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Autophagy promotes synapse development

in Drosophila

Wei Shen and Barry Ganetzky

Laboratory of Genetics, University of WisconsinMadison, Madison, WI 53706

utophagy, a lysosome-dependent degradation
mechanism, mediates many biological processes,
including cellular stress responses and neuro-
protection. In this study, we demonstrate that autophagy
positively regulates development of the Drosophila melano-
gaster larval neuromuscular junction (NMJ). Autoph-
agy induces an NMJ overgrowth phenotype closely
resembling that of highwire (hiw), an E3 ubiquitin ligase
mutant. Moreover, like hiw, autophagy-induced NMJ

Introduction

Regulation of synaptic growth and plasticity is essential for
proper development and function of neural circuits that underlie
behavior and its modification in response to experience and envi-
ronment. The Drosophila melanogaster larval neuromuscular
junction (NMJ) is a powerful system for dissecting molecular
mechanisms that mediate synaptic growth (Collins and DiAntonio,
2007). Previous studies have identified key positive and nega-
tive regulators of synaptic growth, including proteins associated
with cell adhesion, the cytoskeleton, endocytosis, and Wnt and
bone morphogenic protein signaling (Schuster et al., 1996;
Aberle et al., 2002; Packard et al., 2002; Coyle et al., 2004;
Koh et al., 2004; Marie et al., 2004; Dickman et al., 2006; Pack-
Chung et al., 2007; Liebl et al., 2008; O’Connor-Giles et al.,
2008; Rodal et al., 2008). The balance of opposing forces and the
multiple layers of regulation that are imposed reveal that com-
plex mechanisms have evolved to ensure correct synaptic size.

Protein degradation via the ubiquitin—proteasome system
(UPS) is an important negative regulatory mechanism of NMJ
growth, as revealed by striking overgrowth in highwire (hiw)
mutants (Wan et al., 2000). Hiw, an E3 ubiquitin ligase, restrains
synaptic growth primarily by down-regulation of Wallenda
(Wnd), a MAPK kinase kinase (Collins et al., 2006).
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overgrowth is suppressed by wallenda (wnd) and by a
dominant-negative c-Jun NH,-terminal kinase (bsk™).
We show that autophagy promotes NMJ growth by
reducing Hiw levels. Thus, autophagy and the ubiquitin—
proteasome system converge in regulating synaptic
development. Because autophagy is triggered in response
to many environmental cues, our findings suggest that it is
perfectly positioned to link environmental conditions with
synaptic growth and plasticity.

Another major protein degradation mechanism is
autophagy, which involves activation of the induction complex,
formation of autophagosomes that engulf cytoplasmic mate-
rials, subsequent fusion of autophagosomes with lysosomes,
and finally, degradation of sequestered material by lyso-
somal enzymes (Levine and Klionsky, 2004). Various stress
conditions trigger autophagy, including starvation, hypoxia,
high temperature, accumulation of protein aggregates, and
infection (Hara et al., 2006; Nakai et al., 2007). The associa-
tion of autophagy with human diseases such as neurodegen-
eration and cancer reveals its importance as a cellular
surveillance system (Levine and Klionsky, 2004; Levine and
Kroemer, 2008).

Because the UPS is an important negative regulator of
NMIJ development, we examined whether autophagy also
plays a role. We discovered that autophagy positively regu-
lates NMJ development and, remarkably, does so by control-
ling Hiw levels. Thus, autophagy and the UPS converge to
regulate NMJ growth. Because autophagy is highly conserved,
it is likely to play an important role in synapse development in
more complex animals.

