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Abstract

We investigated the roles of neuronal synapse components for development of the Drosophila air sac
primordium (ASP). The ASP, an epithelial tube, extends specialized signaling filopodia called cytonemes
that take up signals such as Dpp from the wing imaginal disc. Dpp signaling in the ASP requires that disc
cells express Dpp, Synaptobrevin, Synaptotagmin-1, the glutamate transporter, and a voltage-gated
calcium channel, and that ASP cells express the Dpp receptor, Synaptotagmin-4 and the AMPA-type
glutamate receptor GIuRIl. Calcium transients in ASP cytonemes correlate with signaling activity. Calcium
transients in the ASP require GluRll, are activated by L-glutamate and by stimulation of an optogenetic
ion channel expressed in the wing disc, and are inhibited by EGTA and NASPM. Activation of GluRll is

essential but not sufficient for signaling. Cytoneme-mediated signaling is glutamatergic.

Introduction

Metazoan tissues are patterned by signaling proteins such as Bone morphogenetic protein (BMP),
Fibroblast growth factor (FGF), Epidermal growth factor (EGF), Wnt, and Hedgehog. Our studies of the
Drosophila air sac primordium (ASP), a single cell layered epithelial tube of the larval tracheal system,
show that although it is patterned in part by Decapentaplegic (Dpp, a BMP) and Branchless (Bnl, a FGF),
it does not produce these proteins (1, 2). The ASP does express the respective receptors for Dpp and
Bnl/FGF, Thickveins (Tkv) and Breathless (Btl), and it receives Dpp and Bnl/FGF produced and secreted
by the wing imaginal disc. The ASP develops adjacent to the wing disc, receiving Dpp and Bnl/FGF at
distances of 5-40 um. Despite the physical separation between disc cells that release these proteins and
ASP cells that take them up, the proteins transfer to the ASP at cell-cell contacts. Specialized filopodia

called cytonemes extend from ASP cells and synapse with disc cells (2, 3).

In addition to the ASP, cytoneme-mediated signaling has been implicated in Drosophila tissues such as
the wing disc epithelium (4-8), abdominal histoblasts (6), testis (9), and the hematopoietic stem cell
niche (10), and in zebrafish embryos (11-13), chick embryos (14), mouse embryos (15), and cultured cell
systems (16). In signal producing cells, cytoneme-mediated signaling is dependent on the signaling
proteins and requires proteins that process and prepare the signaling proteins for release (17). In cells
that are situated between cells that produce signals and cells that extend cytonemes to receive them,
components of the extracellular matrix and components of the planar polarity system are required (6,

18). And in receiving cells, signaling protein receptors and cytoskeletal, cell adhesion, and vesicle
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processing proteins are required (2, 5—7, 17, 18). In the ASP, mutants deficient for these proteins do not
have cytonemes that extend to contact the disc, do not take up the signaling proteins, do not activate

Dpp and Bnl/FGF signal transduction, and do not develop a normal ASP (2, 4, 18, 19).

The basic outlines of cytoneme-mediated and neuronal signaling are similar - both mechanisms involve
cell extensions that make contacts with target cells where signals are exchanged. Several proteins (e.g.,
Capricious, Neuroglian, Shibire) found to be essential for cytoneme-mediated signaling in the ASP have
been previously implicated in neuronal synapse formation (20-23). In addition, it was recently reported
that the inward rectifying potassium channel Irk2 is required for Dpp release by wing disc cells (24).

These features invite the question whether there are more extensive and deeper homologies (25).

Three key attributes of the ASP - the physical separation between ASP cells that receive Dpp or Bnl/FGF
and disc cells that produce them, the genetic tools that can separately and independently target the disc
and ASP cells, and the robust experimental accessibility for isolation and imaging of the ASP and wing
disc - makes the ASP system uniquely powerful for studies of cell-cell signaling. This investigation
focuses on functional homologies between cytoneme synapses where signaling proteins transfer to
receiving cells and neuronal synapses where neurotransmitters released by presynaptic cells are taken
up by postsynaptic cells. We present genetic, histological and functional evidence showing that
signature features in the presynaptic and postsynaptic compartments of neuronal synapses, including
key components of these compartments, as well as Ca** influx are essential for cytoneme-mediated

signaling in the ASP.

