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Proteolytic processing of the Amyloid Precursor Protein (®P) produces beta-amyloid
(Ab) peptide fragments that accumulate in Alzheimer's DiseaséAD), but APP may also
regulate multiple aspects of neuronal development, albeitia mechanisms that are not
well understood. APP is a member of a family of transmembranglycoproteins expressed
by all higher organisms, including two mammalian orthologéAPLP1 and APLP2) that
have complicated investigations into the speci ¢ activigs of APP. By comparison, insects
express only a single APP-related protein (APP-Like, or AR that contains the same
protein interaction domains identi ed in APP. However, uike its mammalian orthologs,
APPL is only expressed by neurons, greatly simplifying an alysis of its functions
in viva. Like APP, APPL is processed by secretases to generate a sitar array of
extracellular and intracellular cleavage fragments, as Wes an Ab-like fragment that can
induce neurotoxic responses in the brain. Exploiting the amplementary advantages of
two insect models Orosophila melanogasterand Manduca sexta), we have investigated
the regulation of APPL traf cking and processing with respet to different aspects of
neuronal development. By comparing the behavior of endogesusly expressed APPL
with uorescently tagged versions of APPL and APP, we have stwn that some full-length
protein is consistently traf cked into the most motile regins of developing neurons both
in vitro and in vivo. Concurrently, much of the holoprotein is rapidly processednto

N- and C-terminal fragments that undergo bi-directional sinsport within distinct vesicle
populations. Unexpectedly, we also discovered that APPL aabe transiently sequestered
into an amphisome-like compartment in developing neuronswhile manipulations
targeting APPL cleavage altered their motile behavior in tured embryos. These
data suggest that multiple mechanisms restrict the bioavébility of the holoprotein
to regulate APPL-dependent responses within the nervous stem. Lastly, targeted

expression of our double-tagged constructs (combined withtime-lapse imaging)
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revealed that APP family proteins are subject to complex pgdrns of traf cking and
processing that vary dramatically between different neurmal subtypes. In combination,
our results provide a new perspective on how the regulation foAPP family proteins
can be modulated to accommodate a variety of cell type-spect responses within the
embryonic and adult nervous system.

Keywords: APPL, M. sexta, D. melanogaster , secretase, migration, outgrowth, transport, amphisome

INTRODUCTION holoprotein by membrane-associated secretagégute 1). In

the amyloidogenic pathway, APP is initially cleaved by
The Amyloid Precursor Protein (APP) is the source of betasecretase (BACE1) to generate a large soluble ectodomain
amyloid (Ab) peptide fragments that accumulate in Alzheimersfragment (sAPB) and a shorter, membrane-bound C-terminal
disease (AD), but APP also has been implicated in mU'tip|¢ragment b_CTF)’ which in turn is cleaved b)g-secretase
aspects of neurogenesis and neuronal di erentiationng and complexes to produce a small APP intracellular fragment
Herms, 2012; Sosa et al., 2013; Nicolas and Hassan).20¥AICD) and Ab peptides Gralle and Ferreira, 2007; Guo
APP is a member of an evolutionarily ancient family of type-et al., 201 Alternatively, in the non-amyloidogenic pathway,
1 transmembrane glycoproteins found in all higher organismsapp is initially cleaved by an-secretase (typically ADAM10)
typied by highly conserved extracellular and intracellularto generate sAPP and a-CTF fragments, the latter being
protein interaction motifs that permit transmembrane SIQngl further processed byg_secretase to produce an identical
(De Strooper and Annaert, 2000; Turner et al., 2003; van de5iICD and a p3 peptide that is rapidly degradedugner
Kantand Goldstein, 20)5Numerous studies have demonstratedet al., 2003: Haass et al., 2D1A plethora of biological
that APP can function as a neuronal receptor, capable of bipdinactivities have been postulated for many of these fragments,
a variety of candidate Iigands and tranSdUCing intraceﬂlularanging from transcriptiona| regu]ation to Synaptic remo'mg
responses that modulate cell adhesion, neuronal outgroavttl, and neurodegenerative responsekintberly et al., 2005;
migration (Oster eld et al., 2008; Nikolaev et al., 2009; Rama@ge| et al, 2012; Zhang et al., 2012; Nhan et al., )2015
etal.,, 2012; Rice etal., 201i& support of this model, APP can be Nevertheless, authentic functions for particular APP clgava
detected in the growing processes and focal adhesion complex@®ducts within the developing nervous system remain under
of cultured cells, suggesting that APP signaling might l&gu gebate.
the cytoskeletal dynamics required for neuronal outgrowatid Most models of APP-dependent signaling are based on
migration (Sabo et al., 2003; Wang et al., 2005; Young-Pearggidence that the full-length holoprotein can be transported
etal.,, 2007; Ramaker et al., 2))11& particular, members of the to peripheral regions of neurons before insertion into the
APP family can function as unconventional G protein-coupledplasma membrane, whereupon it undergoes rapid internalizatio
receptors [lishimoto et al., 1993; Giambarella et al., 19973nd/or cleavage (e.g.Schubert et al., 1991; Rice et al,
Swanson et al., 20))Stransducing responses to local cues viepg12: Octave et al., 2013; Sosa et al., 2013: Olsen et al.,
the heterotrimeric G protein Gato regulate neuronal guidance 2014. In support of this model, rapid anterograde axonal
(Brouillet et al., 1999; Ramaker et al., 2013, Y0Conversely, transport of APP has been clearly demonstrated in cell
APP-Ga interactions have been found to decrease in patientgylture (Koo et al., 1990; Seamster et al., 2012; Szpankowski
su ering from AD, suggesting that the dysregulation of nofima et al., 201p In contrast, several recent reports have shown
APP-Ga signaling might provoke neuropathological responseshat much of the holoprotein is actually processed into
(Shaked et al., 2009; Sola Vigo et al., 2009; Milosch et ajerent fragments that are assorted to distinct transport
2019. vesicles before they exit the cell bodyiufesan et al., 2009;

In addition to its potential role as a transmembrane receptoryjjlegas et al., 20)4 Although initial studies argued that
numerous functions have been ascribed to the cleavage pt®du@xonally targeted APP must undergo retrograde transport
of APP that are generated via proteolytic processing of theyto the somatodendritic compartment before being processed

(Simons et al.,, 1995; Yamazaki et al.,, 1995; Kins et al.,
Abbreviations: Ab, beta-amyloid peptide derived from APP; AlcD, app 2006; Back et al., 20))7more recent work using stem cell-
Intracellular Domain cleavage fragments of APP family proteins; APP, Aylo derived neurons suggests the opposite pattern: namely, that a
FESEUV;Q:]:;‘ZFZZ‘?AAFF’,%; ffnddomi)”f;; ii’é‘grﬂ_gi’:;;r‘n?ifgz{i('ﬂa?:lggns substantial portion of full-length APP is initially insertedto

i ids); -Like- i i e .

gamiljmembers e);<pressed in the mam’malian brain); APPL, APP-Like, sezin the somatoc_jendrltlc compartment before bemg transcyt(mexdi
ortholog of human APP; BACH)-secretase; CTF, C-terminal cleavage fragments»Orocessed in endosomal compartments. Only SUbsequently are
of APP family proteins; dA, Ab-like peptide fragment derived from APPL; DIv, di erent fragments packaged into distinct vesicle populations
Daysin vitro; en, esophageal nerve of the foregut ENManduca ENS, enteric  for axonal transport [luresan et al., 2009; Muresan and
nervous system; EP cells, neurons within the Enteric Plexus oMaieduca | 5descu Muresan, 20)].EHOW8V€I’, because most of these studies

ENS; HPF, hours post-fertilization; Kuz, Kuzbanian (ADAM 10 aithy); PBS, . . .
phosphate-bu ered saline; PBST, PBS plus Tween-20; Psn, pres@jishort  "VE'e conducted using neuroblastoma cell lines or reliedysole

cleavage fragment generatedyplus g-secretase cleavage of APP: sAPP/sAPPLON the Qverexpresgion of exogenous APP, th.e Signi cance of
secreted ectodomain fragments of APP and APPL. these dierent sorting and processing scenarios with respect
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FIGURE 1 | Insect APPL is cleaved by the same secretase classes  that process APP. (A) Schematic image of the primary domains shared by human APR5
and APPL inDrosophilaand Manduca. All APP family members contain similar extracellular dorres (E1 and E2) that can interact with potential binding paners; a
highly conserved cytoplasmic domain (Go) that directly iatacts with the heterotrimeric G protein Ga; and a C-terminal tyrosine-based sorting motif (Y) that ietacts
with a variety of intracellular adapter and signaling moletes. DrosophilaAPPL contains larger non-conserved regions on either sidefdhe E2 domain that increase
the overall size of the holoprotein, and an Brlike domain (dAb) with neurotoxic activity when cleaved from the holoprotei the biological activity of this domain in
Manduca APPL has not yet been veri ed. Similar to the cleavage produstof APPggs, processing of insect APPL bya- and b-secretases produces soluble
ectodomain fragments (SAPPLs) and short transmembrane Getminal fragments (CTFs); subsequent cleavage of the CTFy lg-secretase produces an APPL
intracellular domain (AICD), as well the dApeptide or a p3-like fragment (not shown). Labeled blue barsdicate the epitopes recognized by antibodies against APP
or APP that were used in this study (as described in the Mateais and Methods Section).(B,C) Western blots of lysates prepared frorManduca embryos (65 HPF),
5th instar CNS,Manduca GV-1 cells (which endogenously express APPL), and concergted medium harvested from the GV-1 cultures(B) Immunoblotting with
anti-cAPPL detects both the mature (black arrow) and immate (open arrow) full-length forms of APPL in all three lysatéut not in GV-1 cell medium; a larger band
( 165 kDa; open arrowhead) detected in mid-stage embryos mighrepresent an additional post-translational modi cation hat is developmentally regulated (as
previously reported;Swanson et al., 2005). (C) Immunoblotting with anti-nAPPL detects the same mature (bkk arrow) and immature (open arrow) full-length forms of
APPL, plus cleaved ectodomain fragments (SAPPLS) that ardso present in GV-1 medium (black arrowhead). The relativatensity of this ectodomain band re ects
the rapid processing of full-length APPL; sAPPL produced by- vs. b-secretases were not distinguished in this blot(D,E) Cross-immunoprecipitation ofManduca
embryonic lysates with N- and C-terminal-speci ¢ antibodie against APPL.(D) Embryonic lysate (input) that was immunoprecipitated witAnti-cAPPL (IP) and
immunoblotted with anti-nAPPL.(E) Embryonic lysate (input) that was immunoprecipitated witanti-nAPPL (IP) and immunoblotted with anti-cAPPL; both aitiodies
recognize mature (black arrow) and immature (open arrow) rims of full-length APPL.(F) Western blot of Manduca embryo lysate (lower portion) labeled with
anti-cAPPL reveals two CTFs (black arrows) and a candidatel8D fragment (open arrowhead)(G) Western blot of Manduca embryo lysates treated with different
secretase inhibitors; in this shorter exposure (comparedtF), neither CTF was detected (black arrows). In lysates of emyws treated with ag—secretase inhibitor
(Continued)
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FIGURE 1 | Continued

(lane 2), both CTFs were readily detected. Treatment with aoenbination of a- plus g-secretase inhibitors reduced the relative abundance of #nupper CTF band,
whereas treatment withb- plus g-secretase inhibitors reduced the lower CTF band. Separatband labeled with “Act” indicates anti-actin ( 42 kDa) as a loading
control. (H) Quanti cation of CTF abundance in western blots of embryonidysates (as illustrated irG). Treatment witha- plus g-secretase inhibitors caused a

signi cant decrease ina-CTF levels (*p D 0.0002) and a more moderate increase ib-CTF levels (p D 0.041). Treatment withb- plus g-secretase inhibitors caused a
signi cant reduction in b-CTF (p D 0.041) but did not affecta-CTF levels p D 0.101). Relative intensities were normalized againgtsecretase-treated lysates in each
immunoblot. N 10 for each group; histograms show means SEM. Statistical comparisons were performed using one-wapANOVA followed by pairwise Student's
two-tailed t-tests with the Bonferroni correction to obtain reportedp-values. (I) Western blots of head lysates from ies expressing additionsAPPL in the eye
(GMR-GAL4; UAS-Appl), immunoblotted with anti-cAPPL. Laa 1, both a- and b-CTFs (arrows) could be readily detected in GMRAppI ies. Lane 2, expressing
additional DrosophilaPresenilin in this line (via UAS-dPsn) reduceat and b-CTFs p-CTF was no longer detectable at this exposure). Lane 3, expssing additional
dPsn plus DrosophilaBACE (via UAS-dPsrnC UAS-dBACE) preferentially reduce@-CTF levels B-CTF was still detectable, compared to lane 2). Lane 4, expssing
additional Kuzbanian in this line (via UAS-Kuz) caused a miad increase ina-CTF and a corresponding reduction inb-CTF levels.(J) Western blots of head lysates
from ies carrying the eye-speci ¢ promoter construct GAL4-GMR, immunoblotted with anti-cAPPL. Lane 1, in ies overexpresing APPL (via UAS-Appl), botfa- and
b-CTFs (arrows) could be readily detected (as in panel I, lang.1Lane 2, in GMR-GAL4 control ies, only thea-CTF band was faintly detected at this exposure. Lane 3,
both CTFs were reduced in ies lacking one copy of thea-secretase Kuzbanian Kuz/C). Lane 4, co-expressing additional APPL and dBACE caused arpferential
increase inb-CTF levels. Separate bands ir{l,J) labeled with “Tub” show anti-tubulin ( 55 kDa) as a loading control.