© 2009 Shen and Ganetzky This article is distributed under the terms of an Attribution—
Noncommercial-Share Alike-No Mirror Sites license for the first six months after the publica-
tion date (see http://www.jcb.org/misc/terms.shtml). After six months it is available under a
Creative Commons License (Attribution-Noncommercial-Share Alike 3.0 Unported license,
as described at http://creativecommons.org/licenses/by-nc-sa/3.0/).
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Results and discussion

Autophagy promotes NMJ growth

Autophagy involves multiple steps, including induction, auto-
phagosome formation, fusion of autophagosomes with lyso-
somes, and recycling of autophagy components. Disrupting any
of these steps impairs autophagy. Several highly conserved ATG
genes encoding core components of the autophagy machinery
have been identified in yeast. Mutations in genes, including
atgl, -2, -6, and -18, have also been isolated and characterized
in Drosophila (Scott et al., 2004; Berry and Baehrecke, 2007).
To assess the role of autophagy in NMJ development, we exam-
ined the effect of mutations in arg genes whose normal func-
tions span the entire process: atgl is defective in autophagy
induction, atg6 is defective in autophagosome formation, and
atg2 and -18 are defective in retrieval of other ATG proteins
from autophagosomes (Levine and Kroemer, 2008). Regardless
of the step impaired, all of these atg mutants exhibited signifi-
cant reduction in NMJ size (Fig. 1, A and B). These results dem-
onstrate that a basal level of autophagy is required to promote
NMIJ development.

Overexpression of arg ™ is sufficient to induce high levels of
autophagy in larval fat bodies and salivary glands (Berry and
Baehrecke, 2007; Scott et al., 2007). If autophagy is a positive
regulator of NMJ development, an increase in autophagy might
enhance synaptic growth. Consistent with previous studies, pan-
neuronal overexpression of upstream activating sequence (UAS)—
atg I under the control of C155-Gal4 or elav-Gal4 drivers induced
high levels of autophagy in the nervous system, as indicated by
increased staining with LysoTracker, an acidophilic dye which has
been used to assess autophagy by labeling acidic structures,
including lysosomes (Fig. 1 C; Berry and Baehrecke, 2007; Scott
et al., 2007). Under these conditions, bouton number increased
more than twofold (Fig. 1, D and E). To further verify that this NMJ
overgrowth was caused by elevated autophagy rather than to some
other effect of arg /™ overexpression, we tested whether mutations
in other atg genes suppress this phenotype. For this purpose, we
generated a null allele of atg!8 (atg18*). Removal of one copy of
atgl8* had no affect on NMJ growth in an otherwise wild-type
background but significantly suppressed NMJ overgrowth caused
by atgl* overexpression (Fig. 1, D and E). Removal of both
copies of atgl8* conferred almost complete suppression (Fig. 1,
D and E). Therefore, NMJ overgrowth caused by atgl/™ over-
expression is primarily caused by elevated levels of autophagy.

As a further test, we examined NMJ morphology after
feeding larvae with rapamycin, which induces autophagy by in-
hibiting TOR (target of rapamycin), the key negative regulator of
autophagy (Rubinsztein et al., 2007). Wild-type larvae fed rapa-
mycin exhibited striking NMJ overgrowth similar to that caused
by overexpressing argl* (Fig. 1, D and F), which is consistent
with the results of Knox et al. (2007). Rapamycin-induced NMJ
overgrowth was completely suppressed by mutations in arg/8
(Fig. 1, D and F). Collectively, these results demonstrate that
autophagy is a key positive regulator of NMJ growth.

Wairkar et al. (2009) observed NMJ undergrowth in arg/
mutants but did not see overgrowth with argl* overexpression.
This discrepancy likely results from the use of different UAS-atgl*
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transgenes. For example, Wairkar et al. (2009) were only able to
obtain partial (~50%) rescue of NMJ undergrowth in argl mu-
tants by overexpression of their UAS-atgl"*** construct, whereas
we obtained complete rescue of this phenotype (Fig. S2).

