well suited to study activity-
dependent structural plasticity. The NM]J can be imaged in vivo
during developmental periods of rapid synaptic growth when the
axonal terminal expands ~5- to 10-fold in size over 5 d (Zito et
al., 1999). Forward genetic screens to identify mutations that alter
synaptic growth have revealed essential roles for retrograde bone
morphogenic protein (BMP) signaling (Aberle et al., 2002) me-
diated by the secreted ligand Glass bottom boat (Gbb; Marqués,
2005). Mutations that disrupt BMP signaling lead to synaptic
undergrowth and neurotransmitter release defects (Aberle et al.,
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2002; Marqués et al., 2002; McCabe et al., 2003; Rawson et al.,
2003). Multiple pathways downstream of retrograde BMP signal-
ing through the type II receptor wishful thinking (wit) have been
linked to synaptic growth, synapse stability, and homeostatic
plasticity in Drosophila. BMP signaling via the Smad transcrip-
tion factor Mothers against Dpp (Mad) regulates the expression
of the Rho-type guanine nucleotide exchange factor (GEF) trio to
control normal synaptic growth (Ball et al., 2010). Wit also inter-
acts with LIM domain kinase 1 (Limk) to enhance synaptic sta-
bilization in a pathway parallel to canonical Smad-dependent
signaling (Eaton and Davis, 2005). BMP signaling through wit
also potentiates synapses for homeostatic plasticity in a pathway
that is independent of limk and synaptic growth regulation
(Goold and Davis, 2007).

In additional to developmental synapse formation during the
larval stages, the NMJ displays acute structural plasticity in the
form of rapid presynaptic bouton budding in response to ele-
vated levels of neuronal activity (Ataman et al., 2008). These
rapidly generated presynaptic varicosities, referred to as ghost
boutons, lack presynaptic and postsynaptic transmission ma-
chinery when initially formed. The budding of ghost boutons
requires retrograde signaling mediated by the postsynaptic Ca**-
sensitive vesicle trafficking regulator synaptotagmin (Syt) 4 (Kor-
kut et al., 2013). Syt4 also participates in developmental synaptic
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growth and controls retrograde signaling that mediates enhanced
spontaneous release at the NMJ (Yoshihara et al., 2005; Barber et
al., 2009). Beyond the role of Syt4 in ghost bouton budding, little
is known about the signaling pathways that underlie this rapid
form of structural synaptic plasticity. In particular, it is unclear
whether pathways that regulate synaptic growth over the longer
time scales of larval development also trigger acute structural
plasticity. To address these issues, we identified synaptic path-
ways that are required for rapid structural plasticity at Drosophila
NMJs. We find that ghost bouton budding can be locally regu-
lated at the synapse level, occurring in axons that have been sev-
ered from the neuronal cell body. In addition, activity-induced
ghost bouton formation requires Sytl-mediated neurotransmit-
ter release and postsynaptic glutamate receptor function. Like
developmental growth, retrograde BMP signaling is required for
ghost bouton budding. BMP signaling functions through a per-
missive role mediated by developmental Smad and Trio signal-
ing, as well as through alocal Wit-dependent modulation of Limk
and Cofilin (Twinstar) activity that alters presynaptic actin
dynamics.

Materials and Methods

Drosophila genetics and molecular biology. Flies were cultured on stan-
dard medium at 25°C. All stocks were obtained from the Bloomington
Stock Center unless otherwise specified. Wild-type flies used in the
analysis were Canton S. cDNA encoding the endosomal target SNARE
(t-SNARE) syntaxin 13 was modified to add a monomeric RFP
(mRFP) tag to the N terminus of the encoded protein. The sequence
was subcloned into PUAST and transgenic flies were generated. The
following RNA hairpin lines from the Harvard TRiP collection were
used: UAS-gbb™N4" (HMS01243), UAS-gluRIIARNAT (JF02647), UAS-
gIuRITBRNAY (JF03145), and UAS-Syt4®NA (JF02272). Wishful think-
ing mutants were analyzed as the heterozygote allelic combination
wit" 2 /wit®11 . TrioS1372%% mutants (Ball et al., 2010) were analyzed as
homozygotes. Limk"! (P[EY08757]; Eaton and Davis, 2005) animals
were analyzed as male hemizygotes. Homozygous Syt4%*! (Yoshihara
etal.,, 2005) mutants were used for Syt4-null animals. Syt I-null mu-
tants were generated by crossing syt™'? and syt*” alleles. The follow-
ing Gal4 lines were used: elav-Gal4 (C155), c164-Gal4 (Torroja et al.,
1999), and 24B-Gal4 (Brand and Perrimon, 1993). UAS—gluRIIARNAi,
UAS-gluRIIBRN UAS-gbb™N*', UAS-dad, UAS-trio, UAS-wit, UAS-
wit?T UAS-limk, UAS-tsr5°E, UAS-tsr5%4, and UAS-ssh were ana-
lyzed as transheterozygotes with the indicated Gal4 driver. Live
imaging was performed using the following lines: (1) elav-Gal4, UAS-
mRFP-syx13; (2) c164-Gal4, UAS-CD8-GFP/+; (3) cl164-Gal4,
UAS-CD8-RFP/+; UAS-GMA/+; (4) UAS-tsrS3E/+, c164-Gal4/+,
UAS-GMA/+; and (5) UAS-tsrS3A+, c164-Gald/+, UAS-GMA/+.
Rescue lines consisted of the following genotypes: (1) wit rescue:
c164-Gal4/UAS-wit, wit*?/wit?; and (2) wit9C" rescue: c164-Gal4/
UAS-wit?“T, wit"1?/wit®!1.

High K* stimulation of larval NMJs. The activity-dependent ghost
bouton growth protocol was adapted from Ataman et al. (2008). Wan-
dering third instar larvae were dissected in HL3 saline solution as follows
(in mm): 70 NaCl, 5 KCI, 0.2 CaCl,, 20 MgCl,, 10 NaHCO,, 5 trehalose,
115 sucrose, and 5 HEPES-NaOH, pH 7.2. Larvae were dissected accord-
ing to a guide with consistent dissecting pin locations varying in size by
5% increments (schematic representation of guide with pins placed at
line termini: -|-|-). Dissecting pins were then moved inward to the same
guide shape at 60% of the original size for each larva. Relaxed fillets were
subjected to three 2 min incubations in the following 90 mm K * solution
(in mm): 40 NaCl, 90 KCl, 1.5 CaCl,, 20 MgCl,, 10 NaHCOj,, 5 Trehalose,
5 sucrose, and 5 HEPES-NaOH, pH 7.2, spaced by 10 min in HL3 solu-
tion. After the third 90 mm K ' incubation, larvae were returned to HL3
solution for 2 min and then stretched to the original position by moving
the dissecting pins outward according to the original guide. Ghost bou-
tons were identified by the appearance of a bouton that was not previ-
ously observed in live imaging, or by the presence of a presynaptic
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bouton (HRP labeled) that lacked Discs large (DLG) staining in fixed
preparations. Muscle 6/7 NM]Js from abdominal segments 2 through 5
were included in the analysis. Histograms show the mean * SEM, and
the imbedded text indicates number of replicates (n). Statistical signifi-
cance in two-way comparisons was determined by a Student’s ¢ test, while
ANOVA analysis was used when comparing more than two datasets. The
p values associated with ANOVA tests were obtained from a Tukey’s
post-test.