to APP-dependent functions in the nervous system remainefATERIALS AND METHODS

unclear. .
Investigations into the normal roles of APP in mammalianweStem Blotting and

systems have been complicated by the discovery of two clos€yfOSS-Immunoprecipitation of ~ Manduca

related family members (APP-Like Protein 1 and 2; or APLPIand Drosophila Lysates

and APLP2) that share partially overlapping activiti@sifier — These studies were conducted using insect model systenerthat
et al., 2003; Shariati and De Strooper, 2018 contrast, insects exempt from animal research protocols. Synchronous groups of
express a single APP ortholog (APP-like, or APPL) that sharesmbryos of both sexes were obtained from an in-house colony of
all of the canonical features of human A§E(the predominant Manduca sextand staged using published marketzpenhaver
neuronal isoform), including highly conserved extrackliuand  and Taghert, 19898 bEmbryos reared at 2& complete their
intracellular domains that interact with similar classédigands  development in 100 h, so that 1 h post-fertilization (HPF) is
and signaling proteinsLUo et al., 1990; Torroja et al., 1999;equivalent to 1% of development. Stag®dnduca embryos
Ashley et al., 2005; Swanson et al., 30Qike APP, APPL (50 per group; dissected at 65 HPF) were collected on dry ice,
is subject to proteolytic processing lay b, and g-secretases homogenized in 1% Triton lysis bu er (1% Triton X-100, 150
that generate an analogous spectrum of cleavage fragmentsi NaCl, 50 mM Tris, pH 8) or 1% NP40 lysis bu er (150
including sAPPs, CTFs, AICDs, and arb#ike peptide (uo  mM NaCl, 50 mM Tris, pH 8), and the lysates were clari ed by
et al., 1995; Greeve et al., 2004; Carmine-Simmen et ab; 20@entrifugation at 16,000 rpm for 10 mirS(vanson et al., 2005
Poeck et al., 20)2Also like mammalian APP, APPL plays Soluble proteins were then separated on 10% or 4—-12% Criterion
important roles in the developing nervous system, participatin polyacrylamide gels (Bio-Rad), transferred to nitrocelglpand

in the control of neuronal migration and synaptic plasticity immunoblotted with antibodies diluted in Tris-bu ered saline
(Torroja et al., 1999; Ashley et al., 2005; Ramaker et al3;20%plus 0.1% Tween-20 (Polysorbate) and 5% Carnation dry milk.
Soldano et al.,, 2013; Bourdet et al., 201Notably, studies The immunoblots were then incubated overnight atCAwith

in Drosophilahave shown that defects caused by the loss afnti-nAPPL (1:5000) or anti-cAPPL (1:2500), diluted in Tris-
APPL can be rescued by the expression of humangdf@uo  bu ered saline plus 0.1% Tween-20 (Polysorbate) and 5% dry
et al., 1992; Wentzell et al., 2QLihdicating that these proteins milk. Secondary antibodies coupled to Horseradish Permdda
are both structurally and functionally homologous. Howeve (HRP; from Jackson ImmunoResearch) were then applied to the
unlike mammalian APP (which is expressed by many cell typeshlots at 1:10K and detected using standard chemiluminescent
APPL is exclusively expressed in neurons, greatly simpiifyinprotocols (with either West Pico or West Femto substrates;
an analysis of its biological functioris vivo. Accordingly, we Thermo Fisher). To detect CTF fragments in y lysates, 15dsea
have exploited the complementary strengths of two di erentper genotype were homogenized in sample bu er. The lysates
insect models Nlanduca and Drosophila to investigate the were then loaded on 4-12% gradient gels and analyzed with our
developmental regulation of APPL tra cking and processing published methodsTschape et al., 20R2For labeling tagged
within both the developing and adult nervous system. Using &PP and APPL from transgenidrosophilalines, western blots
combination ofin vitro and in vivo culture preparations, we were stained with anti-GFP (Santa Cruz Biotechnologies SC-
have also examined how dynamic changes in the distributio8334, 1:1000); anti-DsRed (Clontech # 632393; 1:100); &ird an
of APPL and its cleavage products relate to the motile behavilwuman APP (clone 22C11; 1:100). Antibodies against tubulin
of developing neurons, and whether altering APPL processin@evelopmental Studies Hybridoma Bank #E7; deposited by
aects neuronal migratory responses within the nervousMichael Klymkowsky) and actin (Sigma Aldrich # A2228) were
system. used to label these proteins as loading controls.
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For a cross-immunoprecipitation analysis of endogenousn some experiments, we also used the following antibodies
APPL inManduca supernatants of lysed embryos were prepareadgainst the C-terminal domain shared by APPL and APP: anti-
as described above. After centrifugation, the supernataei® cAPP (Sigma-Aldrich A8717), targeting amino acids 676—G95 o
transferred to Eppendorf tubes, pre-cleared with Proteirhuman APRgs and anti-APRgs(Sigma-Aldrich #SAB4300464),
A/G beads (Santa Cruz Biotechnology), and incubatedargeting AA 666—670 of human AR&. Both antibodies
with either anti-cAPPL or anti-nAPPL for 1-3 h at room specically recognizeManduca APPL, as previously reported
temperature. The samples were then incubated with pre-washg&amaker et al., 20).3
beads for 1 h, and the bead-bound antibody complexes were Embryos were counterstained with either anti-pan Fasciclin
pelleted by centrifugation. After washing in chilled lysisdoy 1l (Fas II; C3 mouse monoclonal; 1:20,000); anti-TM Fas Il
immunoprecipitated proteins were eluted by boiling in SDS(1:5000; which is specic for the transmembrane isoform of
sample bu er for 1 min. The samples were then separated oManducaFas Il); or anti-GPI-Fas Il (1:5000; specic for the
10% Criterion polyacrylamide gels, transferred to nitradee, glycosyl phosphatidylinositol-linked form of Fas IlVright
and immunoblotted with the complementary anti-APPL et al., 1999; Wright and Copenhaver, 2D(Rrimary antibodies
antibody: samples immunoprecipitated with antibodies againswere detected with secondary antibodies conjugated to &lex
the N-terminal domain of APPL were immunoblotted with Fluor 488, 568, or 647 (Molecular Probes/Life Technologies;
anti-cAPPL; samples immunoprecipitated antibodies against:1000) or conjugated to Cy3 and DyLight 549 (Jackson
the C-terminal domain were immunoblotted with anti-nAPPL. ImmunoResearch; at 1:400), diluted in blocking solution.aéh
In some experiments, we also used rabbit-anti-cAPP (Sigmanount immunolabeled preparations were mounted in Elvanol
Aldrich #A8717) and a custom rabbit-anti-APP antibody (§20 (Banker and Goslin, 1998and imaged with an Olympus
generated against a conserved epitope within the cytoplasmiguoView 300 laser scanning confocal head mounted on an
domain of APP Hare, 200); both antibodies recognized the Olympus BX51 microscope (located in the Oregon Institute of
same APPL fragments detected by our cAPPL antibody. As @dccupational Health Sciences), or with an inverted Zeiss LIEM7
additional control, we used rabbit anti-nAPPL-EX, genetht confocal microscope (located in the Advanced Light Microscopy
against the sequence EDDDYTDADDSAWPRPES withirCenter of the Jungers Institute, OHSU). Maximum intensity
ManducaAPPL (Swanson et al., 20p%Antibody detection was projections of attened z-stack confocal images were gdndra

performed as described above. using MetaMorph and Fiji software.
Whole-Mount Immunolabeling of Staged Culture and Immunolabeling of Manduca
Manduca Embryos Neurons and GV1 Cells

Staged embryos were dissected in de ned saline (140 mMrimary cultures oManducaneurons were prepared following
NaCl, 5 mM KCI, 28 mM glucose, 40mM CagCland 5mM the methods of Hayashi et aldéyashi and Hildebrand, 1990;
HEPES, pH 7.4) to expose the enteric nervous system (ENS$)ayashi and Levine, 19RBrie y, ganglia fromManducapupae
as previously describedHfrgan et al.,, 1995; Ramaker et al.,(P2—P4 stages) were enzymatically dissociated, and suspgnsi
2013. Alternatively, the embryonic gut was removed to exposef the dispersed neurons were plated in L-15-based culture
the developing central nervous system (CNS) before subeequenedium plus 10% fetal bovine serum (FBS) onto coverslips
processing $wanson et al., 20pFPreparations were xed in 4% (pre-coated with a mixture of Concanavalin A and laminin)
paraformaldehyde (PFA; Sigma/Aldrich) in phosphate-bu eredthat had been a xed below 8 mm holes drilled into 35 mm
saline (PBS) for 1 h at room temperature, rinsed in PBS pluplastic dishes. After 1-14 days, neurons were xed with 4%, PFA
0.1% Triton X-100 (PBST), and incubated for 1 h in blockingpermeabilized with PBST for 10 min, and immunolabeled with
solution (10% normal horse serum plus 0.1% sodium azide ianti-cAPPL and anti-nAPPL antibodieBlanducaGV1 cells are
PBST). For some antibodies, we also xed embryos for 1 h imn ectoderm-derived cell lineLén et al., 1999; Hiruma and
either Bouin's xative (formalin/aqueous saturated picacid, Riddiford, 200) that endogenously expresses APPL and other
3:1; plus 5% glacial acetic acid); Zamboni's xative (2% P& pl neuronal proteinsi(an et al., 1999; Hiruma and Riddiford, 2004;
15% aqueous saturated picric acid in sodium phosphate bu eiSwanson et al., 2005; Coate et al., 208¥1 cells were grown
pH 7.3); or Glyo-Fixx (Thermo-Fisher). on Lab-Tek tissue culture chamber slides (Nunc #177445) in
Fixed embryos were then incubated in antibodies dilutedsrace's complete medium plus 10% FBS to 50% con uence,
in blocking solution for either 1 h at room temperature or then xed and immunolabeled, as previously reportedog@te
overnight at 4C. The following primary antibodies against et al., 200Q Replicate cultures were co-immunolabeled with anti-
APPL and APP were used in this analysis: chicken anti-cAPPEAPPL plus each of the following antibodies against cytoplasmi
(1:2500), generated against the sequence YENPTYKYFEVIEEmpartment markers, based on published evidence and epitope
within the cytoplasmic domain oManduca APPL (Swanson predictions that these antibodies recognize homologous prste
et al.,, 200§ rabbit anti-nAPPL (#21506; 1:5000), generatedn Drosophilacells: rabbit-anti-Rab4 (Cell Signaling #2167,
against a fusion protein derived from the E1 regionMdinduca 1:500; and Abcam #ab87802, 1:200); rabbit-BintisophilaRab5
APPL (AA 1-197;Ramaker et al., 20)3and rabbit-anti- (Abcam #ab31261, 1:500/ang et al., 201y rabbit-anti-Rab7
DrosophilaAPPL (antiserum 952; gift from Dr. Vivian Budnik), (Abcam #ab77993, 1:500) and rabbit-anti-dRab7 (1:10@00fyi
generated against the ectodomainosophilaAPPL (Torroja  Dr. Patrick Dolph; 1:1000Chinchore et al., 2009; Wang et al.,
et al.,, 1996, 1999 The specicity of these antibodies for 2019; rabbit-anti-Rab9 (Abcam #ab179815, 1:200); rabbit-ant
APPL has previously been validate8wanson et al., 20p5 Rabl10 (Abcam #ab113947, 1:500); goat-anti-Rab10 (Santa Cr
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#sc-6564, 1:200); rabbit-anti-Rablla (1:1000; gift of@m  were quanti ed independently for each channel using Fiji/lged
ReadySatoh et al., 20Q05mouse-anti-Rab11 (BD Transduction software. Background uorescence levels were determirged f
# 610657, 1:200WVang et al., 2014 Rabbit-antiDrosophila equivalentz-stack images of adjacent interband muscle regions
LAMP1 (Abcam #ab30687, 1:500); rabbit-aDtesophilaLava (devoid of APPL and Fas Il expression). The ratios of EP cell-
Lamp (gift of Dr. John Sisson, 1:25%poulas et al., 20pFabbit  associated immuno uorescence vs. background levels vhere t
anti-DrosophilaVPS4 (rabbit antibrosophiladVPS4, 1:100; gift used to normalize the relative intensities of each uoroahne
of Dr. Harald StenmarkRodahl et al., 2009and rabbit-anti- associated with the neuronal membranes. These values were
Evi (Evenless Interrupted, 1:400; gift of Dr. Vivian Budrikijes then used to compare relative levels of APPL and Fas Il
etal., 201 GV1 cells were also labeled with MitoTracker Greerexpression between groups. All measurements were performed
FM and LysoTracker Red DND-99 (Life Technologies), followinginder linear parameters. To analyze migration and axon
the manufacturer's protocols. Images of immunolabeled prima outgrowth distances in the culture preparations, the preparsti
neurons and GV1 cells were obtained as described above. were re-immunolabeled with anti-Fas 1l (C3), followed by
immunodetection with the ABC method (Vector Laboratorigs)

Secretase Inhibitor Assays of APPL using 3,8diaminobenzidine tetrahydrochloride (DAB) reacted
Processing in Manduca with H20> to label the neurons. As previously described, this

Stageatanducaemiryos (G2-59 Her weredsected corsaly 100 POCLEES LTaoiauous e of e nerons o
to expose the mi.gratory EP cells within the developing ENS, 89b; Wright et al., 1999The extent of EP cell migration and
previously describedfoate et al., 2008; Ramaker et al., 3(.)1.3 outgrowth was then analyzed and quanti ed frazamera lucida
Embryos were then transferred to Eppendorf tubes contaunmgmages of the preparation®amaker et al., 2013

100 m de ned culture saline (140 mM NacCl, 5 mM KCI, 28 v

mM glucose, 5 mM HEPES, 4 mM CaClpH 7.4; Horgan
and Copenhaver, 1998plus 5-50mM of each inhibitor or
vehicle control solutions. The following secretase intioits were
used in this analysis, based on published evidence that th
inhibit analogous secretases Drosophila(Sinha et al., 1999;
Greeve et al., 2004; Groth et al., 2p1&secretase inhibitors
GM6001 (Calbiochem) and Gl 254023X (Tocrib}secretase
inhibitors #171601 (Calbiochem) and #565788 (Calbiochem

and g-secretase inhibitor #565770 (DAPT). After incubation in . ; .
. . . orescent protein (MRFP; Clontech) were used to amplify the
a 27 C heat block for 2.5 h, the tissue was homogenized in .
Sequences for the two uorescent tags; mRFP was then cloned

ml pre-warmed lysis bu er containing protease and phosphataan frame with the £ ends of both the APRs and APPL coding

inhibi 0 0 is- :
inhibitors (4% SDS, 40% glycerol, 200 mM Tris-HCI, pH 6.7, mains. To insert signal sequences upstream of then8 of