Results

Calcium transients in cells and cytonemes of the Drosophila ASP

The ASP of the Drosophila third instar larva has approximately 120 cells that form a structure with a
narrow proximal stalk, a bulbous medial region and a rounded distal tip (Fig. 1A,B). The tubular ASP is
not radially symmetric: the (“lower layer”) cells closest to the disc epithelium have a smaller
circumference than (“upper layer”) cells that are not juxtaposed to the disc. Cells in the lower layer
medial region activate Dpp signaling (and are positive for dad-GFP, a reporter of Dpp signal
transduction; Fig. 1C); cells at the tip have active Bnl/FGF signaling (and are dpERK positive; Fig. 1C).
Cytonemes that extend from the medial region contain the Dpp receptor and take up Dpp from the disc;

cytonemes that extend from the tip contain the Bnl/FGF receptor and take up Bnl/FGF from the disc (Fig.
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1A,B’) (4). Cytonemes that take up signaling proteins contact the disc at distances comparable to a
synaptic cleft, as indicated by GRASP fluorescence (Fig. 1D, *) (2). The GRASP system, which presents
two complementary extracellular fragments of GFP tethered to transmembrane domains and expressed
on different cells, was developed to label synaptic contacts in C. elegans (26). GRASP fluorescence marks

sites of stable, close juxtaposition (~20-40 nm). To investigate calcium signaling in the ASP, we expressed
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Figure 1. Calcium transients in the ASP and ASP cytonemes. (A) Cartoon showing a wing imaginal disc and
associated trachea, with Dpp- (red) and FGF-expressing (blue) cells indicated. (B) Air sac primordium (ASP)
expressing CD8:GFP from a late 3" instar larva. (B’) Cytonemes labeled by CD8:GFP extending from ASP. (C)
Cartoon showing sagittal view of ASP. Dashed lines represent approximate locations of the upper and lower optical
sections. FGF-responsive cells are at the tip of ASP (dpErk), and Dpp-responsive cells are at the medial region (dad-
GFP). (D) Contacts that ASP cytonemes (*, red) make with disc cells visualized by GRASP (green). (E-E""’’) Calcium
transients in an ex vivo-cultured ASP expressing GCaMP6. Arrows point to the region of calcium increase. (F)
Schematic drawing of an ASP marking stalk (blue), medial region (white) and tip (red). (G) Bar graph showing
numbers of GCaMP6 transients/ASP cell. (H) Motile Tkv:mCherry and Btl:mCherry receptors (indicated by arrows)
coinciding with calcium transient (green) in ASP cytonemes. Scale bars: 30 um (E””’), 15 um (H). Genotypes: (B,B’)
btl-Gal4 UAS-CD8:GFP/+; (D) btl-Gal4 dpp-LHG/UAS-CD8:Cherry; UAS-CD4:GFP"™ lexO-CD4:GFP" /+; (E-E"’) btl-
Gal4 UAS-GCaMP6/+; (H) btl-Gal4/+ ; UAS-syt4:GCaMP6/UAS-Tkv:mCherry; and btl-Gal4 UAS-BtI:mCherry/+ ; UAS-
syt4:GCaMP6/+.

the genetically encoded calcium sensor GCaMP6 (27) and detected low GFP fluorescence in all ASP cells
(Fig. 1E-E””; Movie S1). Most cells had low fluorescence, and ~1 cell/2 ASPs had brighter fluorescence
that did not vary during an observation period of 8 minutes, but approximately six cells in every ASP