Live imaging of NMJ growth. Wandering third instar larvae expressing
UAS-mRFP-syx13, UAS-CD8-GFP, or UAS-GMA were dissected in HL3
saline solution. For experiments involving high K™ stimulation, after
initial imaging, larvae were subjected to the high K* protocol as de-
scribed above and imaged again after one, two, or three 2 min 90 mm K *
solution incubations. Latrunculin A (Sigma) and jasplakinolide (Invit-
rogen) were prepared as 1 mum stocks in DMSO, and diluted in HL3 and
90 mm K solutions. Drug treatments were performed by pretreating
dissected larvae in HL3 solution containing 10 uM latrunculin A or 10 um
jasplakinolide for 15 min. Stimulation using HL3 and 90 mm K * solu-
tions containing either 10 um latrunculin A or 10 uMm jasplakinolide was
then used as described above. Images were acquired with a PerkinElmer
Ultraview Vox spinning disc confocal microscope equipped with a
Hamamatsu C9100-13 ImagEM EM CCD at 8-35 Hz with a 40X 0.8
numerical aperture (NA) water-immersion objective (Carl Zeiss).

Immunostaining. Larvae were fixed for 40 min in HL3.1 solution con-
taining 4% formaldehyde. Following washes in PBS and PBS containing
1% Triton X-100, larvae were incubated overnight with primary anti-
body at 4°C, incubated with secondary antibodies for 4 h at room tem-
perature the following day, and mounted in 70% glycerol in PBS for
imaging. Antibodies were diluted as follows: mouse anti-DLG (1:500;
Developmental Studies Hybridoma Bank at the University of Iowa),
mouse anti-Trio (1:250; Developmental Studies Hybridoma Bank at
the University of lowa), TRITC-conjugated anti-HRP (1:500; Jackson
ImmunoResearch), and Alexa Fluor 488 goat anti-mouse (1:1000)
(Invitrogen). Images were acquired with a 40X 1.3 NA oil-immersion
objective (Carl Zeiss) and analyzed with Velocity Software.

Results

Rapid synaptic growth at Drosophila NMJs requires local
activity-dependent signaling

Prior studies at the Drosophila NM] identified patterns of devel-
opmental synaptic growth by imaging through the cuticle of in-
tact larvae genetically expressing fluorescent synaptic markers at
multiple time points separated by several days (Zito et al., 1999).
To more acutely analyze patterns of synaptic growth over a
shorter time interval, we performed live imaging of NMJs of dis-
sected larvae genetically expressing fluorescently tagged synaptic
proteins. For our initial analysis, transgenic animals were gener-
ated that expressed UAS-mRFP-Syntaxin 13. Syntaxin 13 is a
t-SNARE protein that decorates endosomal compartments and
the presynaptic membrane when expressed in motor neurons
with elav-GAL4 (Fig. 1A), and proved to be an effective marker
for visualizing synaptic growth dynamics. mRFP-syntaxin 13 ex-
pressing third instar larvae were dissected, and selected NMJs
were imaged at 1 Hz over 30 min in live preparations with the
brain intact. Using this approach, rapid presynaptic budding
events were observed that triggered formation of a new bouton in
<1 min during normal central pattern generated muscle contrac-
tion (Fig. 1A, Movie 1). These budding events occurred very
rarely and generated extremely round boutons with thin axonal
connections to the parent bouton. The newly formed presynaptic
varicosities morphologically resembled ghost boutons that have
been previously described (Ataman et al., 2006). Ghost boutons
lack postsynaptic specializations, including the PSD-95 homolog
DLG and glutamate receptor clusters (Fig. 1B). Undifferentiated
boutons have been previously observed developmentally in the
absence of external stimulation (Ataman et al., 2006; Fuentes-
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Figure1.

ities are likely to be undergoing synaptic maturation. Scale bar, 5 um.

Medel et al., 2009; Korkut et al., 2009; Mosca and Schwarz, 2010),
indicating that they may contribute to normal synaptic develop-
ment. Muscle and surrounding glia have also been shown to en-
gulf a subset of these immature boutons (Fuentes-Medel et al.,

Movie 1. Rapid presynaptic bouton budding imaged at muscle 12/13. Visualization of a presyn-
aptic arbor expressing mRFP-syntaxin 13 at muscle 12/13 in a dissected third instar larva with the
nervous system intact. The parent bouton swells at a restricted site (~2 pm across), producing two
discernable boutons within 20 s. The new bouton (labeled A) then separates from the parent bouton
at the budding site, but remains connected by a thin axon. A second, smaller bouton (labeled B) buds
from the same initial site, but collapses rapidly and is not maintained. The first newly budded bouton
is stabilized within 1 min at ~4 m from the parent bouton and has a strikingly round morphology.
The parentbouton appears incrementally smaller after budding. The movie was acquired atarate of 1
Hz, with video speed set at 10 frames/s, 10X real time.

Ghost boutons

Rapid synaptic growth occurs spontaneously and in response to elevated activity. 4, Live confocal imaging of a dissected larval
NMJ presynaptically expressing mRFP-Syx13. The arrow indicates the site of a new bouton spontaneously budding and stabilizing (arrow)
over the course of a minute. A second bouton can also be seen to emerge from the same buddingsite, but later collapses. Scale bar, 5 m.
B, Ghost boutons can be detected in fixed tissue by staining for the presynaptic neuronal membrane (anti-HRP, red) and the postsynaptic
scaffold protein DLG (green), appearing as presynaptic varicosities that lack DLG staining. Scale bar, 11 pm. Arrowheads indicate ghost
boutons. €, Histogram of ghost bouton frequency observed at unstimulated NMJs. N = 68 NMJs, 12 animals. D, Putative ghost boutons
identified by morphology in a fixed preparation can display faint DLG accumulation (arrowheads), suggesting some newly formed varicos-
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2009), indicating that some ghost boutons
are normally eliminated during develop-
ment. In unstimulated preparations, we
observed that ghost boutons represented
~1% of all synaptic boutons at muscle 6/7
NMyJs, with their frequency positively cor-
related with overall NM]J size (n = 68, r*
= 0.3002, p < 0.0001; Fig. 1C). In several
cases, we observed ghost bouton-like pre-
synaptic structures that were surrounded
by trace amounts of DLG (Fig. 1D), sug-
gesting a subset of these varicosities may
be maturing into functional connections.