99 C). Samples were subsequently centrifuged for 10 min at 16 Ne GEP sequence. we used overlapning primers aqainst thé siana
rpm to clarify the lysates. The supernatants were separated on q ; bping p d g

Bio-Rad 16.5% Tris-Tricine Criterion gels, and labeled @stern sequence from ARfgsor APPL in sequential PCR reactions. The

. . o . resulting constructs (containing the appropriate signal ssmqe
blots with anti-cAPPL antibodies, as described above. plus EGEP) were then clonedt the APRgsand APPL coding

. . . domains, from which the original signal sequences had been
Manduca Embryonic Culture and Migration deleted. The constructs were inserted into the y genome by
Assays standard P-element transformatioffradling and Rubin, 1932
StagedVlanducaembryos were isolated at57 HPF, transferred GMR-GAL4, Ddc-GAL4, ChAT-GAL4, Tdc1-GAL4, elav-GAL4,
to Sylgard chambers containing de ned saline, and openednd UAS-kuz were provided by the Bloomington Stock Center;
dorsally to expose the developing ENS. The EP cells wefppl-GAL4 was provided by Dr. Laura Torroja (Universidad
then directly treated with secretase inhibitors or vehimbmtrol ~ Auténoma de Madrid), and theAppF y line was provided
solutions. The preparations were allowed to develop for aiby Dr. Kalpana White (Brandeis University). UAS-dBACE and
additional 5 h at 28C, then xed and triple-immunolabeled with UAS-APPL have been previously describ€dimine-Simmen
anti-nAPPL, anti-cAPPL, and anti-Fas Il antibodies (asmlib®ed et al., 200R Stocks were maintained and raised under standard
above), using Alexa-Fluor conjugated secondary antitsodieconditions.
for detection. To quantify the relative levels of membrane-
associated full-length APPL and Fas Il (as an independeddrosophila Primary Neuronal Cultures
control), 1.5,mm z-stack images (consisting of three sequentiaPrimary neuronal cell cultures fronbrosophilawhite pupae
0.5 mm confocal sections) were taken from the membraneexpressing double-tagged APP or APPL (under the control
regions of leading EP cells that had migrated onto the midof the di erent GAL4 drivers) were prepared as described by
dorsal band pathways. Three separate regions were imaggdaft et al. (1998)Brie y, neurons from prepupal brains were
in each preparation. The z-stacks were then compressed, adisociated via digestion with a collagenase/dispase solatid
uorescent intensities within boxed regions of interest (RO triturated through a re-polished glass pipette. Suspensions of
(spanning the plasma membrane of non-overlapping neuronsthe dispersed neurons were plated in Schneider's Insect Medium

Drosophila Stocks and UAS Lines
To create uorescently double-tagged constructs of APP fiamil
roteins, we used cDNAs encoding A§P (kindly provided
R. Reifegerste, University Hamburg) abBdosophilaAPPL
(GH04413, obtained from Research Genetics, Huntsvilleh bo
of which were cloned into the pUAST vectoBiand and
errimon, 199R Plasmids containing the coding domains for
nhanced Green Fluorescent Protein (EGFP) and monomeric red
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plus 10% FBS and 56g/ml insulin onto coverslips axed to intensity values for actin (foFigure 13 and tubulin (for
to drilled 35 mm plastic dishes (as described above). ThEigures 1l,J, used as loading controls. One-way Analysis of
cultures were maintained for 1-8 days, and then either irdageVariance (ANOVA) was performed to determine if mean values
live on an inverted microscope or xed and immunolabeleddi ered signi cantly among any of the groups, followed by
(Wentzell et al., 2004 Primary neuronal cultures were xed in pairwise Students two-tailed-tests. To adjust for multiple
4% PFA for 5 min and immunolabeled following the protocol pairwise comparisons, the Bonferroni correction was applied to
described by Buchner et al. (ifashburner, 198R To enhance obtain the reportedp-values. To analyze vesicle distributions
the detection of uorescently tagged ARBand APPL in xed containing APPL in the migratory EP cellBigure 50), confocal
preparations, the neurons were double-stained with rabbii-an images were collected from regions corresponding to trgiéind
GFP (Santa Cruz Biotechnologies SC-8334, 1:1000) and mousading cells within each embryo. Maximum intensity projens
anti-DsRed (Clontech # 632393; 1:500), followed with Cy2eontaining three optical sections (spanning a total of rtng)
and Cy3-conjugated secondary antibodies (at a 1:1000@hlut were converted to images in Fiji that contained only the ¢eyer
Jackson ImmunoResearch). Preparations were then mounted in nAPPL and cAPPL signals. The images were then converted
Elvanol and imaged using an Olympus FluoView confocal 30€ binary mode, and subjected to watershed segmentationsROI
microscope. encompassing individual EP cells were then selected to dyanti
For live-cell imaging experiments, measurements ofarge perinuclear vesicles containing APPL, using the “analyze
uorescent vesicle movements were performed on culturegbarticle” command. To normalize the accepted particles across
neurons expressing double-tagged ABPor APPL using a images, particle size was set as 1/100 of the average ardh for a
Leica DM-IRBE microscope, equipped with a 63x Plan Apd&P cells in that image. Circularity was set from 0.05 to 1, and
1.32 NA objective lens and a MicroMax Interline CCD cameraguanti cation was performed for each EP cell both as the number
(Princeton Instruments). Images were taken every 2 s for, 98 sf vesicles per cell and the percent area of large APPL-containin
and analyzed using the kymograph function in MetaMorphvesicles based on total cell area. Both methods of analysis
(Molecular Devices). For each movie frame, the brightegbroduced similar results; accordingly, the number of vesiger
pixel within a 2mm corridor along the axis of a neurite was EP cell was used for subsequent reporting purposes. Student's
displayed at the corresponding location on a kymograph. Théwo-tailedt-tests were used to compare the average number of
uorescence patterns for all 50 movie frames were then displayevesicles in trailing vs. leading cells at each developmeragést
graphically as an adjacent series, whereby the x-axis of ea8hleastthree embryos were included at each stage, withahdabt
graph represented time and the y-axis represented distanog alo10-20 EP cells averaged in each group.

the process. To analyze wuorescent intensities in the EP cells by

quantitative  immuno uorescence confocal  microscopy
Immunolabeling and Live Imaging of (Figure 8B), relative intensity values were calculated
Drosophila Brains independently for APPL and Fas Il expression in each

Live imaging of intact 3rd instar larvae expressing doubigged ~experimental group { D 10 per group), and statistical
APP/APPL proteins in neurons was performed by immobilizingdi erences between groups were calculated using unpaired
the larvae in gelatin/glycerol mounting mediumf\ghburner,  Studentst-tests. One-way ANOVA was used to determine if
1989, and images were collected with a Zeiss Axioscope eans di ered among the four groups, followed by Students
microscope. To detect expression within the y CNS, adulttwo-tailed t-tests for pairwise comparisons. The Bonferroni
brains were dissected as un xed whole-mount preparations i¢orrection was applied to obtain reportegtvalues. For our
DrosophileRinger's solution and imaged by confocal microscopyanalysis of EP cell migration and outgrowtRigure 8D), means

To image the transport dynamics of vesicles within intactuiss, Wwere calculated for each experimental group, normalized to
brain-eye disc complexes from third instar larvae or braimsrf ~ matched control embryos in each preparation D 10 per
adult ies were dissected and transferred to a small chambegondition). Statistical di erences between groups wereldated
containing Ringer's solution. Imaging was performed using alsing one-way ANOVA, followed by unpaired Students
Yokogawa CSU-10 spinning disc confocal head mounted ofests with the Bonferroni correction to obtaip-values. For

a Nikon TE2000 inverted microscope, equipped with 60x/1.48ur analysis of vesicle movements in culturérosophila
NA Plan Apo objective and illuminated with an Innova neurons Figure 11), at least 4 events per cell were analyzed
70C Spectrum ion laser. Dual-color recordings were acquireger genotyperf > 15 cells per genotype) in four independent
every 2s by fast sequential imaging (500 ms exposure pexperiments.

channel), captured with an Orca ER CCD camera (Hamamatsu

Instruments). RESULTS

Statistical Methods Secretase-Dependent Cleavage of APPL

Relative levels ai- and b-CTF fragments were quanti ed from Resembles APP Processing

western blots Figures 1G,H, using our published methods Previous work has shown that insect APPL shares the key
(Ramaker et al., 20).3Brie y, immunoblots were visualized structural features of mammalian AB§ (Figure 1A), while

by chemiluminescence, and scanned TIFF images of the bloéxperiments usingDrosophila have identied orthologs for

were used to quantify relative pixel intensities within ROIlthe three secretase classes associated with APP processing
using Fiji. The values within each lane were then normalizeddescribed below). Notably, secretase-dependent processin
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APPL produces the same types of cleavage fragments agAPRhat treatment with ag-secretase inhibitor (DAPT) resulted in
(Figure 1A), including soluble ectodomain fragments (SAPPLs)a strong elevation in both CTF$igure 1G lane 2), suggesting
membrane-bound CTFs, intracellular AICD fragments, and ahat endogenously expressed APPL is normally subject to rapid
neurotoxic Ab-like peptide (uo et al., 1995; Fossgreen et al.processing (similar to APPGralle and Ferreira, 2007; Hare,
1998; Greeve et al., 2004; Carmine-Simmen et al., 2009k Po@©01). Treating embryos with a combination of inhibitors
et al., 201p To investigate the expression and processing ofgainsta- and g-secretasesF{gure 1G lane 3) resulted in
endogenous APPL in the insect nervous system, we usedaasigni cant reduction in relative abundance of the larger
panel of antibodies against di erent domainsanducaAPPL  fragment (the candidata-CTF of APPL), accompanied by a
(Swanson et al., 2005; Ramaker et al., pOlBwestern blots corresponding increase in the smaller fragment (the candida
of proteins extracted from developing embryos, larval CNS)-CTF). Conversely, treatment with a combination lof and
and ManducaGV1 cells (which endogenously express APPL)g-secretase inhibitors selectively reduced the levels ef th
antibodies against both C-terminal APPEigure 1B) and N-  smaller fragmentKigure 1G lanes 4). The lower immunoblot in
terminal APPL Figure 10 recognized the mature holoprotein Figure 1Gwas labeled with anti-actin (Act;42 kDa) as a loading
(135 kDa; black arrows) and a smaller bandl(l5 kDa; open control. Quanti cation of these results are shown kigure 1H
arrows) that represents an immature, partially glycosylated pD 0.041; pD 0.0002).
form. Anti-cAPPL antibodies also recognized a larger bahd a Genetic manipulations of APPL processing Drosophila
165 kDa in embryonic lysates (open arrowhead), which mighproduced complementary result&igures 11,J. Using the eye-
represent an additional post-translational modi cation oPRL  speci c promoter construct GMR-GAL4, we found that inducing
that is developmentally regulateds\yanson et al.,, 20p5In  the expression of an additional copy of full-length APPL (via
contrast, only anti-nAPPL antibodies labeled a 120 kDa bantdAS-Appl) resulted in detectable levels of badhCTFs and
(Figure 1C black arrowhead) that was also detected in théd-CTFs Eigure 11, lane 1). As expected, expressing additional
medium of cultured GV1 cells (last lane in blot). As previouslyDrosophilaPresenilin (via UAS-dPsn) reduced bo#i and b-
reported Gwanson et al., 20Q5this band represents secreted CTF levels in these ies (lane 2), verifying that CTFs derived
SAPPL fragments that are cleaved from full-length APPL. from APPL are subject to secondary processingyksecretase
To validate the identities of these bands, we performed erossctivity. In contrast, expressing additioriatosophilaBACE plus
immunoprecipitation experiments withiManduca embryonic  dPsn (via UAS-dBACE plus UAS-dPsn) preferentially reduced
lysates, whereby proteins immunoprecipitated with eithea-CTF levels (lane 3), whereas overexpressingatsecretase
anti-cAPPL or anti-nAPPL were immunoblotted with the Kuzbanian (via UAS-Kuz) caused a marked increase-TF
complementary antibody. As shown ifrigures 1D,E both levels, accompanied by the lossbe€TF (lane 4). In a second
antibodies speci cally recognized the mature and immatureexperiment, we again showed that expressing additional full-
forms of the holoprotein (black and open arrows, respectively)length APPL (via GMR-GAL4) resulted in a marked increase
whereas the cleaved sAPPL ectodomain fragments (lackimg both a-CTF and b-CTF levels Figure 1] lane 1), whereas
cytoplasmic domains) were not cross-immunoprecipitatedonly the a-CTF band was faintly detectable at this exposure
Similar results were obtained when we used other antibodida control ies (carrying GMR-GAL4; lane 2). In contrast,
recognizing dierent domains of APPL (as indicated in eliminating one copy of Kuzbaniark(z/C) moderately reduced
Figure 1A), including anti-Ex-APPL and antbrosophilaAPPL  a-CTF levels in these ies (lane 3, upper band), although
952 (against N-terminal epitopes). As shown kigure 1F, ~ paradoxically,b-CTF levels were also reduced (lower band).
anti-cAPPL also labeled a pair of candidate CTF fragment$his result may re ect the fact that blocking APPL cleavage by
(11-15kDa; black arrows) and a smaller fragmer kDa; open a-secretases also prolongs the retention of the holoprotein in
arrow) that represents a candidate AICD fragment. Severi an the plasma membrane (described below), which may interfere
APP antibodies targeting C-terminal epitopes that are coresgr with its subsequent tra cking into compartments required
in APPL (illustrated inFigure 1) also recognized one or both for b-secretase processingldlivaeva and Turner, 20)31In
of the CTF bands (not shown), providing additional evidencecontrast, expressing an additional copy of dBACE caused a
that these fragments are authentic cleavage products of APPharked increase ib-CTF levels, as expected (lane 4). The lower
Knocking down APPL expression in GV1 cells with morpholinoimmunoblots inFigures 11,Jwas labeled with anti-tubulin (Tub;
antisense oligonucleotides eliminated labeling of all loése 55 kDa) as a loading control.
bands Ramaker et al., 2013, 2Ql6ndicating that they are
authentic cleavage fragments of the holoprotein. . .
These results indicate thaflanduca APPL is subject to a APPL Traf Ckmg and Prc_)cessmg .
similar pattern of secretase processing that has been dodeshen COrresponds to the Motile Behavior of
for human APRgs. To explore the identities of the CTF-like Cultured Neurons
fragments detected iManduca lysates, we treated cultured To explore how APP family proteins are developmentally
embryos with inhibitors known to block the activity of both regulated, we rst examined the endogenous distributions of
insect and mammalian secretases, and then examined thiveela APPL in isolatedManducaneurons grown in culture. In newly
abundance of the two bands in western blots labeled with-antiplated neurons that had commenced their initial outgrowtfayd
cAPPL Figure 1G. Using a relatively short exposure time that1 in vitro; DIV), we could readily detect membrane-associated
did not detect the CTFs in control embryos (lane 1), we foundAPPL within the most distal regions of their growing
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processesHigure 2A; arrows). Note that anti-nAPPL and anti-
cAPPL immunolabeling is presented as gray scale images f
the individual channels but shown in green and magenta
(respectively) inthe merged images, whereby co-immundilzdpe
appears white (right hand column). However, we also foung
that a substantial portion of full-length APPL localized to a
distinct population of large cytoplasmic vesicl&sgures 2A,B
white arrowheads), which were intermingled with numerous
smaller vesicles containing either N-termin&lidure 2B, green
arrowheads) or C-terminal fragmentsFigure 2B, magenta
arrowheads). This pattern persisted throughout subseque
periods of neurite outgrowth (3-5 DIV): some full-length APPL
was concentrated at the distal tips of exploratory growth sone
(Figure 2C, arrows), while more of the holoprotein and its
fragments localized to di erent vesicle populations. In gehera
N-terminal fragments were relatively more abundant in the
neuronal somata while C-terminal fragments were enriche
in their growing neurites, although we could detect vesicle
containing both fragments throughout the neurons.