Atg1-mediated synaptic growth is
independent of its nonautophagic functions
Atgl has several functions unrelated to autophagy. We found
that axonal transport is disrupted in atg/-null mutants (Fig. S1),
which is a result also recently reported by Toda et al. (2008) and
Wairkar et al. (2009). In addition, Atgl suppresses translation by
inhibiting the S6K kinase (Lee et al., 2007; Scott et al., 2007)
and controls active zone density by inhibiting extracellular
signal-regulated kinase (ERK) signaling (Wairkar et al., 2009).
However, several lines of evidence indicate that these functions
of Atgl are not responsible for the NMJ phenotypes we observed
when Atgl activity was altered. First, arg2 or -18 mutants exhib-
ited similar NMJ undergrowth but did not have defects in axonal
transport (Fig. 1 A and Fig. S1). Thus, in agreement with Toda
et al. (2008), we conclude that Atgl’s role in axonal transport is
distinct from its function in autophagy and NMJ growth. Sec-
ond, blocking or activating translation by overexpressing a
dominant-negative S6K transgene or constitutively activated S6K
transgenes by elav-Gal4 driver had little affect on NMJ growth
(Fig. 2). Moreover, coexpression of any of the three constitu-
tively activated S6K transgenes failed to suppress NMJ over-
growth caused by atg!* overexpression (Fig. 2). Thus, the role
of Atgl in S6K-dependent translation does not contribute to the
NMIJ phenotypes associated with manipulations of Atgl. Third,
an ERK mutation does not affect NMJ growth. Although this
ERK mutation suppresses the deficit in active zone density in
atgl mutants, it does not suppress atg’s NMJ undergrowth pheno-
type (Wairkar et al., 2009), indicating that it is not mediated by
the ERK pathway. Collectively, these results demonstrate that
altered levels of autophagy are primarily responsible for the
effects of Atgl on NMJ development.

wnd and bskPN suppress autophagy-
dependent synaptic overgrowth

NMIJ overgrowth induced by autophagy is distinctive and
offers potential clues about pathways that may be involved.
Formation of multiple long synaptic branches containing many
small diameter boutons without any hyperbudding or satellite
boutons most closely resembles the ziw phenotype (Wan et al.,
2000), suggesting that autophagy and Hiw may function
through the same pathway. Recent evidence indicates that Hiw
inhibits NMJ growth by down-regulating Wnd, which in turn
activates a Jun kinase encoded by bsk (basket). NMJ over-
growth in hiw is suppressed by mutations of wnd and by a
dominant-negative mutation of bsk (bsk”; Collins et al.,
2006). If the phenotypic similarity between hiw and increased
autophagy reflects convergence on a common pathway,
autophagy-induced NMJ overgrowth should also be suppressed
by wnd and bsk”". Indeed, this is what we observed (Fig. 3).
These results strongly support the idea that autophagy and
Hiw converge on a Wnd-dependent MAPK signaling pathway
to regulate NMJ development.
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Figure 1.  Autophagy promotes NMJ growth in Drosophila. (A) Confocal images of NMJ 4 labeled with FITC-HRP. Compared with control (w'''é), atg1/Df,
atg2/Df, and atg18/Df mutants exhibit smaller NMJs. (B) Quantification of bouton numbers at NMJ 4 in larvae of the genotypes shown. (C) Fluores-
cent images of larval brain hemisphere of control (C155-Gal4/+) and atg I*-overexpressing larvae (C155-Gal4/UAS-atg1%) stained with LysoTracker.
Substantially increased staining is observed in the latter, indicating elevated levels of autophagy. (D) Confocal images of NMJ 4 labeled with FITC-HRP.
Compared with control (elav-Gal4/+), neuronal overexpression of atg1* (UAS-atg 1*) results in strong NMJ overgrowth. Overgrowth is reduced by loss of
one copy of atg18* (UAS-atg1*; atg18/+) and almost completely suppressed by removing both copies of atg18* (UAS-atg1*; atg18/Df). Larvae fed on
2 pM rapamycin (Rap) to induce autophagy exhibit NMJ overgrowth, which is completely suppressed in an atg18/Df background. (E and F) Quantification
of bouton numbers at NMJ 4 in the indicated larvae. (B, E, and F) Error bars denote SEM. **, P < 0.01; ***, P < 0.001. CS, Canfon-S; WT, wild type.
Bars: (A and D) 15 pm; (C) 50 pm.
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Figure 2. Atgl-dependent changes in NMJ
growth are independent of effects on transla-
tion. (A) Confocal images of NMJ 4 labeled
with FITC-HRP. Blocking or activating transla-
tion by overexpressing a dominantnegative
S6K (UAS-S6KXQ) or a constitutively activated
S6K transgene (UAS-S6K™, UAS-S6KSTE, or
UAS-S6KS™ETE) has little affect on NMJ growth.
None of three constitutively activated S6K
transgenes suppresses NMJ overgrowth when
coexpressed with atg1*. (B) Quantification of
bouton numbers at NMJ 4 in larvae of geno-
types shown. Comparisons are made with
elav-Gal4/UAS-atg 1*. Error bars denote SEM.
Bar, 15 pm.