During live imaging of normal larval
synaptic dynamics, we observed two gen-
eral patterns by which new synaptic bou-
tons appeared. In the first, an existing
presynaptic bouton would bud off mem-
brane in a relatively rapid fashion over
10-30 s, appearing to split following the
emergence of the new bouton (Movie 1,
Fig. 1A). These events were often associ-
ated with muscle contraction. Given that
the presynaptic arbor extends into the
muscle at the Drosophila NM]J, we hypoth-
esize that adhesive interactions between
the muscle and the presynaptic bouton at
particular attachment points may partici-
pate in “pulling” out a new bouton from
an existing varicosity, with force for the
process generated during muscle contrac-
tion. In a second pathway, often observed
in preparations with less muscle contrac-
tion, presynaptic membrane would slowly
flow from an existing bouton into a small
bud over several minutes to form a bigger structure that would
take on the shape of a new bouton and eventually separate from
the main arbor. This budding mechanism appeared to rely more
on presynaptic force generation than the postsynaptic “pulling”
events shown in Movie 1. Syntaxin 13-positive compartments
were often observed near these budding sites, suggesting that
local endosomal dynamics may contribute to membrane addi-
tion or to the recycling of cell adhesion proteins at budding sites.
In both cases, newly formed varicosities were highly dynamic,
often moving tens of micrometers within the muscle while pull-
ing on small axons that connected the bouton to the main arbor.
Since we were only able to image over 30 min in dissected prep-
arations before signs of tissue damage, it is unclear how many
newly formed boutons mature into functional connections or are
disassembled by neighboring glia or muscle.

Due to the rarity in capturing synaptic budding events with
live imaging in unstimulated larvae, we proceeded to examine the
molecular mechanisms that underlie rapid synaptic growth using
a modified high K™ stimulation protocol in dissected larvae that
has been previously shown to rapidly induce presynaptic bouton
budding (Ataman et al., 2008). We dissected third instar wander-
ing larvae such that the resulting fillets were relaxed enough to
allow for muscle contraction. Dissected preps were stimulated by
washing in high K™ solution three times for 2 min, with each
spaced by 10 min in HL3 dissecting solution. After the third
incubation with high K™ solution, larvae were allowed to rest in
HL3 solution for 2 min before being stretched and fixed. Ghost
boutons were identified either by live imaging of NMJs in animals
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Figure 2.
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Ghost bouton budding induced by high K * stimulation is a rapid local signaling event. 4, Live imaging of bouton budding (arrowheads) in response to 2 min incubations in high K *

spaced 10 min apart. New varicosity formation was visualized by presynaptic expression of membrane-tethered CD8-GFP. Scale bar, 7 .um. B, Quantification of ghost boutons in relation to existing
bouton number atthe NMJ following high K  stimulation. N = 123 NMJs, 18 animals. €, New bouton budding (arrowheads) in response to high K ™ stimulationis strongly dependent upon external
Ca®" but s not changed when axons are severed from motor neuron cell bodies. Scale bar, 14 wm. D, Quantification of ghost bouton budding detected by live imaging of animals presynaptically
expressing membrane-tethered (D8-GFP at the indicated conditions. ' (NMJs, animals): control = 38, 7; mock treated = 26, 4; 0mm Ca>* = 25,4;0.5 mmEGTA = 13,4; axon cut = 21, 4. Error

bars indicate SEM.

presynaptically expressing UAS-CDS8-GFP, or by staining with
DLG and HRP antibodies to identify ghost boutons that were not
surrounded by a postsynaptic specialization in fixed animals.
This short protocol improved upon prior efforts to promote syn-
aptic growth and robustly induced budding of new presynaptic
varicosities in live animals at ~12% of existing boutons within 30
min, providing an easily quantifiable assay for rapid activity-
induced synaptic growth.

Using live imaging before and after stimulation, we observed
that new ghost boutons can be generated within a single 2 min
incubation with 90 mm K * solution (Fig. 2A,3"). NMJs continue
to bud new boutons throughout the synaptic terminal with re-
peated exposures to high K™ solution (Fig. 24, 15"). We did not
observe budding by live imaging in mock-treated animals that
were incubated with HL3 solution in place of high K™ solution
(Fig. 2D; mock treated, n = 26). In all instances in which synapses
were continually monitored throughout the duration of the K™
stimulation protocol, ghost boutons emerged during periods of
high K" incubation. Following three rounds of K stimulation,
the number of ghost boutons at an NMJ was no longer correlated
with the baseline bouton number, indicating that this form of
rapid activity-dependent growth is not dependent on the prior
size of the synaptic field (Fig. 2B; n = 123, r> = 0.0031, p = 0.54).
Ghost bouton budding was observed from both type 1b and 1s
boutons. However, boutons were less likely to bud from terminal
boutons compared with all other boutons (p = 1.17e-7, binomial
test), suggesting that the terminal bouton is not a favored site for
a new bouton addition. In addition, we never observed budding
of new varicosities from an axon segment that lacked a pre-
existing bouton, suggesting that budding events are always initi-
ated from previously formed synaptic varicosities. A similar
conclusion was made based on prior in vivo imaging of develop-
mental synaptic growth (Zito et al., 1999), suggesting that pre-
existing boutons likely contain important molecular components

for bouton addition that are not concentrated in nonsynaptic
regions of the axon.

Further analysis of the conditions permitting ghost bouton
budding in response to elevated activity revealed that budding is
a local signaling event that requires Ca>*. When Ca** was re-
moved from the HL3 and 90 mMm K™ solution, the number of
ghost bouton budding events fell significantly (Fig. 2C,D;
mean * SD: control = 6.605 * 5.998, n = 38; 0 mm Ca’" =
0.2+ 0.5,n =25, p < 0.0001, ANOVA), but were not completely
eliminated. The addition of 0.5 mM EGTA to the 0.0 mm Ca*"
solution completely eliminated ghost bouton budding events fol-
lowing stimulation (n = 13). The formation of ghost boutons
also did not require an axonal connection to the cell body (Fig.
2C,D; axon cut = 6.667 = 5.073, n = 21), indicating that the
signaling events that initiate bouton budding, as well as the ma-
chinery that physically drives new bouton addition, are unlikely
to acutely require transcription or translation. Additionally,
some boutons were observed to bud within seconds of exposure
to high K, indicating that a subset of synaptic terminal sites are
likely to be prepotentiated for budding in response to elevated
neuronal activity. We conclude that ghost bouton budding in
response to elevated activity is a local signaling event that does
not acutely require function of the neuronal cell body.