By comparison, neurons that were no longer actively growin
(at 810 DIV) exhibited a markedly di erent pattern of APPL
immunoreactivity. Although, full-length APPL was stilladily
apparent in large cytoplasmic vesicles within their cell bsdie
the holoprotein was greatly reduced in their distal processe
(Figure 2D; open arrows), while smaller vesicles containing
C-terminal fragments remained abundant throughout their
neurites. This distinction was even more apparent in neuron
undergoing retraction (12-14 DIV), in which the holoprotein
was largely absent from their most distal regiomsg(re 2E
open arrowheads), leaving only a di use distribution of cAPPL|
immunolabeling in the neuronal processes (shown in magental
These results indicate that in neurons undergoing activ
outgrowth, full-length APPL is rapidly transported into thei
most motile regions but then is rapidly cleaved, whereas i
non-motile or retracting neurons, the holoprotein accumigis.
predominantly in large cytoplasmic vesicles.

APPL Traf cking and Processing
Corresponds to the Motile Behavior of

Migratory Neurons In vivo

Previously, we showed that APPL expression is strong
upregulated by migratory neurons that populate the Enterig
Nervous System (ENSSwanson et al., 20R5During the
formation of the ENSFigure 3), a population of 300 neurons
(EP cells) undergoes a stereotyped sequence of migrationrto f
a branching nerve plexus called the Enteric Plexus, whichsspal
the foregut-midgut boundary (FG/MG). After emerging from
a neurogenic placodeCppenhaver and Taghert, 199the EP
cells initially spread bilaterally around the circumferenaf the
foregut (from 40 to 55 HPFEigure 3A), during which subsets
of neurons align with one of eight equivalent muscle ban)(*
that coalesce on the midgut surface. The neurons then akyrupt!
commence a phase of active migration onto these band pathwa
(from 55 to 65 HPFFigure 3B), traveling in a chain-like manner
along each band while avoiding adjacent interband regitib¥)(
Subsequently, the neurons transition from migration to axo

]
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FIGURE 2 | APPL traf cking and processing in cultured Manduca
n neurons corresponds to their stage of outgrowth. Neurons harvested
from the CNS of fth instar larvae were grown as dispersed ctilires on glass
coverslips for 1-14 daysin vitro, then xed and immunolabeled with a
combination of anti-nAPPL (green) and anti-cAPPL (magenfantibodies.
Anti-nAPPL and anti-cAPPL are shown individually as gray ste images but
are shown in green and magenta (respectively) in the mergethages, whereby
co-immunolabeling appears white (right hand column)A) By Day 1, neurons
had begun to extend numerous processes with exploratory grarth cones
(arrows); full-length APPL (white immunolabeling) accurtaied in the leading
lopodia, while C-terminal fragments (magenta arrowheadsyvere relatively
Ymore abundant throughout the growing neurites and N-termial fragments
(green arrowheads) were enriched in the cell bodies. APPL haprotein also
accumulated in a population of large perinuclear cytoplasin vesicles (white
arrowhead).(B) Higher magni cation view of the neuron shown in(A);
numerous small vesicles containing only N-terminal fragnmés (green
arrowheads) or C-terminal fragments (magenta arrowhead)eve interspersed
Namong the larger vesicles containing the holoprotein (whitarrowheads).(C)
By day 3, many neurons had extended primary neurites with eatged growth
cones; as is apparent in the merged image, APPL holoproteimgite
immunolabeling) continued to be enriched at the leading edgs of the growth
cones and in some lopodia (arrows), while numerous smalleresicles
containing either N-terminal or C-terminal fragments werdistributed
throughout the neuronal somata and processes(D) By day 8, most neurons
were no longer undergoing active outgrowth. Full-length APL was still
ygbundant within vesicles in their somata (white immunolallieg in the merged
image) but was no longer concentrated in the distal tips of thir processes
(open arrows). By comparison, vesicles containing C-termal fragments
(Continued
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FIGURE 2 | Continued

(magenta arrowheads) were diffusely distributed throughd the neurons and
their processes, while N-terminal fragments (green arrovdads) remained
relatively more abundant in the somata(E) By 12 days, most neurons were
either undergoing retraction (open arrows) or initiatingeyeneration (not
shown). APPL holoprotein was almost completely absent frontheir distal
processes, as were vesicles containing N-terminal fragmes, whereas
vesicles containing C-terminal fragments (magenta) coulstill be detected
throughout the neurons. These results suggest that full-legth APPL is
selectively transported to the distal tips of developing nerons during periods
of active outgrowth. Scale barD 2 nm in (B); 10 mm in all other panels.

and C-terminal APPL (visible as white vesicledrigures 3 4).
This vesicle class was particularly abundant in EP cells trdit ha
not yet begun to migrateRigure 4A, open arrows) but became
noticeably reduced in neurons undergoing active locommotio
(Figures 4A,B arrows), coincident with the accumulation of the
holoprotein in their leading processeBigure 4B arrowheads).
This developmentally regulated redistribution of APPL was
more apparent at higher magni cationF{gure 5. When we
compared the number of large vesiclesl00 nm) in migratory
EP cells vs. trailing/stationary neurons at progressivgesta

of development, we found that the leading neurons on each
pathway (undergoing active locomotion) had signi cantlyver
elongation (at 65 HPF,Figure 30, during which they extend of these large vesicleBigure 5B 55-58 HPF) than in trailing
fasciculated bundles of axons posteriorly along the musahelb.  neurons that had not yet begun to migratEigure 5A, 55-58
Only after axon outgrowth is complete do the EP cells elaleoratHPF). Even after the neurons had transitioned from migratio
terminal branches onto the adjacent interband musculaturéo axon outgrowth (65 HPF), the relative abundance of these
(from 80 to 100 HPF), providing a di use innervation to the vesicles remained low, while full-length APPL continued to
midgut (Copenhaver and Taghert, 1989a,#ccordingly, we accumulate in the growth cones of their elongating axons
used this preparation to examine the developmental regulatfon (Figure 4C, arrowheads). Quanti cation of large vesicles in
APPL in motile neurons within the developing nervous system. leading vs. trailing neurons at each developmental stage is
For our initial analysis, we used a combination of antibadie shown in Figure 5C ( p D 0.002; p D 0.001; nsD not
speci c to the N- and C-terminal domains of APPL to distinghis signi cant).
the holoprotein from its fragments in immunolabeled embryos We detected a similar pattern of APPL fragments within
Intriguingly, we observed a similar sequence of endogenoube developing CNS Higure 6). In both segmental ganglia
APPL tra cking and processing in the migratory EP cells asrsee (Figure 6A) and brain (Figures 6B,§, vesicles containing
in cultured neurons, corresponding to their motile behavibr  only N-terminal APPL fragments (green) were considerably
pre-migratory neurons (55 HPF), we could readily detect full-more abundant in the neuronal somata (occupying cortical
length APPL in their leading processes contacting their fatu regions of the CNS), while vesicles containing only C-texathi
band pathwaysKigure 3D, arrowheads), and subsequently in thefragments (magenta) were enriched within more central ogir
growth cones of their axons extending posteriorly along taed regions and axon fascicles. Most neurons also contained
pathways FFigures 3E,Farrowheads)rigure 4shows magni ed the larger class of cytoplasmic vesicles that labeled with
views of how full-length APPL continues to be concentratecdboth N- and C-terminal antibodies, indicating the presence
within the leading processes of the EP cells throughout theiof the holoprotein Figure 6, white arrowheads). As in the
migration and subsequent axon outgrowth. As in our primarydeveloping ENS, we routinely observed peripheral macrophages
neuronal cultures, we also consistently detected abundamissociated with the surface of the CNS that labeled only
populations of smaller vesicles labeled with anti-nAPPLj-ant with anti-nAPPL antibodiesKigures 6A-C “m”), due to their
cAPPL, or both domains (highlighted Figure 4D). Once again, sequestration of cleaved sAPPL fragments released from the
vesicles containing only N-terminal epitopes (green) tendedhervous system (unpublished observations). In addition, we
to be smaller in diameter and were more abundant in thedetected a distinct population of smaller cells in the CNS
cell bodies, while larger vesicles containing only C-texahi (yellow arrowheads) that were also labeled with anti-nAPPL
epitopes (magenta) were more abundant in their elongatingput not anti-cAPPL. As discussed below, these cells might
axons Figure 3F. Also apparent at lower magni cation were represent an astrocyte-like population that also scavengeslsAPP
hemocyte macrophages that labeled only with anti-nAPPIfragments or they may comprise a distinct neuronal subtype
antibodies Figures 3D-F “m”). In unpublished studies, we that preferentially accumulates nAPPL cleavage products in thei
have used proteomics methods and qRT-PCR assays to sheamata.
that these macrophages do not themselves express full-length
APPL; rather, they sequester cleaved sAPPL ectodomaihs bo . . .
in primary culture and in cultured embryos, indicating thétey APPL Locallze_s toan Amphlsome-lee
scavenge fragments released by the developing neurons t©f n&ompartment in a Deve|0pmenta”y
is that we obtained similar results using di erent xation dn Regulated Manner
permeabilization conditions (including 2—-8% PFA, Bouingla To explore the identity of the large vesicles that accumulate
Zamboni's xatives), and with a variety of antibodies agdin APPL, we initially usedManducaGV1 cells, which (as noted
di erent N- and C-terminal epitopes within APPL. above) endogenously express APPL. For this analysis, we used
However, as with our neuronal cultures, we also observed panel of antibodies against proteins associated with di eren
that much of the holoprotein did not reside at the plasmaintracellular compartments that had been previously shown
membrane, accumulating instead within large cytoplasmito label the targeted proteins imDrosophila or that were
vesicles that co-immunolabeled with antibodies againghid  directed against evolutionarily conserved motifs. Surpghin
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FIGURE 3 | APPL expression is developmentally regulated by th e migratory EP cells within the enteric nervous system (ENS) o f Manduca . (A-C)
Schematic diagrams of EP cell migration, illustrating therpgression of the motile neurons (blue) along the midgut mase bands (orange). Black arrows indicate the
positions of the leading neurons on each band pathway(A) Embryo at 55 HPF; at this stage, the EP cells form a packet of prmigratory neurons that have spread
bilaterally around the circumference of the foregut, adjamt to the foregut-midgut boundary (FG/MG). Small groups ofitese neurons extend their leading processes
onto each of the eight coalescing muscle bands (“b”) on the ndigut (only the four dorsal bands are shown)(B) By 60 HPF, small groups of EP cells have begun to
migrate and extend leading processes along the muscle bandwhile avoiding the adjacent interband regions (“ib”(C) By 65 HPF, the EP cells have transitioned from
active migration to an extended period of outgrowth, duringvhich they elongate fasciculated axons along each band pathiay (beyond the eld of view inC). Only
once axon outgrowth is complete (80 HPF) will the neurons eghd terminal synaptic processes onto the interband regiongnot shown).(D—-F) Staged Manduca
embryos leted to expose the developing ENS and immunolabelé with a combination of anti-nAPPL (green) and anti-cAPPL (agenta) antibodies.(A) Embryo at