Boutons

If autophagy and Hiw act via a common pathway, where do they
converge? As a positive regulator of NMJ growth, autophagy
could promote degradation of a negative regulator. An intriguing
possibility is that Hiw is the negative regulator affected by
autophagy. If a decrease in Hiw levels is responsible for NMJ over-
growth when autophagy is elevated, restoration of Hiw should
suppress overgrowth. We tested this possibility by coexpressing
wild-type Hiw with Atgl and found that Atgl-mediated NMJ
overgrowth was significantly suppressed (Fig. 4, A-D). This
suppression is not simply an indirect consequence of the dilution
of GAL4 caused by addition of a second UAS element because
coexpression of UAS-nwk* did not suppress such NMJ over-
growth (Fig. 4 G). This result also shows that Nwk (Nervous
wreck), another negative regulator of NMJ growth (Coyle et al.
2004), is not an apparent target of autophagy, as predicted by
differences in phenotypes. Thus, autophagy appears to regulate
NMJ growth through its effects on particular presynaptic pro-
teins, and Hiw represents a key downstream effector.

UAS-atg1*
UAS-S6KS™PE

UAS-atg1*
UAS_S6KSTDETE

To further test whether autophagy promotes NMJ growth
by limiting Hiw, we eliminated one copy of hiw* to determine
whether this further decrease in Hiw levels enhanced the effects
of atg1* overexpression. In an otherwise wild-type background,
loss of one copy of hiw* had no affect, but it significantly en-
hanced atgl*-induced NMJ overgrowth (Fig. 4 G). The pheno-
type of hiw homozygotes overexpressing atgl/* was no more
extreme than hiw homozygote alone (Fig. 4, E-G). The absence
of any additive or synergistic effects further supports the hy-
pothesis that autophagy promotes NMJ development by down-
regulating Hiw.

Because Hiw antibodies do not work for immunohisto-
chemistry, we visualized Hiw using a fully functional GFP-
tagged construct to test directly whether abundance of Hiw is
affected by autophagy (Wu et al., 2005). In an otherwise wild-
type background, Hiw-GFP was strongly expressed in neurons
throughout the ventral ganglion and brain lobes driven by
C155-Gal4, as detected by anti-GFP staining (Fig. 4, HI-H3).
However, in larvae co-overexpressing argl*, the GFP signal
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Figure 3. Autophagy-dependent NMJ overgrowth is
suppressed by wnd and bsk®N. (A) Confocal images of NMJ 4
labeled with FITC-HRP. Compared with control (C155-
Gal4/+), neuronal overexpression of atgl* (C155-Gal4/
UAS-atg 1*) results in NMJ overgrowth. Both wnd and bsk®
suppress NMJ overgrowth caused by atg 1* overexpression.
(B) Quantification of bouton numbers at NMJ 4 for larvae of
genotypes shown. Error bars denote SEM. ***, P < 0.001.
Bar, 15 pm.
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was reduced by ~60% relative to anti-HRP staining (Fig. 4,
I1-13 and J). We confirmed this result by Western blot analysis
(Fig. 4 K). Reduction of Hiw-GFP is not caused by the dilution
of GAL4 by the presence of a second UAS element because
coexpression of UAS-myr-RFP did not affect abundance of
Hiw-GFP (Fig. 4 K). These results further indicate that autoph-
agy promotes NMJ growth by down-regulating Hiw.