Ghost bouton budding requires synaptic transmission and
retrograde BMP signaling

It has been demonstrated previously that ghost bouton budding
in response to K™ stimulation requires muscle depolarization
(Korkutetal.,2013). To further characterize the requirements for
synaptic transmission in ghost bouton budding, we examined
mutants in the presynaptic Ca®" sensor sytl. Mutations in sytI
decrease neurotransmitter release at Drosophila NM]Js by specif-
ically disrupting the synchronous component of evoked fusion
(Yoshihara and Littleton, 2002; Jorquera et al., 2012). We found
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mediating postsynaptic Ca’" entry,
these findings suggest that a potential
Ca’"-dependent postsynaptic process
may initiate rapid structural plasticity. A
prime candidate for such a role would be
the release of growth-promoting factors
following activity-triggered fusion of
postsynaptic vesicles containing the Ca**
sensor Syt4 (Yoshihara et al., 2005; Barber
etal., 2009). Indeed, the mammalian Syt4
homolog has been shown to regulate
BDNEF release (Dean et al., 2012), a key
modulator of structural plasticity at
mammalian synapses. We therefore
tested the role of Syt4 in regulating rapid
activity-dependent structural plasticity
at Drosophila NM]Js using null mutations
in the locus that we previously generated.
The loss of Syt4 substantially reduced
ghost bouton budding in response to K™
stimulation (Fig. 3 A, B; syt4®*! = 4,585 =
5.08; n = 65; p = 0.0037, ANOVA), simi-
lar to observations made by Korkut et al.
(2013). Postsynaptic knockdown of Syt4
using a UAS-Syt4 RNAIi driven by 24B-
GAL phenocopied syt4™' mutants, indi-
cating a postsynaptic source of Syt4
contributes to this effect (Fig. 3A, B; 24B,
sytd"NA = 3548 + 2.694; n = 31; p =
0.0016, ANOVA). These data indicate that
ghost bouton budding is sensitive to the

Il Muscle 6
1 Muscle 7

Ghost Boutons

levels of both presynaptic neurotransmit-
ter release and postsynaptic glutamate re-
ceptor and Syt4 function, rather than
being triggered only by changes in presyn-

N

« 4 H94, gbbRNAi

Figure3.

wild type

Ghost bouton budding requires normal synaptic transmission and local retrograde BMP signaling. 4, Wandering third

aptic membrane depolarization induced
by high K.

Retrograde BMP signaling from
muscle to motor neuron has been well

H94, gbbRNAi

instar animals were fixed in formaldehyde after high K * stimulation and were stained with anti-HRP and anti-DLG to identify
ghost boutons. Loss of Syt1and postsynaptic knockdown of GluRIIA and GIuRIIB reduce activity-dependent budding. Likewise, loss
of the postsynaptic Ca™ sensor Syt4, or postsynaptic knockdown of Gbb with the muscle driver 24B-Gal4, reduces ghost bouton
budding. Knockdown of Gbb with the muscle 6-specific H94-Gal4 preferentially reduces budding at muscle 6. Scale bar, 12 um.
Arrowheads indicate ghost boutons. B, Quantification of ghost boutons per NMJ in the indicated genetic backgrounds. N (NMJs,
animals): wild-type = 57, 11; syt 1A%V = 45, 6; 24B, gluRIA™A = 31,4; 24B, gluRIIB™' = 29, 4; 24B, gbb™* = 20, 3; syt4%4
= 65, 11; 24B, syt4™4 = 3,548 + 2.694,n = 31, 3; wit"’5"" = 37, 6. , Quantification of baseline bouton number in the
indicated genetic backgrounds. N, same as in B. D, The average number of ghost boutons that bud onto muscle 6 or muscle 7 is
quantified for Gbb knockdown by the muscle 6-specific driver H94-Gal4. N (NMJs, animals): wild-type = 52, 7;H94, gbb™" = 40,

characterized for its role in normal de-
velopmental synaptic growth. To deter-
mine whether BMP signaling is also
required for ghost bouton budding at
larval NM]Js, we manipulated compo-
nents of the BMP signaling pathway and
assayed their potential for rapid activity-
induced presynaptic growth. Postsynaptic

6. %*p << 0.01; ***p << 0.001; ANOVA. Error bars indicate SEM.

that ghost bouton budding was substantially reduced in
syt1*PYN13 mutants (Fig. 3 A, B; wild-type = 8.361 = 7.403,

= 57; sytI*PYNP = 0,9778 = 1.5, n = 45; p < 0.0001,
ANOVA). We also tested the postsynaptic requirement for
glutamate receptor subunits in ghost bouton budding. The
expression of RNAI directed against the glutamate receptor
subunits DGIuRIIA or DGIuRIIB in muscle using the 24B-Gal4
driver caused a reduction in ghost bouton budding frequency
(Fig. 3A,B; 24B, gluRIIA®™*" = 0.8065 + 1.276, n = 31, p <
0.0001, ANOVA; 24B, gluRIIB*N*" = 2,586 + 3.978, n = 29,
p <0.0001, ANOVA). Knockdown of DGIuRIIA reduced bud-
ding frequency significantly more than knockdown of DG-
IuRIIB (p = 0.0214, Student’s ¢ test). Given the prominent
role of DGIuRIIA-containing glutamate receptor complexes in