55 HPF (compare withA). APPL is robustly expressed by the EP cells but not the adjant muscle cells of the foregut and midgut. Full-length APP(white
immunolabeling) accumulates in the leading processes of neons that have contacted adjacent muscle bands (arrowheas), and also in a population of large
cytoplasmic vesicles within the pre-migratory neurons. Bgomparison, C-terminal fragments (magenta) are relatisemore abundant within fasciculated axons in the
anterior esophageal nerve of the foregut (“en”), while N-teinal fragments (green) are diffusely localized throughbthe somata of the pre-migratory EP cells.
N-terminal fragments are also highly concentrated in perfgeral macrophage hemocytes (“m”) that surveil the developg nervous system and sequester cleaved APPL
ectodomains (unpublished observations)(D) Embryo at 60 HPF (compare withB). EP cells that have migrated onto the muscle bands continut exhibit robust levels
of APPL expression, with full-length APPL being concentrat in their leading processes and growth cones (arrowheadspt this stage, the leading neurons on each
pathway contain substantially fewer large cytoplasmic vesles enriched with full-length APPL (white immunolabeli) than trailing/stationary neurons(E) Embryo at 65
HPF (compare withC); at this stage, the EP cells transition from migration to @n outgrowth. Full-length APPL (white immunolabeling) cdimues to be concentrated
in their leading growth cones (arrowheads). C-terminal ARPfragments (magenta) are noticeably more abundant in thefiasciculated axons, while N-terminal
fragments (green) are more apparent in their somata (as wels in the peripheral macrophages). Open arrows indicate snfissubsets of EP cells that occupy foregut
nerves between adjacent band pathways and that extend shorprocesses onto the interband musculature. Scale bab 30 nm.

although antibodies against Rab4, Rab5, Rab9, and Rab(@@itotracker Green), lysosomes (anti-Lampl and Lysotracker

clearly labeled dierent vesicle populations in GV1 cellsRed), or proteins associated with multivesicular bodies (VPS4

(Supplementary Figure S1), none of these compartment markeasid exosomes (Evi) (Supplementary Figure S1; and data not
colocalized with the large vesicles containing APPL holggno  shown). In contrast, multiple antibodies against both Rab7

Likewise, we detected little or no colocalization of APPithwi and Rabl1l strongly co-labeled APPL-positive vesicles in GV1
markers for Golgi (antibrosophilaLava lamp), mitochondria cells Figures 7A,B, and this nding was recapitulated in the
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FIGURE 4 | Full-length APPL traf cs into the leading growth c ones and
elongating axons of the motile EP cells. (A-C)  show the developing ENS
of leted embryos at progressive stages of development,
double-immunolabeled with antibodies against nAPPL (greg and cAPPL
(magenta) epitopes. Arrowheads indicate leading growth awes/processes;
arrows indicate leading EP cell bodies(A) 55 HPF: in EP cells that have begun
to migrate, full-length APPL (white immunolabeling) is caentrated in their
leading processes rather than their cell bodies. In contrastrailing neurons
that have not begun to migrate (open arrowheads) exhibit nuerous large
vesicles containing the holoprotein(B) 58 HPF: in EP cells undergoing active
migration (arrows), full-length APPL continues to be conagrated in their
leading processes (arrowheads), with relatively few largeesicles in their
somata. (C) 65 HPF: once the EP cells have transitioned to axon outgrowth
full-length APPL continues to accumulate in their growth coees that extend
posteriorly along the midgut (arrowheads)(D) Magni ed view of boxed region
in (C), revealing intermingled populations of smaller vesiclesoataining only
nAPPL fragments (green arrowhead), cCAPPL fragments (mag&narrowhead),
or both epitopes (white arrowhead). Scale bab 5 mm in (A—C), 1.5 mm in (D).

migratory EP cellsKRigures 7C,D. Although, Rab7 is typically

associated with late endosomes while Rabll is associa
with recycling endosomesS(enmark, 2009; Hutagalung and
Novick, 201}, recent studies have shown that Rab7 ang

Rabl1l converge during the formation of amphisomes a |arg etransitioned from migration to axon outgrowth (65 HPF)B) Leading EP cells

intermediate organelle that gives rise to autophagosomeés b
also participates in a variety of developmental and signalin
functions Patel et al., 2013; Sanchez-Wandelmer and Reggio
2013; Szatmari et al., 2014; Bader et al., ROIHhese
observations suggest that APPL may be alternatively traccke
either into regions of active growth (where it can modulate
motile responses) or into an amphisome-like compartmen
(for subsequent redistribution and/or processing), prowigli
a previously unrecognized mechanism for regulating the
developmental distribution of APP family proteins in embryon
neurons.
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FIGURE 5 | The cytoplasmic distribution of full-length APPL ch anges
with the motile behavior of developing neurons. Magni ed views of EP
tQQ_{IIS; at progressive stages of embryogenesis, double- immlabeled with
antibodies against nAPPL (green) and cAPPL (magenta) epites. (A) Trailing
] EP cells that had not yet begun to migrate (55-58 HPF) or thatdul

that were undergoing active locomotion (55-58 HPF) or thatdd transitioned
ufrom migration to axon outgrowth (65 HPF). Arrowheads indate examples of
Othe large vesicles labeled with both nAPPL and cAPPL antibaes (white
rlimmunolabeling); this vesicle population was markedly merabundant in the
non-migratory neurons.(C) Quanti cation of the number of large vesicles
(>100 nm) that apparently contain full-length APPL. At 55 and & HPF, the
number of large vesicles was signi cantly reduced in leadingP cells,
compared to trailing EP cells (3 D 0.002 and ***p D 0.001, respectively; nsD
[ not signi cant). At 65 HPF, there was no signi cant differencein the number of
large perinuclear vesicles in trailing vs. leading EP celfs D 0.106). Statistical
n comparisons were performed using pairwise Students two-tiled t-tests; N
10 per group; histograms show means SD. Scale bar in(A,B) D 5nmm.
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FIGURE 6 | Different cleavage fragments of APPL are concentrate  d
within distinct domains of neurons in the developing Manduca CNS.

(A) Abdominal ganglion of an embryo (at 60 HPF) that was immundbeled
with a combination of anti-APPL antibodies. As in the EP cdl] large
cytoplasmic vesicles containing APPL holoprotein were amdant in most
neurons (white arrowheads). In addition, anti-nAPPL labelj (green) was more
abundant in the neuronal somata (located in the cortical regns of the
ganglia), whereas anti-cAPPL (magenta) was more abundant both the
somata and their processes within the central neuropil regns, including
prominent fascicles of longitudinal axons. Anti-nAPPL aiiiodies also
immunolabeled peripheral macrophages (“m”) that do not theselves express
APPL but rather scavenge cleaved ectodomain fragments retesed by
neurons (unpublished observations). Similarly, an additial population of cells
within the ganglia immunolabeled only with anti-nAPPL butat anti-cAPPL
(yellow arrowheads)(B) Embryonic brain from the same developmental stage;
the large cytoplasmic vesicle population containing APPLdloprotein was
apparent in most neuronal somata (white arrowheads), intepersed with
smaller vesicles containing either NnAPPL or cAPPL fragmet(C) Magni ed
view of the brain shows neurons with vesicles containing theoloprotein (white
arrowheads), intermingled with smaller cells that were labed only with
anti-nAPPL (yellow arrows). Scale bab 30 nm in (A,B); 7 nm in (C).

FIGURE 7 | APPL holoprotein is concentrated in an amphisome-li ke
compartment in GV1 cells and EP cells. (A,B) Examples ofManduca GV1
cells that were xed and immunolabeled with a combination of atibodies
against different Rab proteins (shown in green) and APPL (bnanti-cAPPL is
shown; magenta). Both anti-Rab7(A) and anti-Rab11 (B) co-label a
population of large cytoplasmic vesicles containing APPLdloprotein
(arrowheads), similar to the vesicles found in developingemrons. (C,D)
Examples of migrating EP cells in xed embryos (60 HPF) that we
immunolabeled with the same combinations of antibodies. Bih anti-Rab7 (C)
and anti-Rab11 (D) co-label the large cytoplasmic vesicles containing APPL

Secretase Inhibitors Alter Both APPL
Traf cking and Neuronal Migratory
Behavior

holoprotein (arrowheads). Scale bab 7 mm.

heterotrimeric G protein Ga within the leading processes of the
EP cells $wanson et al., 2005; Ramaker et al., RO also
showed that APPL-Gasignaling normally prevents the neurons
from growing inappropriately into the interband regions of the
midgut: inhibiting APPL expression or Gaactivation permitted
ectopic migration and outgrowth, whereas hyperactivatiothcs
response caused a collapse/stall response that blocked normal
migration (Horgan and Copenhaver, 1998; Ramaker et al.,
2013, 201p Based on these results, we hypothesized that the
accumulation of APPL within the leading processes of the EP
cells must be precisely regulated to prevent hyperactivation
of APPL-Ga@ signaling, whereby secretase-dependent cleavage
of transmembrane APPL would provide a mechanism for
terminating APPL-dependent responses (thereby preventing
inappropriate collapse-stall behaviors).

A prediction from this model is that preventing the normal
cleavage of membrane-associated APPL should increase the
relative abundance of APPL in the EP cell membranes and
enhance the normal activation of APPL-dependent retraction
responses. As already noted, treatikignducaembryos with
inhibitors targetinga-, b-, and g-secretases caused predictable
changes in the cleavage of the holoproteiRig(re 1G).
Accordingly, we used our embryo culture assay to test whethe

In previous work, we demonstrated that APPL plays arinhibiting di erent aspects of APPL processing in the EP cells

importantrole as a neuronal guidance receptor that interadtls

also a ected their migratory behavior. For these experimgnts
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FIGURE 8 | Blocking a-secretase activity increases membrane-associated APPL lev els in the EP cells and inhibits their migration. (A) Examples of EP
cells in cultured embryos that were treated with differentecretase inhibitors and then immunolabeled with a combinain of anti-nAPPL (green) and anti-cAPPL
antibodies (magenta)(A;) EP cells in a cultured control preparation(Ay) EP cells treated with ana-secretase inhibitor showed increased levels of
membrane-associated full-length APPL (whiteA3) EP cells treated with ab-secretase inhibitor showed an increased number of cytoplsmic vesicles containing the
holoprotein (arrowheads)(A,) EP cells treated with ag-secretase inhibitor showed an apparent increase in C-terinal fragments (magenta)(B) Quanti cation of the
relative amount of membrane-associated APPL (black histagms) in EP cells treated with different secretase inhibite (normalized to adjacent interband regions in
each preparation). Treatment witha-secretase inhibitors caused a noticeable increase in memiane APPL that was signi cant in a pairwise comparison (f< 0.02),
but not quite signi cant after applying the Bonferroni corretion for multiple comparisons p < 0.06). In contrast, none of the other secretase inhibitors &cted the
relative levels of APP, nor was the intensity of Fas Il immureactivity altered by any of these treatments (quanti ed in aeparate channel; gray histograms). Statistical
comparisons between groups were performed using one-way ARVA followed by unpaired Student's two-tailedt-tests with the Bonferroni correction to obtain
reported p-values.N D 10 per group; histograms show means SD. (C) Examples of EP cell migration in cultured embryos (redrawndm camera lucidaimages of
immunolabeled preparations)(C1) Embryo that was xed and immunolabeled at experimental onse(57 HPF); at this stage, the pre-migratory EP cells extendeshort
exploratory processes onto the midgut band pathways (“b”) bt avoid the adjacent interband regions (“ib”)(C,) Control preparation that was allowed to develop in
culture for 18 h; the EP cells had migrated and extended axonposteriorly along the muscle band pathways (black arrowheds). (C3) Preparation that was treated
with an a-secretase inhibitor; EP cell migration and axon outgrowtfivere markedly reduced compared to controls, although theravas no apparent increase in ectopic
migration or neuronal death.(D) Quanti cation of the extent of EP cell migration (black histgrams) and outgrowth (gray histograms) along the midgut bahpathways
in cultured embryos treated with different secretase inhilors (distances normalized to controls in each experimeat group). Treatment witha-secretase inhibitors
caused a signi cant reduction in both migration (**p < 0.001) and outgrowth (*p D 0.002), whereas treatment withb- and g-secretase inhibitors had no apparent
effects on these aspects of EP cell development. Migrationrad outgrowth distances were normalized to mean values obtaied from matched control preparations in
each experiment. Statistical comparisons between groups were performed using one-way ANOVA followed by unpaired Stught's two-tailed t-tests with the
Bonferroni correction to obtain reportedp-values.N 16 per group; histograms show means SD. Scale bar in(A) D 5 nm; in (C) D 40 nm.

we treated cultured embryos just after the onset of EP celével of full-length APPL at the membraneFigure 8A;
migration (at 57 HPF) with specic secretase inhibitors forimmunolabeled white), plus the same spectrum of cytoplasmic
5 h, then xed and immunolabeled the preparations with vesicles containing the holoprotein (arrowhead), N-terniina
anti-nAPPL, anti-cAPPL, and anti-Fas Il (as an independenfragments (green), or C-terminal fragments (magenta). In
membrane marker). We then quanti ed both the relative leval  contrast, when we treated the EP cells véthecretase inhibitors,
membrane-associated APPL and the extent of EP cell migratiove detected an increase in full-length APPL immunoreagtiatt
and outgrowth. the plasma membrand-{gures 84, 8B), consistent with other
Consistent with the images shown Figures 3 4, we found evidence thata-secretases predominantly cleave APP family
that EP cells in cultured control preparations showed a motdera holoproteins at the cell surfacgicodia, 1992; Zhang et al., 2D12
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In contrast, inhibiting b-secretase activity caused no

signi cant change in membrane associated APMHig(re 8B) A of ¥
but did markedly increase the number of large cytoplasmic NSES- = APPL-tag = 1t TM‘ —C
vesicles containing the holoproteirFifure 8Ag, arrowheads). GEP mMRFP
Given our evidence that this vesicle class represents RabZ1R
positive amphisomes Fgure 7), these data suggest that a APP-tag %‘;‘ }'
substantial portion of full-length APPL normally tra cs intthis NSES- = > T EEC
compartment in a developmentally regulated manner, wher® it i GFP mRFP
cleaved byp-secretase. Interestingly, treatment wgtsecretase
inhibitors also did not signi cantly alter the levels of ftiength B @& o c N S D S