(n=10) had transient flashes of brighter fluorescence that averaged approximately 35 seconds. The
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GCaMP6 fluorescent transients in different regions of the ASP were as follows: in the “proximal” stalk

|II

(10 cells), in the upper layer “medial” region between the stalk and tip (50 cells), upper layer tip (10
cells), the lower layer medial region (40 cells), and lower layer tip (9 cells) (Fig. 1F). The per cell
frequencies of bright transients (AF/F = 30%) in the lower layer cells of the tip and medial region were
approximately the same (0.15, 0.18, respectively; n=10) (Fig. 1G); these cells are active for Bnl/FGF (tip)
and Dpp signaling (medial region). In upper layer optical sections, cells with transient flashes at the tip
(0.2) were approximately 3X more frequent on a per cell basis than in either the upper medial region
(0.06) or stalk (0.06; n=10) (Figs. 1G, 21). The upper medial and stalk cells are less active for Bnl/FGF and
Dpp signaling than cells in either the tip or lower medial regions. These observations indicate that cells
with calcium oscillations are more frequent in cells that are active for Dpp and Bnl/FGF signaling.
Expression in the ASP of RNAI directed against calmodulin, a ubiquitous, calcium-binding protein,
perturbed ASP morphogenesis (Fig. S1A), suggesting that calcium oscillations may have an essential role

in the ASP cells that are active in signal transduction during ASP development.

Because cytonemes are conduits that traffic Dpp and Bnl/FGF from the disc to the ASP, we also
characterized GCaMP6 fluorescence in ASP cytonemes. However, because the fluorescence of GCaMP6
in ASP cytonemes was undetectable (Fig. S2), we constructed a modified sensor that tethers GCaMP6 to
the C-terminal cytoplasmic domain of the vesicular synaptic protein Synaptotagmin 4 (Syt4). The design
was predicated on the idea that this domain of Syt4 might concentrate the chimeric GCaMP6 in
cytonemes. We imaged preparations from animals that expressed Syt4:GCaMP6 as well as the Dpp
receptor Tkv fused to mCherry (Tkv:mCherry; n=24) or the Bnl/FGF receptor Btl fused to mCherry
(Btl:mCherry, n=33). Syt4:GCaMP6 expressed in the ASP generated uniform fluorescence that marked
both cell bodies and cytonemes, and time-lapse imaging detected bright transients of GFP fluorescence
in ASP cytonemes (average duration ~25 seconds; Fig. 1H; Movie S2, Movie S3). Every cytoneme marked
by Syt4:GCaMP6 transients had an average of 2-3 transients during the period of observation (8 min, 5

sec exposure interval).

Motile puncta containing either Tkv and Btl are present in cytonemes that contact target disc cells, but
have not been detected in cytonemes that are not in contact with disc cells (2). Similarly, calcium
transients were observed only in cytonemes with motile Tkv- or FGFR-containing puncta, and not in
cytonemes that lacked motile puncta. Although our images did not reveal how the transients relate to
puncta motility or with ligand uptake, there was a clear correlation between calcium oscillations and

movements of Dpp and Bnl/FGF receptors.
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Calcium oscillations in the ASP linked to cytoneme-mediated signaling

To investigate the basis for calcium transients in the ASP, we perturbed maintenance of intracellular Ca**
by suppressing production of the endoplasmic reticulum ATPase SERCA, the main agent for Ca>* uptake
into the ER. We expressed an RNAi targeted to SERCA that had been used previously to study stress
responses in wing discs (28). In this setting of reduced SERCA, ASP growth was inhibited, ASP
morphogenesis was perturbed, and calcium transients in ASP cells were eliminated (0 transients
AF/F>0.3 in 8 ASPs; Movie S4). In addition, Dpp signal transduction in the ASP, which is essential for
normal growth and morphogenesis and is cytoneme-dependent (2), was lowered (monitored by
dad>GFP fluorescence; Fig. 2A-D, Fig. 5A), and the number of ASP cytonemes was suppressed. Because
cytonemes extend and retract rapidly, and because the contacts they make are short-lived (6), this
steady-state measure of cytoneme number does not distinguish between effects on rates of extension

and retraction, or on contact duration.

To investigate whether extracellular calcium is required for the Ca®* transients, we reduced extracellular
calcium with EGTA, a Ca** chelator. Incubation of ASP preparations in the presence of EGTA eliminated
calcium transients in both ASP cells (0 transients AF/F20.3 in 5 ASPs) and ASP cytonemes (0 transients
AF/F20.3 in cytonemes of 8 ASPs; Fig. 2D, Movie S4). In the absence of EGTA, Tkv:mCherry puncta
moved in both anterograde and retrograde directions at approximately 0.41 um/s, reaching distances of
10-20 um (Fig. 2E, Movie S5). In the presence of EGTA (Fig. 2E’, Movie S6), Tkv:imCherry puncta had a
more limited range of movement (all < 5 um), suggesting that the motility of Tkv in cytonemes is

dependent on uptake of extracellular Ca**.