reduction of the BMP ligand Gbb in mus-

cle by RNAI significantly reduced ghost
bouton budding (Fig. 3 A, B; 24B, gbb™™* = 1.8 = 1.795; n = 20;
p < 0.0001, ANOVA), although baseline bouton number re-
mained unchanged (in contrast to ghb mutants; Fig. 3C). These
results suggest that partial knockdown of Gbb is sufficient to
disrupt activity-induced ghost bouton budding, but does not al-
ter normal developmental synaptic growth. This observation in-
dicates that developmental versus acutely triggered synaptic
growth is likely to have different sensitivity or distinct molecular
components for driving new synapse formation. To examine
whether ghost bouton budding is locally regulated at individual
synapses by BMPs or is instead controlled mainly by a BMP-
dependent developmental transcriptional signal that would affect
all synapses of a given motor neuron, we drove RNAi against Gbb
using H94-Gal4, which is expressed predominantly in muscle 6,
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Figure4.  Ghost bouton budding requires Smad signaling and is modulated by Limk activity. 4, Wandering third instar larvae were fixed in formaldehyde after high K * stimulation, and stained
with anti-HRP and anti-DLG to identify ghost boutons. The overexpression of the inhibitory Smad dad causes synaptic undergrowth and a reduction in ghost bouton budding frequency. Trio protein
levels correlate with ghost bouton budding frequency. Overexpression of full-length UAS-wit causes a reduction in bouton budding, while the overexpression of truncated UAS-wit™ does not. Motor
neuron rescue with full-length UAS-wit did not completely rescue ghost bouton budding frequency, while rescue with UAS-wit™” rescued ghost bouton budding to a significantly greater extent.
Scale bar, 12 wm. Arrowheads indicate ghost boutons. B, c164, UAS-trio animals were stimulated, fixed, and stained with anti-Trio antibody. Scale bar, 12 um. Arrowheads indicate ghost boutons
identified by morphology. C, Normalized fluorescence intensity of Trio antisera staining within ghost boutons was normalized to average fluorescence intensity of all other normal boutons at the
same NMJ. N (ghost boutons, NMJs) = 77, 9. Solid line indicates mean; dashed line indicates the average normal bouton fluorescence intensity. D, Quantification of ghost boutons per NMJ in the
indicated genetic background. N (NMJs, animals): wild-type = 57, 11;c164, dad = 70, 8; trio**"%* = 37,5; 164, trio = 27, 4 wit"'*®"" = 37,6; wit rescue = 45, 7; wit ‘" rescue = 56,7; 164,
wit = 55,8; (164 wit™’” = 55,8. E, Quantification of baseline bouton number. N, same as in D. F, Wit and Tsr show genetic interactions for defective ghost bouton budding. Quantification of ghost
boutons per NMJ in the indicated genetic background is shown. N (NMJs, animals): wild-type = 57, 11; tsr’/+ = 24, 3; wit®"'/+ = 45,6; tsr'/+wit?'/+ = 37,5.%p < 0.05; **p < 0.01;

**%p <0.001; ANOVA. Error bars indicate SEM.

but not in muscle 7 (Davis et al., 1997). Muscles 6 and 7 are
innervated by two motor neurons that branch onto both muscle
fibers. If BMP signaling solely functioned in a developmental role
to allow NMJs to express the potential to undergo structural plas-
ticity, we would expect Gbb expression from either muscle fiber
to be sufficient to promote normal ghost bouton budding. How-
ever, if BMP signaling plays a more acute instructive role in struc-
tural plasticity, we would expect to see preferential defects in new
synaptic budding events at muscle 6, which would have reduced
local Gbb output due to preferential RNAIi expression in this
muscle driven by the H94-Gal4 promoter. In wild-type animals,
there is a slight bias for ghost bouton budding onto muscle 6, as
this is the larger of the two muscles. This bias is eliminated when
Gbb levels are reduced in muscle 6 and not in muscle 7 (Fig.
3A,D; p = 0.0058, Fisher’s exact test), indicating that bouton
budding is likely to require in part a local postsynaptic source of
Gbb given the comparatively enhanced ability of muscle 7 to
support budding. However, total bouton budding events were
also decreased at muscle 7 compared with controls, indicating
that a developmental role for Gbb also contributes to this form of
structural plasticity.

Wishful Thinking controls ghost bouton budding through
multiple signaling pathways

To further analyze the requirement for BMP signaling in rapid
structural plasticity, we examined how disruptions of additional
components of the signaling pathway would alter developmental
versus acute synaptic growth. Null mutants for the BMP type II
receptor wit (wit*'#%!!) displayed a reduction in K *-stimulated
bouton budding (Fig. 3 A, B; wit™*®!! = 1.162 + 2.089; n = 37;
p <0.0001, ANOVA). Wit mutant animals also strongly reduced
developmental synaptic growth. However, bouton budding as a
fraction of baseline bouton number was still significantly reduced
(wild-type = 0.1369 * 0.1327 ghost boutons/baseline boutons,
n = 66; wit"'#P1 = 0,0353 * 0.0662, n = 37; p < 0.0001, Stu-
dent’s ¢ test). Given that Wit signals through multiple pathways,
we sought to determine how wit contributes to ghost bouton
budding. Canonical BMP receptor signaling leads to Smad phos-
phorylation and, together with cofactors, translocation to the
nucleus to act as a transcription factor (Bayat et al., 2011). To
assay Smad signaling in ghost bouton formation, we overex-
pressed the inhibitory Smad, daughters against dpp (dad; Tsunei-
zumi et al., 1997; Kamiya et al,, 2008). Overexpression of
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animals compared with wit mutants (Fig.
4A,D; trio®?7?% = 1.486 * 1.995; n = 37
p < 0.0001, ANOVA). Conversely, the
overexpression of trio caused an increase
in ghost bouton budding well above wild-
type levels (Fig. 4A,D; cl64, trio =
n.s. 1541 * 11.39; n = 27; p < 0.0001,
ANOVA). These data indicate that Trio
may play a key role in the execution of
activity-induced synaptic growth given

& PR . .
& this bidirectional modulation. We there-
o fore sought to determine whether Trio
protein preferentially targeted to sites of
new synaptic growth. Antisera against
s Trio poorly detected the protein at NM]Js

80

60

40

Baseline Bouton Number

Figure5.

*¥¥1) <0.001; ANOVA. Error bars indicate SEM.

UAS-dad in motor neurons has previously been shown to reduce
levels of phosphorylated Mad and cause synaptic undergrowth
(Eaton and Davis, 2005; Dudu et al., 2006). Overexpression of
UAS-dad in motor neurons inhibited ghost bouton formation
(Fig. 4A,D; c164, dad = 2.633 £ 3.944; n = 60; p < 0.0001,
ANOVA), indicating that Wit signals through Mad to develop-
mentally regulate ghost bouton formation.

One well characterized transcriptional target of Mad that reg-
ulates synaptic growth in Drosophila motor neurons is the Rho-
type GEF trio (Ball et al., 2010). We assayed for a requirement for
Trio in rapid activity-dependent growth by performing K * stim-
ulation in trio®?”?> mutant animals. We observed a quantita-
tively similar reduction in ghost bouton budding in trio®*7?%

Ghost bouton budding s requlated by Limk and Cofilin activity. 4, Presynaptic overexpression of limk strongly reduces
activity-dependent bouton budding. Presynaptic overexpression of constitutively inactive tsr*>* reduces ghost bouton budding,
while presynaptic overexpression of constitutively active tsr*** increases ghost bouton budding above wild-type levels. Scale bar,
12 m. Arrowheads indicate ghost boutons. B, Quantification of ghost bouton budding frequency in the indicated genetic
background. N (NMJs, animals): wild-type = 57, 11; c164, limk = 40, 5; limk””" = 36, 5; c164, tsr'*t = 28, 4; c164, tsr"™* = 36,
6. ¢, Quantification of baseline bouton numberin the indicated genetic background. D, Live confocal imaging of GMA-GFP at NMJs
driven by c164-Gal4. F-actin labeled by GMA appears as dynamic puncta with relatively even size and spacing in wild-type animals.
GMA labelingin axons and extended interbouton regions s stable and uniform at wild-type NMJs (double arrow), but is interrupted
by puncta and appears less uniform in tsr** and tsrf NMJs (double arrowheads). Boutons lacking discerable F-actin puncta
occurred rarely at wild-type NMJs and more frequently at tsr*f NMJs (arrows). Large and bright GMA labeling was observed in
some boutons n tsr**£ and tsr*>4 NMJs that was not observed in wild-type (arrowheads). Scale bar, 12 um. *p < 0.05; **p < 0.01;