. . 7~ X 25 NS N
APPL at the plasma membran&igure 8B but did produce QQ\’QQ' QQ\’QQ’ QQ’ QQ
a noticeable increase in C-terminal fragmentSiglre 84y, 200_?* v 200. L il o 200__‘?_* “‘31
magenta). This result indicates that low bagglsecretase E LR S T = -
activity normally removes CTFs from the neuronal membranes B =
following a-secretase cleavage, consistent with current models 100- =
that g-secretase processing of APP occurs only after initidl 52 o 80-
cleavage bw- or b-secretasesl(urner et al., 2003; Zhang et al., PNy —— Tub
2019. By comparison, Fas Il levels were not signi cantly a ected 25 H

by any of the secretase treatmerfggire 8B, gray histograms).
When we subsequently analyzed the motile behavior of the!SURE 9| Expression and processing of uorescently double  -tagged
EP cells in these preparations, we found that treatment with | "+ and APP gos in Drosophia . (A) Schematic diagram of constructs
. i L. R encoding full-lengthDrosophilaAPPL and human APRgs, in frame with
secretase inhibitors resulted in a signi cant inhibitiori both N-terminal enhanced Green Fluorescent Protein (GFP; inged downstream of
migration and outgrowth Figure 8C), although we observed no | their signal sequence) and C-terminal monomeric Red Fluoseent Protein
obvious Changes in neuronal viability. Quanti cation ofebe (mMRFP). E1 and E2 indicate extracellular protein interasti domains; “ss”
results are shown iFFigure8D ( p D 0.002; p < 0.001; | icales sona seuerces T micats wareneritrne s conr
determme_d using _unpalred StUdent_S t\.N(.)-'[allé‘IbStS_WIth the arrows; note that the relative positions of thea and b cleavage sites in APPL
Bonferroni correction). In contrast, inhibitors targetjb- and are reversed, compared to APRgs. (B) Western blot of head lysates from ies
g-secretases had no detectable e ect on migration and outtfrow| expressing double-tagged APPL (APPL-tag) and APgs (APP-tag) under the
(Figure 8D), indicating that altered CTF and AICD levels did control of the eye-speci ¢ promoter construct GMR-GAL4. Immunoblot was
not perturb EP cell development over this 5-h culture period labeled with anu—leRed (targetmg'mRFP). The full lengtmature forms (black
. . arrows) and partially glycosylated immature forms (open ews) of both
These results support the model that increased APPL levefein t constructs were expressed at similar levels. Smaller bandat 42 kDa
leading processes of the EP cells permits exaggerated @metivhit | represent CTF fragments generated by- and b-secretase cleavage (not

APPL-Ga signaling, which in turn restricts normal migration. distinguished in this gel)(C) Western blot of head lysates from the same y
lines immunolabeled with anti-GFP; full-length mature fors (black arrows) and
cleaved ectodomain fragments (black arrowheads) of both aestructs could

Traf Cking and PI’OCESSing Of be readily detected. The smaller size of cleaved ectodomainfrom

. double-tagged APPggs5 re ects the presence of larger intervening sequences
F|U0rescent|y Tagged APPL and APP n between the E1 and E2 domains inrDrosophilaAPPL (illustrated inA). Lower

Cu|tured DrOSOph"a Neurons gel shows anti-actin staining (“Act”) as a loading controD) Western blot of
To complement our immunochistochemical analysis of APPL in hef‘d 'Ysgtfesnflmmt;ef\ :Xmes/i‘;g e‘lthbefldgu?'ti'taggeg lfzg’% (A'_’P'ftagt)hm
Manduca we also expressed constructs encoding a uorescentyy 255e 16" 5 (7 e it o oy shecic o e
double-tagged version obrosophilaAPPL in the y CNS, mature holoprotein; lower bands (arrowhead) represent céved ectodomain
using the GAL4/UAS systemB(and and Perrimon, 1993 fragments. The larger size of the bands in the APP-tag lane insistent with
For this experiment, the sequence encoding enhanced Greeithe combined molecular weight of APRggs plus mRFP and eGFP. Lower gel
Fluorescence Protein (eGFP) was inserted immediately aftefh°ws anti-tubulin staining (“Tub”) as a loading control.

the signal sequence of APPL, while the sequence encoding

monomeric Red Fluorescence Protein (MRFP) was inserted in-

frame with the C-terminus of the coding domairrigure 9A).  labeled with anti-GFP Kigure 9C lane 1), we could detect
After inducing its expression in the developing eye (using GMRboth full-length (arrow) and cleaved ectodomain fragments
GAL4), we could readily detect the full-length double-tadg (arrowhead) of double-tagged APPL (APPL-tag), recapitugatin
protein (APPL-tag) in western blots of head lysates labeledur analysis of endogenously expressed APPLManduca
with anti-DsRed Figure 9B, lane 1; black arrow); the slightly (Figures 1B,Q. Inthe lower gel, “Act” indicates actin as a loading
smaller band (open arrow) may represent a partially glycosylatecontrol.

immature form (Weidemann et al., 1989; Swanson et al., 2005 Using similar methods, we also expressed a double-tagged
We could also detect a candidate CTF band a42 kDa, construct of human APRsin Drosophilaneurons Figure 9A;
consistent with the predicted size of endogenous CTF$2- APP-tag). As with our APPL construct, we could detect both
15 kDa) plus C-terminal mRFP, although we could not resolvédull length and immature forms of double-tagged Ad3P in
a-CTFs fromb-CTFs in this assay. Likewise, in western blotsvestern blots of head lysates labeled with anti-mRFgUre 9B,
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lane 2), as well as candidate CTF fragments &2 kDa
(arrowhead). Likewise, we could detect both the full-length
construct and cleaved ectodomain fragments in immunoblot
labeled with anti-GFPRigure 9C lane 2). The smaller size of
the GFP-tagged ectodomain fragments derived from &P
(black arrowhead) re ects the fact that y APPL contains
larger intervening sequences between its E1 and E2 extriacel
domains Figure 1A). “Act” in lower gel indicates actin as a
loading control. As an additional control, we compared the
expression of our double-tagged A&P construct with an
untagged version of ARJgs in western blots labeled with an
antibody speci c for N-terminal APP. As shown iRigure 9D,
we could detect the full-length forms (arrows) and cleavec
ectodomain fragments (arrowheads) of both constructs afrth
predicted sizes. “Tub” in lower gel indicates tubulin as a ingd
control. These results demonstrate that our double-tagge
constructs of both APPL and ARE undergo similar patterns
of secretase cleavage as seen with endogenously expresded A
(Figure D).
Accordingly, we expressed these constructs in the CNS ar
prepared primary cultures of brain neurond-igure 10. In
some preparations, we subsequently xed and immunolabele
the neurons with anti-GFP and anti-DsRed to enhance thg
detection of N-terminal cleavage fragments (carrying ottig
eGFP tag; green) vs. C-terminal fragments (carrying only th
mRFP tag; magenta) and the holoprotein containing both
tags (visualized as white in merged images). Ad-igure 2,
nAPPL (GFP) and cAPPL (mRFP) figure 10 are presented
as gray scale images for the individual channels but show
in green and magenta (respectively) in the merged image
whereby co-localization appears white (right hand column)
Notably, we observed that double-tagged A§Pand APPL
were distributed in a pattern that coincided with stages o
outgrowth and retraction Figure 10, closely matching the
patterns that we observed for endogenous APPL in culture
Manduca neurons Figure 2). We could readily visualize the
full-length proteins within the leading processes of neurons
undergoing active outgrowth (at 1 DIVFigure 10A arrows).
At higher magni cation igure 10B), we could also distinguish
distinct populations of vesicles that contained either N-
terminal fragments (presumably sAPP/SAPPL ectodomain
green arrowheads), C-terminal fragments (including CTFg
and AICDs; magenta arrowheads), as well as larger vesic
containing the holoprotein (white arrowheads). Within thei
growth cone regionsKigure 10Q), vesicles containing only N-
terminal fragments (green arrowheads) were more concégtra
near their leading edges, often in the vicinity of membrane
associated holoprotein (white arrowheads), whereas vesic
containing only C-terminal fragments (magenta arrowhéads
were more concentrated within more central domains of the
growth cones and proximal neurites. By comparison, in neuron
that had ceased to extend processes or were undergoi

nAPP/L (GFP)

cAPP/L (mRFP) nAPP/L + cAPP/L

FIGURE 10 | Traf cking and processing of double-tagged APPL in

Ncultured Drosophila neurons corresponds to their stage of outgrowth.

s Neurons harvested from the CNS oDrosophilawhite pupae expressing
uorescently double-tagged APPL were grown on coverslips fo 1-8 days
before xation and imaging. GFP (nAPPL) and mRFP (cCAPPL) arb@wvn
individually as gray scale images but are shown in green and agenta
(respectively) in the merged images, whereby co-immunolating appears
white (right hand column).(A) In neurons that had recently commenced

goutgrowth (1 DIV), full-length APPL could be detected in theeading tips of

their growth cones (arrows), similar to the distribution océndogenous APPL in
| cultured Manduca neurons (seeFigure 2A ). In addition, N-terminal fragments

P (green) were relatively more abundant in their cell bodiegjhile C-terminal

fragments (magenta) were detected throughout the neuronsrad their

processes. (B) Higher magni cation view of the cell body of a cultured neuron
at 2 DIV. Distinct vesicle populations could be detected thatontained either

| .NAPPL fragments (green arrowheads) or cAPPL fragments (magta

>’arrowheads), while an additional population of larger vedes apparently

> contained the holoprotein (white arrowheads)(C) Higher magni cation view of

€f6e growth cone of a neuron at 2 DIV. Vesicles containing onlyAPPL
fragments (green arrowheads) were more concentrated in thperipheral
domain, in the vicinity of the holoprotein at the leading mains of the growth
cone white arrowheads), while vesicles containing cAPPL&gments (magenta
arrowheads) were relatively more abundant within the cerat domain. (D)
Older neuron that was undergoing retraction (at 6 DIV); fukngth APPL was

€no longer detectable within its distal processes (open armws), and N-terminal
fragments were largely con ned to the cell body (green arrowbads), leaving a
diffuse distribution of C-terminal fragments throughouttte neurites (magenta
arrowheads). These results suggest that the holoprotein igreferentially

Stransported to the distal processes of developing neurons dring periods of

NQctive outgrowth. Scale barD 5 mm in (A,D); 1.5 nm in (B), 1 mm in (C).

retraction, little or no full-length protein was detectabietheir
distal processed~{gure 10D), leaving a di use distribution of

C-terminal fragments (magenta arrowheads) throughoutirthe Manducaneurons Figure 2B. In some neuronal somata, we
neurites while the holoprotein accumulated in their cell g} also could detect C-terminal fragments within their nuclei
similar to the pattern of APPL fragments seen in retracting(Supplementary Figure S2, arrowhead), consistent with recent
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evidence that AICD fragments can regulate transcriptiong
responses in mammalian cellSgo and Sudhof, 2001; Pardossi-
Piguard and Checler, 20)2and potentially in the y brain
(Khanna and Fortini, 2015 These results demonstrate that the
developmental regulation of our double-tagged construlctsaty
matches the pattern seen for endogenously expressed APPL.

Fluorescently Tagged APP Family Proteins
Exhibit Complex Patterns of Dynamic

Traf cking in Cultured  Drosophila Neurons

To investigate the dynamic nature of the vesicle population
containing di erent APP/APPL fragments, we also performed
time-lapse imaging of primary neurons expressing our conssruc
under the control of elav-GAL4. By 1 day in cultuféigure 11A),
many of the neurons had extended elaborate process
with a diversity of uorescently labeled vesicle populations
some of which contained the holoprotein and others that
contained either N- or C-terminal fragments. Even after 4
DIV (Figure 11B, neurons with motile processes continued
to exhibit a similar complex pattern of APPL tra cking
and processing. In most neurons, all three vesicle subtyp
underwent bi-directional transport in both proximal and

distal domains of the neurons (Supplementary Movies S1, S2).

As illustrated in Figure 11C (boxed region inFigure 11A),
we observed a substantial number of vesicles containing tk
holoprotein moving in either anterograde (white arrowhead)
or retrograde directions (white arrow}igure 11Calso shows
an example of vesicles containing only C-terminal fragment
(magenta) undergoing rapid retrograde movement (magent
arrowhead).Figure 11D (boxed region inFigure 11B shows
an example of a vesicle containing only N-terminal fragment
(green) that initially was transported anterogradely into
the growth cone of a neuriteF{gure 11D, panels 1-5), but
then underwent a rapid transition and was transported back
toward the cell body (panels 6-10). Quanti cation of these
events showed that the anterograde and retrograde transpa
of the dierent vesicle classes occurred with approximately
equal frequencies F{gure 115; apparent transport rates
varied from 0.8-1.2mm/s. However, not all cultured CNS
neurons showed the same patterns of APPL tracking
and localization. For example, as shown in Supplementar
Movie S3, some neurons expressed double-tagged AP
predominantly as a holoprotein that was dynamically disttdal
throughout their processes, with comparatively little di et&l
tracking of N- and C-terminal fragments. As described
below, we have discovered that di erent neuronal subtype
also exhibit dramatically dierent patterns of APP/APPL
cleavage within the CNS, revealing a previously unrecognize
degree of cell type-speci ¢ regulation that a ects this complex
process.

APP Family Proteins Undergo Cell-Speci c
Patterns of Traf cking and Processing

In vivo
Based on thesm vitro results, we also examined the patterng
of double-tagged APPL and AR4§ expression at dierent
developmental stages within thBrosophilanervous system.