To investigate the process that generates Ca®* transients, we expressed RNAi constructs directed against
the transient receptor potential (Trp) and GIuR calcium-permeable receptors. We targeted the thirteen
identified Drosophila Trp family genes, one of which, inactive (iav), was shown previously to promote
Ca’* release from the endoplasmic reticulum and to be required for synapse development and
neurotransmission (29). Expression in the ASP of RNAI directed against the thirteen Trp family genes did
not affect ASP growth or ASP cytonemes (Fig. S1B-N). RNAi knockdown of the NMDA-type glutamate
receptor was also without apparent effect (Fig. S10). Although these results do not implicate these
proteins in ASP signaling, the negative results do not rule out roles for Trp family or NMDA-type
glutamate receptors. In contrast, we obtained genetic evidence that ASP cells require the non-NMDA

ionotropic glutamate receptor (GluRlIl) (Fig. 2C).
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Figure 2

GluRll is an AMPA/kainate-type receptor that has been implicated in retrograde signaling (30, 31).
Isoforms of GIuR have three common subunits (GIuRIIC, GIuRIID, GIuRIIE) and a fourth subunit that is
either GIuRIIA or GIuRIIB (32, 33). We examined GFP-tagged GIuR subunits to monitor GIuR presence in
the ASP, characterizing a GIURIIE construct expressed by a fosmid transgene, and GIuRIIA:GFP and

GIuRIIB:GFP that were ectopically over-expressed. Fluorescence of GIURIIE:GFP, GIuRIIA:GFP and
GIuRIIB:GFP was detected in ASPs and in ASP cytonemes (Fig. 2F-H).
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Figure 2

Cytoneme-mediated transport requires SERCA and Glutamate receptor (GIuR). (A-B’) Dependence of
cytonemes-mediated Dpp signaling on SERCA. Downregulation of SERCA perturbed ASP development, and
reduced the number of ASP cytonemes (A,B) and expression of dad-GFP (A’,B’). (C) Bar graph plots the relative
number of cytonemes in ASPs of control, SERCARNAI, GIuRIIA.M614R, syt1RNAI, syt4RNAI, syt4 C2A C2B, and
VGIutRNAi larvae; p values for difference between ASP and disc expression: p<0.001 (SERCARNAI), p<0.0001
(GIuRIIA.M614R), p<0.001 (syt1RNAI), p<0.001 (syt4RNAi and syt4 C2A C2B), and p<0.0001 (VGIutRNAi). (D)
Traces of Ca’* transients in control, SERCA RNAi, GIuRIIA.M614R, EGTA-treated, and NASPM-treated ASPs. (E,E’)
Kymographs depict the displacement of ten Tkv:imCherry puncta in control (E) and in presence of 2mM EGTA (E').
(F-H) Localization of GIURIIE:GFP (F), GIuRIIA:GFP (G) and GIuRIIB:GFP (H) in ASP cytonemes. (l) Graph
representing the number of calcium transients/cell in the stalk, medial and tip regions of the upper layer of the
ASP with standard deviation indicated; p values for difference between control and L-glutamate conditions: stalk
(p<0.001), medial (p<0.01) and tip (p<0.001) regions. (J,)’) Expression of GIuRIIA.M614R reduced the number of
ASP cytonemes and expression of dad-GFP. (K,K’) Expression of VGIutRNAI in the disc perturbed the ASP (K’) but
expression in the ASP did not (K). Scale bars: 15 um (H); 30 um (J°).