in wild-type animals, but robustly de-
tected overexpressed protein. As such, we
performed immunostaining for Trio in
larvae presynaptically expressing UAS-
trio. Strikingly, Trio immunoreactivity
was enriched in ghost boutons following
high K* stimulation (Fig. 4B). Average
fluorescence intensity detected in ghost
boutons was significantly greater than
that in normal boutons throughout the
terminal (Fig. 4B,C; normalized ghost
bouton fluorescence intensity = 1.419 *
0.363; ghost boutons, n = 77; NMJs, n =
9; p < 0.0001, paired t test). We hypothe-
size that Trio may be enriched at sites
primed for bouton budding, generating
a higher concentration of the protein
that later becomes trapped in newly
formed boutons following K™ stimula-
tion. Together, these data indicate that
Wit signaling through a canonical Smad
transcriptional pathway is likely to medi-
ate the developmental role for BMP sig-
naling in ghost bouton budding. In terms
of Smad-dependent transcriptional tar-
gets, rapid structural plasticity at the NM]J
is bidirectionally correlated with levels of
the Rho-type GEF trio.

In addition to Smad-dependent tran-
scriptional changes, Wit can signal locally
through Limk to promote synapse stabili-
zation (Eaton and Davis, 2005). Limk
phosphorylates and inactivates Cofilin
[Drosophila Twinstar (Tsr)] at serine 3
and can induce changes in actin cytoskel-
eton structure to restrain normal developmental synaptic growth
(Ohashi et al., 2000; Ang et al., 2006). Limk has been shown to
interact directly with BMP type II receptors, which increases its
kinase activity (Foletta et al., 2003; Lee-Hoeflich et al., 2004). To
test whether the Wit-Limk interaction also regulates ghost bou-
ton budding, we rescued wit*'#®!! animals with motor neuron
expression of full-length UAS-wit or a truncated copy of the gene
UAS-wit*“T, which lacks the Limk binding domain (Eaton and
Davis, 2005). Expression of either full-length or truncated wit
rescued developmental synaptic growth (Fig. 4D), indicating that
the Limk-binding domain of Wit is not likely to significantly
contribute to normal developmental synaptic growth. In con-
trast, we observed only a partial rescue of ghost bouton budding
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frequency in full-length wit rescue ani- A
mals (Fig. 4A,C; wit rescue = 3.733 =

pre-K* stimulation
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post-K* stimulation

3.875; n = 45; p = 0.0004, ANOVA), al-
though budding frequency was signifi-
cantly higher than in wit*'#®"" mutant
animals (p = 0.0414, ANOVA). Wit9<"
rescued animals showed significantly
greater bouton budding frequencies than
full-length wit rescue animals (Fig. 44, C;
wit“T rescue = 7.821 * 5.769; p =
0.0054, ANOVA). To further examine the
Wit-Limk link, we overexpressed full-
length wit or truncated wit’“" in wild-type
motor neurons. The overexpression of
full-length UAS-wit reduced ghost bou-
ton budding (Fig. 4C; c164, wit = 3.891 *
3.629; n = 55; p = 0.0003, ANOVA),
while overexpression of UAS-wit"" did
not alter budding (c164, wit™" = 6.364 =
4.507;n = 55; p>0.999, ANOVA). These
observations suggest that the Limk bind-
ing domain of Wit normally functions to
inhibit activity-dependent ghost bouton
budding events.

Given the link between Wit signaling
and Limk, we sought to determine
whether Cofilin might function in the
same pathway for ghost bouton budd-
ing by assaying whether wit and tsr
showed genetic interactions. Heterozy-
gote wit?"!/+ and tsr'/+ animals both
show similar deficits in ghost bouton bud-
ding (Fig. 4F; tsr'/+ = 4.29 + 3.95, n =
24; witP!'/+ = 3.82 = 3.30, n = 45; p >
0.999, ANOVA), suggesting that this form
of rapid structural plasticity is highly sen-
sitive to incremental disruptions in BMP
signaling and partial loss of Tsr function.
Analysis of double-heterozygous tsr'/+;
wit®!'/+ animals revealed a significantly
greater reduction in activity-dependent
plasticity than either single heterozygote
(Fig. 4E; tsr'/+; wit®"'/+ = 1.25 = 1.65
(n = 37); tsr'/+ vs tsr'/+; wit®'!/+, p =
0.0242; wit®!/+ vs tsr!/+; wit®'l/+, p =
0.0206, ANOVA). This dosage-dependent
interaction is consistent with a model in
which Wit and Tsr participate in a similar
pathway to regulate ghost bouton budding.

Figure 6.

Limk regulation of presynaptic Cofilin activity controls rapid
activity-dependent synaptic growth

To determine how Limk activity modulated Cofilin and ghost
bouton budding, we assayed acute synaptic growth in strains with
altered Limk function or disrupted Cofilin regulation by Limk.
Motor neuron overexpression of UAS-limk strongly inhibited
activity-dependent bouton budding (Fig. 5A,B; c164, limk =
1.675 = 2.702; n = 40; p < 0.0001, ANOVA), indicating that
Limk suppresses ghost bouton formation, potentially through
phosphorylation-mediated inhibition of Cofilin (Tsr). To exam-
ine whether Cofilin activity regulates ghost bouton budding, we
overexpressed either a constitutively inactive (UAS-£s7%) or a
constitutively active (UAS-tsr***) twinstar transgene bearing a

Ghost Boutons

Ghost bouton budding is accompanied by local rearrangements of the presynaptic actin cytoskeleton. 4, Animals
presynaptically expressing the membrane marker CD8-RFP and the F-actin marker GMA-GFP were imaged before and after high
K™ stimulation. New F-actin puncta (arrowheads) are observed at sites of budding (arrows) where newly formed ghost boutons
(double arrowheads) attach to the main axonal arbor. Scale bar, 6 m. B, Application of 10 wum latrunculin A to the bath solution
rapidly disperses F-actin puncta, while application of 10 wm jasplakinolide causes formation and stabilization of F-actin puncta.
Scale bar, 6 um. €, Wild-type animals pretreated with latrunculin A or jasplakinolide for 15 min before high K * stimulation display
a reduction in ghost bouton budding frequency. N (NMJs, animals): no drug = 30, 4; latrunculin A = 35, 5; jasplakinolide = 30,
4.%p < 0.05; ***p < 0.001; ANOVA. Error bars indicate SEM.