Our results indicate that NMJ overgrowth caused by elevated
autophagy is primarily caused by reduction in Hiw. Is the con-
verse also true? Is NMJ undergrowth in atg mutants caused by
elevated levels of Hiw? To address these questions, we expressed
Hiw-GFP in neurons using C155-Gal4 in various backgrounds.
Hiw-GFP levels were significantly elevated in atg/ and -6

UAS-atg1*;UAS-bskPN

mutants compared with the controls, which is consistent with
the idea that Hiw is down-regulated by autophagy (Fig. 5 A).
If this increase in Hiw is a primary cause of NMJ undergrowth
in atg loss-of-function mutants, eliminating Hiw should prevent
this undergrowth; i.e., mutations in hiw should be epistatic to
atg mutations. Thus, we examined NMJ morphology in hiw;
atg2? and hiw; atgl8 double mutants and found that hiw was
completely epistatic (Fig. 5, B and C), demonstrating the role of
elevated levels of Hiw in NMJ undergrowth of azg mutants.

A more direct test is to determine whether overexpression
of Hiw can reduce NMJ size. However, this experiment is com-
plicated because overexpression of Hiw by a relatively weak
neuronal driver (elav-Gal4) does not affect NMJ size (Fig. 4),
whereas overexpression of Hiw by a strong neuronal driver
(Elav-GeneSwitch) has a modest dominant-negative effect (Wu
et al., 2005). To determine whether increased levels of Hiw can

AUTOPHAGY REGULATES SYNAPSE DEVELOPMENT
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Figure 4. Autophagy promotes synapfic growth via down-regulation of Hiw. (A-F) Confocal images of NMJ 4 labeled with FITC-HRP. (A) elav-Gal4/+.
(B-D) Neuronal overexpression of hiw* alone (B) via elav-Gal4 driver has no affect on NMJ growth but is sufficient to suppress NMJ overgrowth caused
by overexpression of atg1* (C and D). (E and F) Neuronal overexpression of atg1* in a hiw mutant background (F) does not further enhance NMJ growth
compared with hiw mutants alone (E). (G) Quantification of bouton numbers at NMJ 4 in larvae of the genotypes shown. Comparisons are made with
elav-Gal4/UAS-atg1*. (H and |) Confocal images of larval ventral ganglia expressing a Hiw-GFP fusion protein labeled with anti-GFP (H1 and 11) and
anti-HRP (H2 and 12). Hiw-GFP fusion protein is present at high levels in C155-Gal4/UAS-hiw*-GFP larvae (H1-H3). However, Hiw levels are reduced by
coexpression of atg1* in C155-Gal4/UAS-hiw*-GFP; UAS-atg 1* larvae (I1-13), whereas HRP levels remain unchanged. (J) Quantification of Hiw-GFP and
HRP fluorescence intensities in C155-Gal4/UAS-hiw*-GFP larvae (1.44 + 0.05; n = 4) and in C155-Gal4/UAS-hiw*-GFP; UAS-atg1* larvae (0.55 + 0.07;
n = 5). (K) Western blots of extracts from larval brains probed for Hiw-GFP and actin confirm the reduction of Hiw-GFP levels caused by overexpression of
atg1*. Molecular mass is indicated in kilodaltons. (G and J) Error bars denote SEM. *, P < 0.05; ***, P < 0.001. Bars: (A-F) 25 pm; (H and I) 50 pm.