GIuRIIA.M614R is a channel dead GluR subunit that acts as a dominant negative receptor that decreases
guantal size of excitatory junctional potentials (33). The presence of GIuRIIA.M614R in the ASP reduced
the number of ASP cytonemes, eliminated calcium transients in the ASP (0 transients AF/F>0.3 in 8 ASPs,
Movie S4), perturbed ASP growth and morphogenesis, and reduced Dpp signaling and numbers of
cytonemes (Fig. 2A,A’,C,J,J, Fig. 5A). The presence of 1-Naphthylacetyl spermine trihydrochloride
(NASPM), a pharmacological inhibitor of GIuR (34), also eliminated ASP calcium transients (O transients
AF/F>0.3 in 5 ASPs, Fig. 2D and Movie S4). In contrast, activation of GIuR by the addition of L-glutamate
(1mM) increased the number of ASP calcium transients (13 transients per ASP; n=5). The increase in
calcium transient number affected all regions, including the stalk, upper layer medial region and tip, and
was not restricted to the lower layer or tip that have active calcium transients in control conditions (Fig.
21 and Movie S7). Exogenously added L-glutamate increased both the amplitude approximately 3.2X and
frequency of calcium transients approximately 2.2X

(see also Fig. 5K,L)

The role of the glutamate receptor in the ASP suggests that the presynaptic wing disc cell might release
glutamate. To test this prediction, we reduced expression of the vesicular glutamate transporter (VGlut)
in either disc cells or in ASP cells (Fig. 2K,K’). Whereas reducing VGlut in the ASP had no apparent effect
on ASP development or on the number of ASP cytonemes, targeting VGlut in the disc reduced the
number of ASP cytonemes and resulted in abnormal ASP development (Fig. 2C,K,K’). Together with the
observations that calcium transients in the ASP increased in response to L-glutamate and decreased in
the presence of the GIuR inhibitor NASPM, these data support the glutamatergic nature of the cytoneme

synapse.
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To control for possible non-specific effects on cell vitality and viability under conditions of compromised
SERCA and GluRll function, the numbers of dividing and apoptotic cells were monitored in the presence
of SERCA RNAi and GIuRIIA.M614R. No apparent effects on frequency of mitosis or apoptosis were
detected (Fig. S3). These observations suggest that cytoneme-mediated signaling involves intracellular

calcium fluxes from both ER and extracellular sources.
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Figure 3. Cytoneme-mediated transport requires Synaptotagmin-4. (A,l) Syt1 in ASP or Syt4 in disc is dispensable
for the ASP. (B,J) The ASP depends on Syt1 in wing disc and Syt4 in ASP. ASPs marked by membrane-tethered GFP
and expressing RNAI constructs in either the ASP (driven by bt/-Gal4) or dorsal compartment of the wing disc
(driven by ap-Gal4). (B,C,J) ASP cytonemes and expression of dad-GFP (insets, arrows) were reduced with
expression of syt1-RNAi in the disc, and syt4-RNAi or a mutant form of Syt4 that lacked Ca2+-binding sites in the
ASP. dad-GFP analysis was in preparations expressing RNAi for 24 hours (by repressing Gal80" conditionally). (D)
Syt4:GFP in ASP cytonemes. * indicates Syt4:GFP puncta. (E) An image frame from Movie S9 showing localization
of Syt4:mRFP in ASP cytonemes. * indicates Syt4:mRFP puncta. (F) Syt4-pHlourin fusion protein expressed in the
ASP. * indicates fluorescence of Syt4-pHlourin in ASP cytonemes. (G) GRASP fluorescence with Syt4:GFP* "% in the
ASP and GFP'" in dpp-expressing wing disc cells. * indicates syt4GRASP fluorescence in ASP cytonemes. (H,H’)
Sagittal images showing GRASP fluorescence at contacts (*) between ASP cytonemes and Dpp-expressing cells.
ASPs outlined by dashed white lines; Scale bars: 15 um (E); 10 um (D), (F), (G).

Postsynaptic functionality of Synaptotagmin 4 and Neuroligin 2 in cytoneme-mediated signaling

Vesicle fusion and receptor internalization in presynaptic and postsynaptic compartments involves
Synaptotagmin Ca®* binding proteins. In Drosophila, the Syt 1 isoform is the sensor for presynaptic
vesicle exocytosis (35, 36), and Syt4 in postsynaptic compartments is involved in retrograde signaling
(37). To investigate the role of Syt4 for cytoneme-mediated signaling, we expressed a Syt4-specific RNAi
construct to determine if it is required at cytoneme synapses, and if so, if it is specific for the
postsynaptic compartment. Whereas expression of Syt4 RNAi in the wing disc did not affect ASP
development (Fig. 3A), expression of Syt4 RNAi in the ASP reduced Dpp uptake and signal transduction,
perturbed development in the ASP, and decreased the number of ASP cytonemes (Figs. 2C, 3B, 5A and