)

nAPPL (GFP) + cAPPL (

mRFP

Number of events
N

antero retro antero retro antero retro
Holoprotein nAPPL(GFP) cAPPL(MRP)

FIGURE 11 | Dynamic traf cking of uorescently double-tagge d APPL

and its fragments in cultured  Drosophila neurons. (A,B) Small clusters of
ypartially dispersedDrosophilaneurons expressing uorescently double-tagged
PAPPL (via elav-GAL4) at 1 and 4 DIV, respectively. Numeroussieles
containing either N-terminal fragments (green), C-termath fragments
(magenta), or the holoprotein (white immunolabeling) calibe seen
throughout the neurons and their processes(C) Single frames from a
time-lapse of the boxed region inA (See also Supplementary Movie S1). White
s arrow indicates a vesicle containing the holoprotein undeoing retrograde

traf cking toward the soma; white arrowhead indicates anotter vesicle
)(fontaining the holoprotein in the same neurite undergoingreterograde

ransport away from the soma. Magenta arrowhead indicatesesicle in a
different neurite containing only C-terminal fragments wergoing retrograde
transport. (D) Single frames from a time-lapse movie of the boxed region iB
(See also Supplementary Movie S2). Green arrowhead indies a vesicle
containing only N-terminal fragments that was initiallyansported anterograde
to the tip of a growing process (panels 1-5) and then reversedirection
(panels 6-10) to undergo retrograde transport back towardhe soma (M-Q).
Scale barD 6 mm in (A,B), 2 nm in (C,D). (E) Quanti cation of the number of
vesicles containing either APPL holoprotein (white histegms), N-terminal
fragments (green histograms), or C-terminal
(Continued
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FIGURE 11 | Continued A o-nAPP/a-cAPP
fragments (magenta histograms) that underwent anterograelvs. retrograde 2
transport in time-lapse movies of neurons shown irfA,B). Frames from movies
selected at 1 frame/s (approximate transport rates varieddm 0.8 to 1.2
mm/s). In (E), each histogram represents average values calculated for5-20
cells per group, 4 events per cell.

=

When we expressed these constructs pan-neuronally (wit
Appl-GAL4 or elav-GAL4), we could readily visualize the
uorescently tagged proteins in living animal§igure 12. As
with our primary neuronal cultures expressing the doublegtagd
constructs Figure 10, nAPPL (GFP), and cAPPL (MRFP) are
presented as gray scale images for the individual channelsf
but shown in green and magenta (respectively) in the merged
images, whereby co-localization appears white. By focusing
throuqh the abdominal CU“C|€FGQUFE 128 magni ed box 1in FIGURE 12 | Double-tagged APP ggs is traf cked and processed in
Figure 12A), we could distinguish transport vesicles containing complex patterns within the larval CNS of ~ Drosophila . Images were
either N-terminal fragments (green arrowheads) or C-tanali collected through the cuticle of living 3rd instaDrosophilalarvae expressing
fragments (magenta arrowheads) vs. the holoproteins (WhiIJe uorescentlyfiquble-tagged APPgg5. (A) pr-magni cation view of abdominal
oL . . nerves containing motor neurons expressing double-tagged\PPggs
arrowheads) within the motor axons eXtendmg to posterior pan-neuronally (via Appl-GAL4)(B) Magni ed view of boxed region #1 in A.
muscles. Within neuromuscular junction regions (NMJ) on| intermingled transport vesicles containing only N-termiridragments (green
the target musclesHgure 12G magni ed box 2), N-terminal arrowheads), C-terminal fragments (magenta arrowheadsyr holoprotein
fragments tended to concentrate within the more distal wgi (white arrowheads) could be detected in the fasciculated ans of an
of the NMJ, including synaptic boutons (green arrowhead) abdominal nervg.(C)'Magni ed view oflboxed region #2 in A, focused on al
. . . . neuromuscular junction (NMJ). N-terminal fragments tendkto concentrate in
while C-terminal fragments were more abundant in prOX|maI the most distal domains of the NMJ (green arrowhead), while @rminal
regions (magenta arrowhead). In contrast, full-length AR fragments were more abundant in more proximal domains (magea
APP appeared more sparsely distributed throughout the NMJ, arrowhead). Full-length APP (white) was also detectable irertain regions of
only occasionally being detectable within boutoﬁsig(Jre 12G lthe NMJ (white arrowheads?, reminiscent of thfe distributimof the holoprotein
white arrowheads). These results support previous eviderate th " S0™e 9rowth cone lopodia but not others [igure 10). (D) Images of
. ; X neurons within the fused segmental ganglia of the CNS. Diffent subsets of
APP famlly proteins are rapldly processed and removed from neurons exhibited markedly different concentrations of Nerminal
synaptic membranes soon after their insertiofsfiley et al., (green arrowhead) or C-terminal fragments (magenta arrovelad) as well as the
2005. holoprotein (white arrowhead). Scale bab 40 mm in (A); 5 mm in
Unexpectedly, we observed considerable heterogeneity (if8:C): 25mmin (D).
the pattern of APP/APPL processing within dierent CNS
neurons when we expressed our constructs pan-neuronally
(with elav-GAL4 or Appl-GAL4). Within the fused ventral neuronal subtype. For example, di erent sets of dopaminergic
ganglia of third instar larvae, we found that di erent neuran neurons preferentially accumulated either N-terminal AR
subsets showed markedly dierent concentrations of N-or C-terminal fragments in their cell bodiesFigure 13Q.
vs. C-terminal fragments Figure 12D, green and magenta At higher magni cation, we observed that some of these
arrowheads). This heterogeneity was even more dramatic imeurons concentrated N-terminal fragments in their cell
the adult brain Figures 13A,B, where some neurons were bodies and proximal neurites={gure 13D, green arrowheads),
clearly enriched in the holoprotein (white arrows), whilehet  with C-terminal fragments being localized to more sparse
neurons predominantly contained N-terminal (green arrows)vesicle populations (magenta arrowheads). However, other
or C-terminal fragments (magenta arrows), and these di érendopaminergic neurons contained abundant C-terminal
neuronal populations were intermingled throughout the brain fragments that were distributed throughout their somata
Of note is that we detected a similar spectrum of expressioand neurites Figure 13E magenta), with more variable
patterns with both our APBys or APPL constructs, providing vesicle populations containing N-terminal fragments (green
further evidence that these proteins are functionally ad a®l arrowheads) or the holoprotein (white arrowheads). Likewis
structurally conserved. when we drove expression in octopaminergic neurons
To explore whether these cell-speci ¢ patterns of APP/APPI(Figure 135, we detected highly variable distributions of
processing corresponded to particular neuronal classes, wWé vs. C-terminal fragments in neighboring somata. In c@t,
also expressed our constructs specically in dopaminergigvhen we drove expression in cholinergic neuroRigy(re 13G,
neurons (with Ddc-GAL4), octopaminergic neurons (with we found that N-terminal fragments were generally concaeted
Tdcl1l-GAL4), or cholinergic neurons (with ChaAT-GAL4). in their cell bodies, with C-terminal fragments being ldzat
Once again, we discovered a surprising amount of heterogeneito a discrete population of larger cytoplasmic vesicles (magent
in the patterns of tracking and processing within each arrowheads).
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FIGURE 13 | Different CNS neurons process double-tagged APP  gg5 in
diverse patterns within the CNS of  Drosophila . Panels show neurons
within the brains ofDrosophilaadults expressing double-tagged APRgs5
under the control of different GAL4 driver lines(A) Neurons in the brain of an
adult y expressing double-tagged APRsg5 pan-neuronally (via Appl-GAL4).
Intermingled populations of neurons showed enhanced concetnations of
either N-terminal fragments (green), C-terminal fragmesi{magenta), or the
holoprotein (white) in their somata(B) Higher magni cation view of the brain in
A (arrowheads indicate the same neurons at both magni cation (C-G)
Expression of double-tagged APRgs in dopaminergic neurons (via
Ddc-GAL4). (C) Low magni cation view of the adult brain revealed that
different subsets of dopaminergic neurons process APEgs in dramatically
different patterns, whereby many neurons predominantly asumulated
N-terminal fragments in their somata (green); a smaller nuyer predominantly
accumulated C-terminal fragments (magenta). White arrovdad indicates
larger vesicles containing the holoprotein(D) Example of two dopaminergic
neurons that showed robust accumulation of N-terminal fragents within
numerous small vesicles in their somata (green arrowheads)s well as larger
vesicles containing the holoprotein (white arrowheads). leontrast, C-terminal
(Continued

FIGURE 13 | Continued

fragments were concentrated in more sparse vesicle popul#ns in their
primary neurites (magenta arrowheads)E) Another pair of dopaminergic
neurons that exhibited abundant small vesicles containin@-terminal
fragments throughout their somata and primary neurites (nmgenta),
interspersed with more variable vesicle populations containg N-terminal
fragments or the holoprotein.(F) Two octopaminergic neurons expressing
double-tagged APPgg5 (via Tdc-GAL4), exhibiting concentrated N-terminal
fragments in their somata (green) and quite variable popttlans of vesicles
with C-terminal fragments (magenta arrowhead)G) A cluster of cholinergic
neurons expressing double-tagged APRgs (via ChAT-GAL4), exhibiting
numerous small vesicles containing N-terminal fragmentgeen) and sparse
populations of larger vesicles containing C-terminal fragents (magenta).

Scale barD 25 nm in (A,C); 15 mm in (B); 2 mm in (D-G).

Fluorescently Tagged APP Family Proteins
Exhibit Complex Patterns of Traf cking

In vivo

To complement ourin vitro analysis of APP/APPL dynamics
in vitro, we also used live cell imaging protocols to visualize
double-tagged APPL and AR# in neurons within the CNS.
Once again, we found that both holoproteins and their
cleavage products were assorted into di erent vesicle classes
that underwent both anterograde and retrograde transport.
For example, in cholinergic neurons expressing double-tdgge
APPL (via ChAT-GAL4Figure 14, we found that N-terminal
fragments (green) localized to numerous small vesiclesikee
abundant throughout the neurons, while C-terminal fragments
(magenta) accumulated in larger vesicles that were digibu
more sparsely throughout their neurite§igures 14A-G. We

also noted that vesicles containing either N-terminal or C-
terminal fragments appeared to be associated with di ererd set
of microtubules Figure 14C boxed region 1): N-terminal APPL
fragments (in smaller vesicles) were con ned to the corearg

of neurites, while vesicles containing C-terminal fragnsenere
associated with tracks throughout their entire width. When
visualized by time-lapse imaging (Supplementary Movie S4), the
smaller vesicles containing N-terminal fragments were dilt

to resolve but could be seen moving bi-directionally thrbagt

the processes. Concurrently, larger vesicles containing onl
C-terminal fragments exhibited cycles of anterograde and
retrograde transport throughout the neurites, as shown in
time-lapse images from boxed regions 2 and 3, respectively
(Figures 14D,B.

Lastly, to investigate how APP family protein tra cking is
regulated in the context of neuronal developmentvivo, we
expressed our constructs speci cally in the eye (via GMR-GAL4)
and then performed time-lapse imaging of APP/APPL tra cking
within developing adult photoreceptors (using cultured ldrva
eye disc-brain preparations). The region of the developing
eye disc that we imaged for these experiments is shown
schematically inFigure 15A (red box). By taking advantage
of the morphogenetic wave of neuronal dierentiation that
occurs during adult y eye formation Ready et al., 1976;
Tomlinson and Ready, 198 /we could compare the dynamics
of our uorescently tagged proteins in younger vs. older
photoreceptorsKigures 15A,B, coinciding with phases of their
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FIGURE 14 | In vivo traf cking of uorescently double-tagged APPL

within Drosophila CNS neurons. Two cholinergic neurons expressing
double-tagged APPL (via ChAT-GAL4) in the adult y brain(A) Low

magni cation view revealed concentrations of the holoprota (white) in their
somata and populations of vesicle containing N-terminal ¢gen) or C-terminal
vesicles (magenta) throughout their primary neurite¢B) Higher magni cation
view of the two neurons shown in(A); N-terminal fragments in numerous small
vesicles (green) were distributed throughout the somata ahprimary neurites,
while larger vesicles contained C-terminal fragments (magta) or the
holoprotein (white).(C) Higher magni cation view of boxed region 1 depicted
in (A) (shown in all three channels). Numerous small vesicles caihing
N-terminal fragments of APPL were preferentially localideto microtubule
tracks within core domain of the primary neurite, while lagy vesicles
containing C-terminal fragments (arrowheads) were asscafed with
microtubule tracks throughout the circumference of the nerite. (D) Single
frames from a time-lapse movie taken from box 2 iffA) (cCAPPL channel only,
shown in gray scale); see also Supplementary Movie S4. Arroand arrowhead
indicate two vesicles containing C-terminal fragments unergoing anterograde
traf cking (away from the soma).(E) Single frames from a time-lapse movie
taken from box 3 in(A) (CAPPL channel only, shown in gray scale). Arrowhead
indicates one of several vesicles containing C-terminaldgments

undergoing retrograde traf cking (toward the soma). Scale br D 8 mm in (A);
2 mm in (B-E). Frames from movies selected every 2 s (approximate transpb
rates are 1.2mm/s).

initial outgrowth and subsequent synaptogenesis. Intrighin
we found a marked dierence in the relative abundance of
the holoprotein vs. its cleavage products in photoreceptors
of dierent ages, once again indicating that APP tra cking
and processing is developmentally regulated (similar to our
analysis of embryonic neurons). In younger photoreceptors
undergoing axon outgrowth Higure 158 “y”), we observed

a diuse distribution of the holoprotein (white), while older
neurons (“0”) contained more C-terminal fragments (maggnt
similar to the accumulation of C-terminal fragments in auéed
neurons after they stopped extending procesdegutes 2D
10D). At intermediate magni cation Figure 15C boxed region

in Figure 158, we detected a di use distribution of N-terminal
fragments throughout the photoreceptors (green), while C-
terminal fragments were generally con ned to larger vescl
(magenta), similar to the distribution of N- and C-terminal
fragments seen in other neurons expressing these constructs
(Figures 11+14). We also noted the presence of a larger
vesicle population containing the holoproteiRigure 15G white
arrowheads), resembling the amphisome-like vesicles iéehti

in Manduca (Figures 5-7). Likewise in regions containing
photoreceptor axons growing toward the optic stafigure 150;
boxed region inFigure 1509, we could distinguish di erent
vesicle populations containing either the holoprotein (white
immunolabeling), C-terminal fragments (magenta arrowti€a

or N-terminal fragments (green arrowheads), recapitulgtthe

di erential distribution of APPL cleavage products seen in athe
developing neurons botim vitro andin vivo.