phosphomimetic or phosphoincompetent Limk phosphoryla-
tion site, respectively. A decrease in bouton budding frequency
was observed when the inactive transgene was overexpressed
(Fig. 5A,B; c164, tsr™F = 3,107 = 3.059; n = 28; p = 0.0006,
ANOVA), while a strong increase in bouton budding frequency
was found upon overexpression of the active transgene (Fig.
5A,B; c164, tsr¥** = 13.39 * 7.958; n = 36; p = 0.0003, ANOVA).
As predicted based on the ability of Cofilin to disassemble actin
filaments, the expression of either transgene altered the presyn-
aptic actin cytoskeleton when visualized by the expression of the
F-actin marker GMA. GMA contains the actin-binding domain
of Moesin fused to GFP (Dutta et al., 2002). In addition to label-
ing dynamic actin puncta within synaptic boutons, GMA nor-
mally labeled more stable actin structures in axons and
interbouton regions (Fig. 5D). In contrast to controls, GMA
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Figure7.  Model for ghost bouton formation through parallel signaling pathways involving
Gbb and Wit. BMP signaling through Wit s predicted to both promote and inhibit changes to the
actin cytoskeleton that regulate ghost bouton formation. Gbb signaling developmentally
through the phosphorylation and nuclear translocation of Mad potentiates synaptic terminals
for activity-induced bouton budding by promoting transcription of the Rho GEF trio. Trio activity
may also be regulated locally and acutely by synaptic activity. Wit also signals locally through
Limk to inhibit Cofilin (Tsr), thereby suppressing ghost bouton formation.

formed puncta in axons and extended interbouton regions of
animals expressing UAS-tsr5°F or UAS-tsr>** (Fig. 5D). We occa-
sionally observed boutons that lacked discernable F-actin puncta
in wild-type animals, whereas boutons lacking F-actin puncta
occurred more frequently in tsr**F-expressing animals (Fig. 5D).
We also observed large and bright GMA-positive clusters in tsr**~
and tsr*** animals that were not observed at wild-type NMJs (Fig.
5D). These findings suggest that BMP signaling through Limk is
likely to alter Cofilin activity, with subsequent effects on the pre-
synaptic actin cytoskeleton and its ability to support activity-
induced bouton formation.

Local actin turnover is required for bouton budding

Manipulations to the actin cytoskeleton regulators limk and tsr
resulted in changes to ghost bouton budding frequency and in the
case of tsr observable changes to the presynaptic actin cytoskele-
ton. To directly examine the role of presynaptic actin in bouton
budding, we performed live imaging in animals expressing GMA
and the membrane marker CD8-RFP expressed in motor neu-
rons. Third instar larvae were dissected and imaged, and then
subjected to a single 2 min incubation in high K™ and imaged
again. We then identified sites of ghost bouton budding to ob-
serve how K * stimulation affected the local actin cytoskeleton at
sites of new bouton formation by comparing before and after
images. We consistently observed the emergence of new F-actin
puncta localized at the sites of ghost bouton budding from pre-
viously existing boutons (Fig. 6A), suggesting that local actin
rearrangements occur at regions where new boutons form. To
test whether local actin rearrangements are required for ghost
bouton budding, we directly interfered with actin turnover
through bath application of the F-actin-depolymerizing drug la-
trunculin A or of the F-actin-stabilizing drug jasplakinolide
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(Spector et al., 1999). The application of 10 um latrunculin A
caused dispersal of F-actin puncta within minutes as well as a
reduction in the number of puncta (Fig. 6B). The application of
10 uM jasplakinolide stabilized existing F-actin puncta and
caused the formation of new puncta within minutes (Fig. 6B).
The effects of the drugs were still observed 15 min after washout.
To examine how these manipulations regulate bouton budding,
we incubated dissected preps in HL3 solution containing 10 um
drug for 15 min and then proceeded with the K™ stimulation
protocol with solutions containing 10 uM drug. Disruption of
normal actin turnover with either drug resulted in a decrease in
bouton budding compared with controls (Fig. 6C: no drug =
8.767 *= 7.035, n = 30; latrunculin A = 4.829 * 6.046, n = 35,
p =0.0155, ANOVA; Jasplakinolide = 1.933 * 2.586,n = 30, p <
0.0001, ANOVA). Some F-actin puncta were still observed in
animals treated with 10 uMm latrunculin A, indicating that this
treatment may allow the formation of a limited number of new
puncta. In contrast, the actin cytoskeleton appeared highly stable
in jasplakinolide-treated animals, and caused a much greater re-
duction in ghost bouton budding. These data indicate that local
actin rearrangement occurs during ghost bouton budding, and
that actin turnover contributes to the rapid formation of new
synaptic varicosities in an activity-dependent manner.

Discussion

Our experimental analysis of ghost bouton budding at the Dro-
sophila NM]J indicates that rapid activity-dependent synaptic
growth requires retrograde BMP signaling at this synapse. The
current data support a model in which BMP signaling through
the type Il receptor Wit is required developmentally to potentiate
synapses for budding in response to elevated synaptic activity.
This pathway requires Smad-dependent expression of the Rho-
type GEF trio (Fig. 7), and parallels a requirement for BMP sig-
naling and Trio in developmental synaptic growth that occurs
during the larval stages. In a parallel pathway, Wit interaction
with Limk inhibits bouton budding through regulation of Cofilin
activity. Both pathways regulate the synaptic actin cytoskeleton
and may converge on similar actin regulatory molecules such as
Limk and Cofilin via Racl or RhoA. Manipulating Cofilin activity
levels by the overexpression of Limk or the expression of consti-
tutively active/inactive Cofilin demonstrates that high Cofilin ac-
tivity favors bouton budding, while low Cofilin activity inhibits
budding. Local changes in the actin cytoskeleton that accompany
activity-dependent bouton budding were also observed at sites of
new synaptic growth. In addition, pharmacological disruption of
normal actin turnover inhibits budding, suggesting that in-
creased actin turnover mediated by Cofilin potentiates rapid
activity-dependent synaptic plasticity.