Fig. S4). ASP expression of a mutant Syt4 that does not bind Ca®* (38) reduced Dpp signal transduction
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and perturbed development in the ASP (Fig. 3C); and in the viable Syt4*** null mutant (39), adult dorsal
air sacs were reduced in size and malformed (Fig. S5). These observations suggest that Syt4 functions

specifically in the ASP and is necessary for Dpp signaling in the ASP.

To determine if Syt4 is in cytonemes, we examined several engineered forms of Syt4. Syt4:GFP is a
fusion protein generated by CRISPR-mediated insertion into the endogenous Syt4 gene; it has wild type
function and is expressed at endogenous levels (40). ASP cytonemes with Syt4:GFP and marked with
CD8:mCherry had multiple fluorescent GFP puncta (Fig. 3D). Expression of a Syt4:mRFP fusion protein
(btl-Gald UAS-Syt4:mRFP) also revealed the presence of Syt4 puncta in ASP cytonemes (Fig. 3E). The
Syt4:mRFP puncta were motile (Movie S9).

To investigate the topology of Syt4 in the cytoneme membrane, we expressed Syt4-pHluorin, a Syt4
chimera tagged with a pH-sensitive variant GFP (38). pHluorin fluorescence is not detectable at the low
pH of the interior of intracellular vesicles, but increases approximately 20x at neutral pH, and is
detectable when exposed to the extracellular environment. Expression of Syt4-pHIluorin in the ASP
produced spots of bright GFP fluorescence along ASP cytonemes (Fig. 3F), suggesting that Syt4 in

cytonemes is likely to be membrane-associated and exposed to the extracellular space.

The spots with Syt4-pHluorin fluorescence were immobile, in contrast to the cytoneme-associated
puncta containing fluorescent Tkv or Btl (Movies S2, S3). This suggests that Syt4-rich spots might be sites
where Syt4-containing vesicles are delivered. To characterize these sites further, we constructed a
Syt4:GFP*™° chimera and applied the GRASP (GFP Reconstitution Across Synaptic Partners) technique
(26). GRASP can identify contacts that ASP cytonemes make with cells that express GFP', the peptide
that complements GFP*™° (25). Expression of Syt4:GFP*™ in the ASP and of CD4:GFP in the dpp
expression domain of the wing disc produced GFP fluorescence at discrete spots along ASP cytonemes
(Fig. 3G). This pattern of GRASP fluorescence is similar to the pattern of Syt4:pHlourin fluorescence and
is consistent with the idea that the Syt4 extracellular domain is exposed. It is also consistent with the
idea that ASP cytonemes make multiple contacts with disc cells. A previous report described multiple
contacts between cytonemes that extend from cells of the wing disc that produce the Hh signaling

protein and wing disc cells that receive Hh (7).

To determine whether Syt4 is required for the contacts that ASP cytonemes make with disc cells, we

compared the GRASP GFP fluorescence associated with ASP cytonemes in animals with normal or
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reduced levels of Syt4. In controls, expression of CD8:GFP*% in the ASP and of CD8:GFP™ in the dpp
expression domain of the disc generated bright GFP fluorescence concentrated in the area between the
lower layer of the ASP and the disc (Fig. 3H). Expression of syt4RNAi in the ASP significantly reduced
GRASP fluorescence (Fig. 3H’). This result is similar to the effect previously observed for mutants that
lack normal Caps function in ASP cytonemes (2), and it suggests that Syt4 is also required to make

cytoneme synapses.

Neuroligins are synaptic adhesions proteins that participate in neuronal synapse formation in
vertebrates and Drosophila (41—44). Drosophila has four Neuroligin orthologs (Nlg1-4) (41). We tested
Nlgl and Nlig2, and observed that expression of Nig2-RNAi in the ASP inhibited ASP development. In
contrast, expression of NIg2-RNAi in the wing disc was without apparent effect, and no ASP
abnormalities were observed in response to ASP expression of RNAI directed against Nlgl (Fig. S1R,S,T).