limit NMJ growth, it appears necessary to overexpress Hiw
at an intermediate level. Therefore, we examined NMJs in lar-
vae overexpressing UAS-hiw* via C155-Gal4. C155-Gal4/+;
UAS-hiw*/+ female larvae exhibited very mild NMJ under-
growth (Fig. 5, D and E). Stronger undergrowth was observed
in C155-Gal4/Y; UAS-hiw*/+ male larvae (Fig. 5, D and E).
This difference is consistent with higher levels of C155-Gal4
expression in males than in females, owing to dosage compen-
sation (Warrick et al., 1999; Long and Griffith, 2000). We did
not observe differences in NMJ growth between C155-Gal4/+
female and C155-Gal4/Y male larvae, indicating that the under-
growth phenotypes are dependent on the levels of Hiw over-
expression and not on differences in gender or expression of
GALA4 alone (Fig. 5 D). Thus, moderate increases in Hiw levels
result in NMJ undergrowth. Furthermore, the modest NMJ
undergrowth in C155-Gal4/+; UAS-hiw*/+ larvae was enhanced
when one copy of atgl*, -2%, or -6* was removed (Fig. 5, D and E).

Together, these results indicate that elevated levels of Hiw
account for most of the NMJ undergrowth in atg mutants. How-
ever, excess Hiw cannot fully explain NMJ undergrowth in arg
mutants because NMJ undergrowth caused by Hiw overexpres-
sion is less severe than that of atg/ and - /8 mutants. Thus, when
autophagy is impaired, additional negative regulators may ac-
cumulate to depress NMJ growth. It is also likely that elevated
levels of Hiw target proteins other than Wnd to limit synaptic
growth because loss-of-function mutations of wnd do not affect
NMIJ development (Collins et al., 2006).

Because autophagy is generally thought of as a nonselec-
tive bulk degradation process, the idea that autophagy regulates
NMIJ growth primarily through its effects on Hiw levels seems
difficult to understand at first. However, recent studies demon-
strate that autophagy can also operate in a substrate-selective
mode in regulating specific developmental events (Rowland
et al., 2006; Zhang et al., 2009). For example, in Caenorhabditis

620z JequiedeQ 0 uo 3senb Aq 4pd 601 206002 A0l/S0669S |/LL/L/.81/pd-8joe/qol/Bi0"sseidnu//:dny woy papeojumoq



NM 4 in larvae of the genotypes shown.
(C) Confocal images of NMJ 4 labeled with

A = 5 B 100+ NS Figure 5. Accumulation of Hiw contributes
S 5 NS to NMJ undergrowth when autophagy is im-
> D 80 — paired. (A) Western blots of larval brain ex-
© © tracts from the indicated genotypes probed for
a4 2 60 Hiw-GFP and actin show significant increases
L . ] of Hiw-GFP levels in atg1/Df and atgé,/Df mu-
o O 5 ST S
o W 2 tants. Molecular mass is indicated in kilo-
2 32 m 401 daltons. (B) Quantification of bouton numbers at
c =
B B
< <
o -]

UAS-hiw*-GFP

Hiw-GFP s S - 570

Actin w14

Boutons

FITCHRP. hiw; atg2/Df and hiw; atg18/Df
NM]J overgrowth in double mutants is the same
as hiw alone, which is consistent with the idea
that Hiw is down-regulated by autophagy.
(D) Quantification of bouton numbers at NMJ 4
in larvae of the genotypes shown. (E) Confocal
images of NMJ 4 labeled with FITC-HRP. Mod-
erate overexpression of Hiw in C155-Gal4/+
females results in mild NMJ undergrowth.
Stronger overexpression of Hiw in C155-
Gal4/Y males leads to more marked NMJ
undergrowth. When Hiw is overexpressed,
loss of one copy of atg1*, -2*, or -6* further ex-
acerbates NMJ undergrowth. (B and D) Error
bars denote SEM. *, P < 0.05; **, P < 0.01.
Bars: (C) 25 pm; (E) 15 pm.