When we performed time-lapse imaging of the developing
photoreceptors in cultured larval eye disc-brain complexes
(Supplementary Movie S5), we also observed distinct vesicles
classes containing either N- or C-terminal fragments (or
the holoprotein) undergoing complex, dynamic patterns of
tra cking. As with the cholinergic neurons shown ifrigure 14
we could visualize vesicles containing di erent fragmentwving
in both apical Figure 155 and basal directionsHgure 155,
although once again, the comparatively small size of vesicle
containing N-terminal fragments made them more di cult
to resolve. Surprisingly, only 15% of the vesicles were
positive for both GFP and mRFP, indicating that they contain
the full-length protein. In addition, we observed twice as
many vesicles containing N-terminal fragments compared to
vesicles containing C-terminal fragments, which (as noted
above) were transported both anterogradely and retrogsadel
in all developmental stages examined. Tha@sevivo results
complement our experiments in cultured neurons, providing a
novel perspective on the dynamics of APP family proteins in both
developing and mature neurons.

DISCUSSION

Together, our results in botiMianducaand Drosophilaprovide
new evidence that APP family proteins are subject to a complex
pattern of tra cking and processing within the nervous system
whereby the intracellular distributions of the holoproteinsda
their cleavage fragments can be modulated to meet the péaticu
requirements of dierent neuronal subtypes. As with other
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FIGURE 15 | In vivo traf cking of uorescently double-tagged APPL within Drosophila photoreceptors is developmentally regulated. (A) Schematic
diagram of the developing eye disc irDrosophilg mf D morphogenetic furrow of the eye disc (boundary of photorecptor differentiation); prD newly differentiated
photoreceptors that are in the process of extending axons ttough the optic stalk into the optic lobe of the brain; “0” indcates older photoreceptors; “y” indicates
younger photoreceptors. Red box indicates the equivalentegion of the immunostained preparation showr(B). (B) Low magni cation view of developing

photoreceptors in a cultured eye disc from a larva expressmdouble-tagged APPsg5 (via GMR-GAL4). Younger photoreceptors (“y”; near the mofmgenetic furrow)
(Continued)
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FIGURE 15 | Continued

that had recently begun to extend axons were enriched with v@cles containing the holoprotein (white) and nAPP fragmés (green), whereas older photoreceptors
(“0") exhibited many more large vesicles containing cAPPagments (magenta).(C) Higher magni cation view of boxed region in(B). N-terminal APP fragments were
present in numerous small vesicles throughout the photorezptors and their axons, while cAPP fragments were concentttad in more dispersed larger vesicles.
Photoreceptor somata also exhibited larger cytoplasmic v&cles containing the holoprotein (white arrowheads), siitar to other neurons in bothManduca and
Drosophila (D) Higher magni cation view of boxed region in(C). Photoreceptor axons contained intermixed populations o¥esicles with either nAPP fragments (green
arrowhead), cAPP fragments (magenta arrowheads), or the taprotein (white immunolabeling)(E,F) Single frames from a time-lapse of the preparation shown i(B)
(magenta channel only; see Supplementary Movie S5). Vegel containing cAPP fragments could be seen moving in both apal (E) and basal directions(F) within the
elongated photoreceptor cell bodies. Scale baD 5 mm in (B); 3 nm in (C); 0.75 nm in (D); 8 mm in (E,F). Frames from movies selected every 2 s (approximate
transport rates are 2mm/s).

APP family proteins, insect APPL is subject to cleavage by @an be preferentially targeted to distal sites of release.l&8imi
combination ofa, b, andg-secretases-{gures 1G—), consistent observations have been reported for APP family proteins in
with the identi cation of all three secretase classes intipld  mammalian cellsBack et al., 2007; Muresan et al., 2009; Villegas
insect systemsL(io et al., 1990; Ramabhadran et al., 1993t al., 2014; Niederst et al., 201Fhe fact that we routinely
Fossgreen et al., 1998; Greeve et al., 2004; Groth et &b, 20dbserved all of these vesicle populations undergoing antadegr
Bolkanetal., 2012; Prussing et al., 2013; Pace et al.20iiet and retrograde transport (bothn vitro andin vivo) argues that
et al., 2015; Lavore et al., 2015; Zheng et al.,)20ikewise, our the dynamic distribution of these proteins can be regulatgd b
studies showed thaflanducaAPPL is preferentially cleaved by a combination of intrinsic and extrinsic factors encourgdrby
a-secretases under normal circumstances, as previously egportneurons, depending on their developmental context. Whether
for both DrosophilaAPPL and human APRs(Haass et al., 2012; newly synthesized APPL must rst undergo transcytosis from
Wentzell et al., 2012; Zhang et al., 2D1We also found that the plasma membrane (as suggested for APP) or can be directly
treatment with a combination of- and g-secretase inhibitors in packaged into secretory vesicles for transport remains to be
our Manducaassays resulted in a detectable increade@rF  explored Kamal et al., 2001; Andersen et al., 2005; Haass et al.,
levels Figure 1H), indicating that blockinga-secretase activity 2012; Muresan and Ladescu Muresan, 2015; Niederst et al), 2015
promoted alternative processing by BACE. Similar resultehawHowever, our results support the proposal that APP processing
been reported in mammalian systems, whereby divertinggdpPP can be regulated at multiple sites to match the physiological
from the a-secretase pathway results in enhanced BACE cleavageeds and pathological stresses experienced by neurons withi
and elevated B production (Kins et al., 2006; Zhang et al., 2011;the brain (Kamal et al., 2001; Nikolaev et al., 2009; Szodorai et al.,
Haass et al., 20).2Although the exact residues in APPL that are2009; Niederst et al., 20)L5
targeted by secretases have still not been identi ed, osulte In both our in vitro and in vivo assays, we found that APPL
support previous evidence that the relative positions of dhe tra cking closely matched the motile behaviors of develogin
andb-cleavage sites in insect APPL are reversed, relative ito theeurons, whereby the holoprotein became concentrated in
positions in APRgs (Carmine-Simmen et al., 2009; Groth et al.,their leading processes and growth cones of their elongating
2010. As a resulth-CTFs derived from endogenously expressedxons Figures2 4, 10). Once inserted into the plasma
APPL are smaller tham-CTFs Figures 1G,1,J. Nevertheless, membrane, however, the holoprotein is rapidly cleared by
recent studies have shown that ab-fke fragment derived from secretase processing, providing a mechanism for prevensng it
Drosophil2APPL (dAb) can induce neurodegenerative responsespver-accumulation while terminating APPL-dependent sigmal
similar to Ab fragments derived from APPCarmine-Simmen responses. These results are consistent with previous studies
et al., 2009; Wentzell and Kretzschmar, 200Whether A-  showing that APP family proteins are upregulated during pesiod
like fragments derived from APPL also regulate physioldgicaof active migration and outgrowth in mammalian cell®¢
aspects of neuronal function (as suggested for mammalian A Strooper and Annaert, 2000; Sabo et al., 2003; Rice et al.,
remains to be explored. Lastly, our detection of C-terminak012; Sosa et al., 2Q1%ut then undergo rapid turnover
APPL fragments within neuronal nuclei in both immunolabéle once inserted into the plasma membranky¢kman et al.,
preparations and in neurons expressing the uorescently tagget998; Perez et al., 1999; Tam and Pasternak, 2015; van der
constructs (Supplementary Figure S2) supports other eviden¢&ant and Goldstein, 2035 Similarly, work in Drosophilahas
that AICD fragments can regulate gene transcriptional reggsn shown that APPL expression is dynamically regulated during
under both normal and pathological circumstancesnijberly  metamorphosis and following acute brain injury, whereby
et al., 2001; Cao and Sudhof, 2p04 APPL levels are reduced in axons undergoing retraction and
By comparing the distributions of endogenous APPL indramatically upregulated during periods of rapid regrowth and
both Manducaand Drosophilawith epitope-tagged constructs synaptogenesisrprroja et al., 1996; Leyssen et al., 206tow
of APPL and APRys (expressed irDrosophilaneurons), we these patterns are modulated in a cell type-specic manner
found that a considerable portion of newly generated APP/APPremains to be determined. Nevertheless, our results provide
is rapidly processed within neuronal cell bodies before beingew evidence that the dynamic regulation of APP family
packaged into distinct classes of transport vesicles, so titat b proteins in developing neurons is precisely coordinated with
N- and C-terminal cleavage products (as well as the holopmptei their motile behaviors, providing an important mechanism
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for modulating their responses to cues that aect neuronal(Figure 6, yellow arrows). The position and morphology of these
di erentiation. cells suggest that they might represent one of the astrdikge-

In addition, our studies revealed a previously unrecognizedlial populations identi ed in insects\eyer et al., 1987; Oland
aspect of APP/APPL tracking that is also developmentallyet al., 1999; Edwards and Meinertzhagen, 2010; Freemar), 2015
regulated. Prior to the onset of EP cell migration (in cukdr which (like the peripheral macrophages) may scavenge sAPPL
embryos) or neurite outgrowth (in primary neurons), we fragments released by neighboring neurons. Alternativiblgy
found that a substantial proportion of the holoprotein wasmight comprise a distinct neuronal subtype that preferengiall
initially targeted to an intracellular compartment reserngl accumulates nAPPL cleavage products within their somata,
Rab7/Rab11-positive amphisomésgures 2 5, 7), which have similar to our observations iDrosophilgFigure 13. Additional
been implicated in a variety of signaling pathways as weHtudies combining glial-speci ¢ markers with our SAPPL uptake
as autophagosome generatioRafel et al., 2013; Sanchez-assays should help resolve this issue.

Wandelmer and Reggiori, 2013; Bader et al., 200nce Another unexpected nding revealed by our experiments
the neurons commenced active motility, however, APPlusing double-tagged APPL and A&E constructs is that
concentrations in this amphisome compartment diminisheddi erent neuronal populations within the CNS processed the
dramatically, concurrent with the increased tra cking ohé¢ holoproteins in remarkably di erent patterns. When we induced
holoprotein to their leading processes and growth cones (&xho the expression of these constructs with pan-neuronal drivers
above). Only when neurons had completed their di erentiation(Appl-GAL4 or elav-GAL4), we found that some neurons
and established mature synaptic connections did we agaimaintained robust levels of the holoprotein, while others
observe an increase in amphisomes containing APPL. Mostreferentially accumulated either N- or C-terminal fragment
neurons within the developindg/landucaCNS also contained in their somata Figure 12). Particularly striking were the
these amphisome-like vesicles enriched in APPigyre 6), as diverse patterns of APPL processing that we observed when
noted in previous studies oBrosophila(Torroja et al., 1996 we expressed the double-tagged proteins in specic subsets
These observations suggest that the transient sequestrafi of CNS neurons: even within neuronal groups sharing the
APP family proteins into this compartment might provide same transmitter phenotype, we found surprisingly variable
a novel developmental mechanism for regulating interactiondistributions of the holoproteins vs. N- and C-terminal fragnts
between the holoproteins (or their cleaved ectodomainshwitin their cell bodies and processésdure 13. These observations
other membrane-associated signaling complexes involved imveal unexpected complexity in the manner by which di erent
neuronal growth, synaptic plasticity, and injury responsésgel types of neurons regulate the expression and distribution of
etal., 2012; Wentzell et al., 2012; Milosch et al., 2014 APP family proteins. These results are also reminiscent of a

With respect to our analysis of APPL processing in insecprevious study inDrosophila which revealed the preferential
neurons, it is noteworthy that we obtained virtually idezgl accumulation of dierent APPL cleavage fragments within
results by immunolabeling endogenously expressed APPL or meuropil regions targeted by specic neuronal populations
expressing uorescently tagged APPL (or AR# under the (Torroja et al., 1996 We postulate that our results re ect cell-
control of the endogenoug#\ppl promoter. This congruency specic dierences in the roles that APP family proteins may
gives us increased con dence that we have identi ed autitent serve in both the embryonic and mature nervous systieimdlas
patterns of APP tra cking and processing in healthy neurons,and Hassan, 2014; Nhan et al., 2015; van der Kant and Goidstei
a point that has been contentious in past studiésu(esan 2015.
and Ladescu Muresan, 2015; Niederst et al., Rah5addition, Lastly, our experiments in the developing ENSMdinduca
we obtained similar patterns of immunolabeling using mukipl support the model that APP family proteins can function ass&o
xation protocols and antibodies against each domain of APPLcoupled receptors under both developmental and pathological
(as indicated inFigure 1A), providing further evidence that the conditions (Nishimoto et al., 1993; Okamoto et al., 1996;
subcellular distributions that we reported for di erent chege  Niikura et al., 200% In previous work, we demonstrated that
fragments were not simply the result of epitope masking. Irhyperactivation of APPL-Gasignaling induced local retraction
addition, all of our N-terminal APPL antibodies (but not C- and stalling by the migratory EP cellegmaker et al., 20).3We
terminal antibodies) strongly labeled hemocyte macropkage also have now shown that this response is normally regulayed b
Manducathat surveil the developing nervous systefiglires3  ManducaContactin, which is expressed by glial populations that
6, “m”). In unpublished studies, we used a variety of methods t@nsheath the EP cells and acts as a functional ligand for APPL
show that these macrophages do not themselves express AP[amaker et al., 20).60ur current studies have now shown
but rather actively phagocytose soluble sAPPL ectodomaitiis b that treating the EP cells witla-secretase inhibitors caused
in vitro and in vivo. Based on other evidence that APP/APPLboth a marked increase in membrane-associated APPL and a
fragments can induce both neuroprotective and neurotoxicigni cant inhibition of migration and outgrowth Figure 8),
responses \{entzell et al., 2012; Milosch et al., 2)l4ve recapitulating the e ects of hyperstimulating APPL or &o
postulate that the sequestration of SAPPL fragments by nearksignaling in the developing ENSI¢rgan and Copenhaver, 1998;
macrophages may protect the developing nervous system fromamaker et al., 20).6By comparison, neithds- nor g-secretase
these bioactive cleavage products. Likewise, we detecistined inhibitors signi cantly altered membrane levels of APPL or
population of smaller cells within the developing CNS ofa ected migration, although they did a ect other aspects of APPL
Manduca that labeled with anti-nAPPL but not anti-cAPPL processing (as described above). Given #iaecretases might
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