These results suggest that Nlg2 is required in the ASP for cytoneme-mediated signaling.

Synaptic functions in signal protein-producing wing disc cells

To investigate whether functions that are required in the presynaptic compartment of neuronal
synapses also play roles in cytoneme-dependent signaling, we analyzed animals defective for Syt 1,
Synaptobrevin (Syb/dVAMP) and for the Cacophony (Cac; ai1) and Straightjacket (Stj; 0:20) subunits of
the primary presynaptic voltage-gated calcium channel. To investigate the role of Syt 1 in cytoneme-
mediated signaling, we expressed a Syt 1-specific RNAi construct (45). Whereas Syt 1 RNAi expression in
the ASP had no apparent effect, its expression in the wing disc reduced Dpp signal transduction in the
ASP and resulted in abnormal ASP development (Figs. 2C, 31,J, 5A). qPCR analysis (Fig. S6) indicated that
syt 1is expressed in the wing disc. These findings suggest that Syt 1 is required specifically in the

presynaptic compartment of the cytoneme synapse.

Vertebrate Syb is a R-SNARE family component of neurotransmitter-containing vesicles that mediates
the rapid docking response to inflow of Ca** ions in the active zone of presynaptic compartments (46).
Drosophila encodes two homologs, one of which (n-Syb) is specific to neurons (47). n-Syb is functionally
interchangeable with the other (Syb) (48), which is expressed ubiquitously and has a general role in
membrane trafficking (Chin et al., 1993). In the wing pouch primordium of the wing disc, Syb is required
for Wingless signaling (49) and by the cytonemes of the Hh-producing cells of the wing disc (8). Wing
disc expression of the sybRNAi used by Yamazaki et al (49) stunted ASP growth and reduced Dpp signal
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transduction, and reduced the number of ASP cytonemes (Figs. 4A-C, 5A). In contrast, expression of this
sybRNAi in the ASP was without apparent effect (Fig. 4D,D’). These results show that the defects caused
by the sybRNA: line are tissue-specific, and suggest that the requirement for Syb function is specific to
the presynaptic compartment of the cytoneme-wing disc synapse, a property that recalls the

presynaptic role of n-Syb in neurons.
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Figure 4. The ASP depends on the voltage-gated calcium channel and Synaptobrevin SNARE in the wing disc. (A-
C,E-F’') Downregulation in the wing disc of the Cac and Stj subunits of the voltage-gated calcium channel and of Syb
reduced the number of ASP cytonemes and expression of dad-GFP. (C) Bar graph plots the relative number of
cytonemes in ASPs under conditions of sybRNAi, cacRNAI, stjRNAi, and irk2”" expression in the wing disc (ap-Gal4)
or ASP (btl-Gal4). p values for difference between disc and ASP expression for each genotype. (D,D’,G-H’)
Expression of cacRNAI, stjRNAi or sybRNAi in the ASP did not affect the ASP or cytoneme-mediated Dpp signal
transduction. Arrows point to the dad-GFP expression in the ASP and arrowheads point to its expression in the
disc. Scale bars: 25 um (A), 50 um (A’). (I-1"") Cac:TdTomato and GRASP fluorescence coincide at contacts between
ASP cytonemes and FGF-expressing wing disc cells. (I) Merged GFP + TdTomato fluorescence. ASP tip outlined with
dashed white line, * indicates coinciding points of GRASP and TdTomato fluorescence; (I') TdTomato fluorescence;
(") intensity plot generated with ImageJ of GFP and TdTomato fluorescence in 3 pixel wide stripe (white line in 1),
normalized to equivalent minimum and maximum values. (J,J') Expression of irk2”" in the disc perturbed the ASP
(J’) but expression in the ASP did not (J)

An essential component of the neuronal presynaptic compartment is the voltage-gated calcium channel
(VGCC), which initiates neurotransmitter exocytosis in response to membrane depolarization. The
Drosophila genes straightjacket (stj) and cacophony (cac) encode two of four subunits (49, 50). We
determined that cac and stj are expressed in the wing disc by gPCR analysis (Fig. S6), and observed that
expression in the wing disc of RNAi constructs targeting cac and stj transcripts changed ASP morphology,
reduced Dpp signal transduction in the ASP, and reduced the numbers of ASP cytonemes (Fig. 4C, E-F’,

5A). These cac and stj RNAI constructs have been previously characterized and validated in several

12


https://doi.org/10.1101/475665
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/475665; this version posted November 21, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC-ND 4.0 International license.

behavioral assays (51, 52). Expression of these RNAI constructs in the ASP was without apparent effect

(Fig. 4G-H’), suggesting that Dpp signaling to the ASP requires VGCC specifically in the wing disc.