C155-Gal4/+;UAS-hiw*/+;atg1/+lC155-Gal4/+;UAS-hiw*/+;atg2/+|C155-Gal4/+;UAS-hiw'/+ihtg6/+

elegans, when postsynaptic cells fail to receive presynaptic
contact, GABA 4 receptors selectively traffic to autophagosomes
(Rowland et al., 2006). However, the detailed mechanism of
such selectivity is unknown. Zhang et al. (2009) identified
SEPA-1 as a bridge that mediates the specific recognition and
degradation of P granules by autophagy in C. elegans (Zhang

et al., 2009). Thus, one possibility is that Hiw is specifically tar-
geted to autophagosomes via a mechanism that remains to be
elucidated. It is also possible that many presynaptic proteins be-
sides Hiw are degraded by autophagy, but it is the reduction in
Hiw that primarily affects NMJ size. Moreover, although we
favor the idea that autophagy regulates Hiw directly, we cannot
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rule out the possibility that autophagy promotes degradation of
Hiw through an indirect mechanism involving the proteasome
or other pathway.

In principle, autophagy could be acting on either side of
the NMJ to regulate its development. Because atg/™ over-
expression in muscle results in lethality at the first larval instar, we
are unable to assess whether this affects NMJ growth. Although
we cannot rule out a postsynaptic role of autophagy in NMJ
development, several results suggest that the effects of autophagy
are primarily presynaptic: neuronal expression of UAS-atgl™ is
sufficient to completely rescue the NMJ undergrowth in atg!
mutants (Fig. S2), the Hiw—Wnd pathway functions presynap-
tically (Wu et al., 2005; Collins et al., 2006), and hiw is com-
pletely epistatic to autophagy for NMJ growth.

Autophagy is of particular interest as a regulator of synap-
tic growth because it is triggered in response to many environ-
mental cues. Our results demonstrate that decreasing or increasing
autophagy from basal levels results in corresponding effects on
synaptic size. Thus, autophagy is perfectly positioned to link
environmental conditions with synaptic growth and plasticity.
As such, it is intriguing to speculate on a role for autophagy in
learning and memory.

Materials and methods

Fly stocks

Canton-S was used as a wildtype control. w''"® was used as a control for
genetic background. atg14%, UAS-atg1%*, and UAS-atg1%® (Scott et al.,
2007) were provided by T. Neufeld (University of Minnesota, Minneapolis,
MN). hiw™°, UAS-hiw*, UAS-hiw*-GFP, wnd', wnd? (Wan et al., 2000;
Wu et al., 2005; Collins et al., 2006), and elav-Gal4 were provided by
A. DiAntonio (Washington University, St. Louis, MO). The following fly lines
were obtained from the Bloomington Stock Center: atg2tP3¢%7, atg 18K6030%0,
atgs!¥19%0%, UASbskPN, UAS-S6KS™E, UAS-S6KSTPETE, UAS-SEKTE, UAS-S6K<A
(Spradling et al., 1999; Weber et al., 2000; Barcelo and Stewart, 2002;
Scott et al., 2004; Berry and Baehrecke, 2007), Df(3L)Exel6112,
DF(3L)Exel6091, D(3R)Exelé197, and DA3LBSCIO.

1118

Generation of atg18* mutant in Drosophila

P element KGO3090 was inserted within the first exon of the atg18 gene,
127 bp upstream of the ATG start codon. atg18* was generated by impre-
cise excision, which deletes 585 bp downstream of the KGO3090 inser-
tion site, removing the second exon, including the start codon, and part of
the third exon. The atg 18" /Df mutant exhibited an NMJ undergrowth pheno-
type identical to atg 189307 /Df.

Immunohistochemistry

Wandering third instar larvae were dissected in Ca?*free saline and fixed
in 4% paraformaldehyde for 20 min. Larvae were incubated in primary
antibodies overnight at 4°C or for 2 h at room temperature and in second-
ary antibodies for 1-2 h at room temperature and then mounted in Vecta-
shield (Vector Laboratories) for microscopic analysis. For bouton
quantification, we used rabbit anti-Nwk at 1:1,000 (Coyle et al., 2004) or
rabbit anti-synaptotagmin | at 1:1,000 (H. Bellen, Baylor College of Medi-
cine, Houston, TX). To detect Hiw-GFP fusion protein, mouse anti-GFP was
used at 1:200 (Invitrogen). Specific secondary antibodies conjugated to Alexa
Fluor 488, 568, and 647 (Invitrogen) were used at 1:200. Fluorescence-
conjugated anti-HRP (Jackson ImmunoResearch Laboratories, Inc.) anti-
bodies were used at 1:100.