BMP signaling in ghost bouton budding

Multiple genetic perturbations of BMP signaling were identi-
fied that altered the frequency of activity-dependent bouton
buddingat the NMJ. Although several of these mechanisms are
shared with those previously characterized to control BMP-
mediated developmental synaptic growth, several manipulations
separated rapid activity-dependent BMP-mediated bouton budding
from the slower forms of developmental growth. In the case of wit
mutants or motor neuron overexpression of dad, a reduction in
baseline bouton number was observed that showed varying de-
grees of severity. Wit mutants displayed strongly undergrown
synapses, while dad overexpression animals had only modest syn-
aptic undergrowth. In contrast, both these manipulations
strongly suppressed ghost bouton budding. Additionally, synap-
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tic undergrowth with partial knockdown of Gbb using postsyn-
aptic RNAi was not observed, while this manipulation caused a
strong reduction in ghost bouton budding. These observations
indicate that rapid ghost bouton budding is more sensitive to
modest perturbations in BMP signaling compared with devel-
opmental synaptic growth. One explanation for this differen-
tial sensitivity is that BMP signaling potentiates NMJs for
activity-dependent bouton budding via transcriptional regu-
lation of molecular components that are not required for
normal synaptic growth. Alternatively, similar molecular path-
ways are required, but at different levels of output. In particular,
trio mutants display a less severe synaptic undergrowth pheno-
type than wit mutants, but show similarly severe defects in ghost
bouton budding. Because trio expression is strongly dependent
on BMP signaling (Ball et al., 2010), a modest reduction in BMP
output could reduce Trio levels such that ghost bouton budding
is significantly reduced, while normal synaptic growth is less af-
fected. It will be interesting to determine in future studies
whether the developmental role for BMP signaling for acute
structural plasticity shares a critical period as has recently been
found for BMP function during developmental synaptic growth
(Berke et al., 2013).

Given the requirement of the postsynaptic Ca** sensor Syt4
for normal levels of ghost bouton budding, an attractive model is
that BMP is released acutely in response to elevated activity
through the fusion of Syt4-positive postsynaptic vesicles. How-
ever, our analysis indicates that retrograde BMP signaling
through trio transcriptional upregulation is unlikely to be an in-
structive cue for bouton budding, as the severing of axons and the
inhibition of retrograde trafficking of P-Mad before stimulation
does not reduce budding in response to elevated activity. It is
possible that synaptic P-Mad may play an instructional role in
ghost bouton budding, as a local decrease in budding frequency
was observed when Gbb expression was specifically reduced in
muscle 6. Neuronal overexpression of dad also reduced synaptic
P-Mad, as has been previously observed (data not shown; Dudu
et al., 2006). Therefore, dad overexpression could inhibit ghost
bouton budding by decreasing synaptic P-Mad signaling, in ad-
dition to decreasing nuclear Smad signaling. However, we did not
observe dosage-dependent genetic interactions between syt4 and
wit (data not shown), suggesting that Syt4 may participate in a
separate pathway to regulate ghost bouton budding. Activity-
dependent fusion of Syt4 postsynaptic vesicles (Yoshihara et al.,
2005) could release a separate unidentified retrograde signal that
provides an instructive cue for budding that would function in
parallel to a developmental requirement for retrograde BMP
signaling.

Synaptic actin cytoskeleton regulation via Trio

In addition to instructive cues from the postsynaptic compart-
ment that trigger ghost bouton budding, the presynaptic nerve
terminal must have molecular machines in place to read out these
signals and execute the budding event. The regulation of Rho
GTPases via Rho GEFs and GAPs downstream of extracellular
cues is an attractive mechanism, as these proteins play critical
roles in the regulation of neuronal morphology and axonal guid-
ance (Luo, 2000; Dickson, 2001). Several studies have shown that
retrograde synaptic signaling regulates Rho GTPase activity to
alter synaptic function and growth in Drosophila (Tolias et al.,
2011). Ghost bouton budding mediated by developmental BMP
signaling also shares some similarities with mechanisms under-
lying homeostatic plasticity at Drosophila NMJs. The Eph recep-
tor is required for synaptic homeostasis at the NMJ, and it
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interfaces with developmental BMP signaling via Wit (Goold and
Davis, 2007; Frank et al., 2009). While Eph receptor-mediated
homeostatic plasticity predominantly requires the downstream
RhoA-type GEF Ephexin, the Eph receptor may also signal
through Racl (Frank et al., 2009). Drosophila VAP-33A may also
act as a ligand for synaptic Eph receptors, as it has been shown to
regulate NMJ morphology and growth, while preferentially local-
izing to sites of bouton budding (Pennetta et al., 2002; Tsuda et
al., 2008). Our analysis indicates that the levels of Trio, which
functions as a Rho-type GEF, are bidirectionally correlated with
ghost bouton budding activity and that overexpressed Trio is
localized to ghost boutons after budding. As such, acute Trio
regulation represents another attractive pathway for rapidly
modifying bouton budding activity.

Limk regulation of Cofilin controls ghost bouton budding
Rho GTPase signaling can produce distinct effects in differing
systems and cell types depending on the presence or absence of
downstream effectors, although most of these pathways ulti-
mately impinge on regulation of the actin cytoskeletal (Luo,
2000). Indeed, we have found a key role for Limk regulation of
Cofilin activity in the control of ghost bouton budding. The cur-
rent findings indicate that Limk activity normally functions to
inhibit the formation of ghost boutons, as neuronal overexpres-
sion of Limk strongly suppressed activity-dependent bouton
budding. Consistent with an inhibitory role for Limk, Cofilin
activity promotes budding, while the overexpression of an inac-
tive Cofilin inhibited budding. The expression of mutant Cofilin
transgenes resulted in visible changes to the presynaptic actin
cytoskeleton at NMJs, indicating that these manipulations likely
alter rapid budding events by changing local actin dynamics at
sites of potential growth. Using live imaging of F-actin dynamics
before and after bouton budding, the formation of new F-actin
puncta was observed at sites of bouton budding. Elevated Cofilin
activity is sufficient to increase ghost bouton budding frequency,
and is predicted to increase actin turnover and the formation of
F-actin structures (Michelot and Drubin, 2011). Pharmacologi-
cal disruption of actin polymerization dynamics also disrupts
rapid bouton addition in response to elevated activity.

These findings support a model whereby Wit has opposing
signaling roles with respect to bouton budding (Fig. 7). Providing
a permissive role via Smad signaling and an inhibitory role via
Limk activation may provide for a system in which increased
potential for rapid synaptic expansion is directly coupled to en-
hanced synaptic stability. This coupling could set a threshold for
ghost bouton budding downstream of synaptic activity. In the
background of moderate or low synaptic activity, Limk prevents
ghost bouton budding. When synaptic activity is elevated, addi-
tional signaling events promote new synaptic growth by either
reducing or outcompeting Limk activity, with a concurrent acti-
vation of Cofilin. Decreased Limk activity downstream of extra-
cellular cues has been shown to regulate cell morphology in other
systems as well (Sparrow et al., 2012), providing an attractive
mechanism for rapid activity-dependent regulation of synaptic
structure at Drosophila NM]Js.

Notes

Supplemental material for this article is available at web.mit.edu/
flybrain/littletonlab. Supplemental movie: multiple budding events and
subsequent bouton relocalization at a Drosophila muscle 4 neuromuscu-
lar junction. This material has not been peer reviewed.
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