LysoTracker staining

Brains from C155-Gal4/+ or C155-Gald4/UAS-atg1* third instar larvae
were dissected in HL3 saline, incubated for 5 min in 0.1 yM LysoTracker
red DND-99 (Invitrogen) in HL3 saline, rinsed twice in PBS and transferred
to glass slides, and imaged immediately with a camera (Retiga 2000F;
QlImaging) mounted on a microscope (Optiphot-2; Nikon) using QCapture
Pro 6.0 software (QImaging). All samples were processed and imaged
under identical conditions.
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Imaging and quantification

We focused on NMJ 4 because of its relative simplicity; however, compara-
ble results were also observed at NMJ 6/7 as well as at other NMJs we ex-
amined in mutant larvae. Quantification of bouton number was performed
at NMJ 4 in segments A2-A4 as described previously (Coyle et al., 2004).
Bouton numbers for each genotype are summarized in Table S1. The muscle
size of all larvae analyzed was similar. Samples for each experiment were
processed simultaneously with corresponding controls and imaged using
the same confocal gain settings. Confocal images were obtained on a
microscope (LSM 510; Carl Zeiss, Inc.) with Plan-Apochromat 20x NA 10.8,
EC Plan-Neofluar 40x NA 1.3 oil differential interference contrast, or Plan-
Apochromat 63x NA 1.4 oil differential interference contrast objectives
and the accompanying software. Images were processed in LSM image
browser (Carl Zeiss, Inc.) or Image) (National Institutes of Health). All images
were captured at room temperature. For quantification of levels of Hiw-GFP,
the total fluorescence of GFP immunoreactivity in the ventral ganglion was
measured by Image) and standardized by total florescence of HRP in the
same area. Statistical analyses were performed via analysis of variance
and Tukey’s or Dunnett’s tests for multiple comparisons. Significance levels
of <0.05, <0.01, or <0.001 are indicated by single, double, and triple
asterisks, respectively, in the figures. Error bars denote SEM.

Western blotting

Approximately 20 larval brains of each genotype were collected and ho-
mogenized on ice with 20 pl of homogenization buffer (67 mM Tris-HCI,
pH 8.0, 67 mM NaCl, 2 M ureq, 1.3% SDS, 2 mM DTT, and 1 mM EDTA,
Wu et al., 2005). After adding SDS loading buffer, the homogenate was
boiled for 10 min. The volume of six brains was loaded for each sample
onto a two-layer SDS-PAGE gel with 5% upper layer and 12% lower layer.
Western blots were probed with rabbit anti-GFP at 1:500 (Invitrogen) or
goat antiactin at 1:1,000 (Santa Cruz Biotechnology, Inc.).

Rapamycin treatment

30 female and 30 male flies were allowed to mate on standard labora-
tory fly food for 2-3 d and then transferred onto grape juice plates to lay
eggs for 2-3 h. 40 embryos were collected and placed on standard lab-
oratory food supplemented with DMSO alone or 2 pM rapamycin (LC
Laboratories) dissolved in DMSO. Third instar larvae of each treatment
were dissected and stained with anti-synaptotagmin | and FITC-HRP for
bouton quantification.

Online supplemental material

Fig. S1 shows that atg] mutants have axonal transport defects not seen
in other autophagy mutants. Fig. S2 shows that NMJ undergrowth in
atg] mutants is rescued by presynaptic expression of an atgl* trans-
gene. Table S1 presents quantification of bouton numbers for each
genotype. Online supplemental material is available at http://www.jcb

.org/cgi/content/full /jcb.200907109/DC1.
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