To determine if the VGCC is present at ASP-wing disc synaptic contacts, we expressed a functional,
fluorescent-tagged Cac transgene in the dpp-expressing cells of wing disc together with GRASP
constructs that marked the cytoneme synapses. Previous studies of this tagged Cac protein showed that
it localized to the presynaptic active zone of developing neurons (53). We observed that expression of
this tagged Cac protein in the wing disc revealed that Cac was present at sites of contact between ASP
cytonemes and wing disc cells (Fig. 41-1"). These results and the fact that suppression of stj transcripts by
RNAI (Fig. 4F) caused phenotypes that were similar to the stj* mutant (Fig. S1U), are consistent with the
idea that the VGCC functions at the presynaptic compartment of wing disc cells for Dpp signaling from
the wing disc to the ASP. Given the role of the VGCC at the neuronal synapse, these results suggest that

the cytoneme synapse is sensitive to and activated by membrane depolarization.

We also investigated the inward rectifying potassium channel Irk2 for a role in signaling by the wing disc.
Irk2 was shown previously to regulate Dpp release from wing disc cells and for wing disc development,
and to participate in generation of calcium transients in the wing disc (24). Consistent with earlier
studies (28), we detected calcium transients in the wing disc (Movie S10), and we observed that
expression of a dominant negative mutant Irk2 in the wing disc affected ASP development (Fig. 4]) in
ways that are consistent with inadequate Dpp signaling. In contrast, expression of Irk2°" in the ASP had

no apparent effect (Fig. 4)°).

An essential role for glutamate in cytoneme-mediated signaling

Figure 5A summarizes our results showing that levels of Dpp signal transduction in the ASP are sensitive
to suppression of the VGCC and Syb in the Dpp-producing disc cells and to suppression of SERCA, GluRlI,
and Syt4 in the ASP. In a late 3™ instar larval stage ASP, cells with highest levels of Bnl/FGF signaling are
at the tip and cells with highest levels of Dpp signaling are in the medial region (Fig. 1C, 5B,E,H).
Ubiquitous ectopic expression of Dpp induces Dpp signaling in cells throughout the ASP, and cytonemes
extend outwards without apparent directional bias and in greater numbers, and the ASP has a more
bulbous form (Fig. 5C,F) (4). Because our genetic tests showed that the components of glutamatergic
neuronal synapses are necessary for Dpp signaling in the ASP, we tested directly for response to

glutamate and to NASPM. Whereas expression of Dpp throughout the region of disc near the ASP
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induced uniform, high level activation of Dpp signaling in the ASP (Fig. 5F), the presence of L-glutamate,
which induced repetitive Ca** transients throughout the ASP (Fig. 5K,L and Movie S7), did not change the
level or pattern of Dpp signaling in the ASP (Fig. 5A,D,H,l), and the presence of NASPM blocked Dpp
signaling (Fig. 5A,B,G,J). NASPM did not reduce the number of ASP cytonemes (Fig. S7). These results
show that the contribution of synaptic glutamate signaling is essential but not sufficient for cytoneme-
mediated Dpp signaling, and that the glutamate system is essential for cytoneme function. The presence
of (ineffective) cytonemes under conditions of NASPM inhibition contrasts with the reductions in
numbers of cytonemes observed in mutant genotypes that also impair cytoneme-mediated signaling.
However, because effects on transient structures under conditions of acute treatment (i.e.

pharmacological inhibition) may not be comparable to effects after development under genetic
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Figure 5. Dependence of Dpp signaling on glutamate and synaptic proteins. (A) Bar graph showing levels of Dpp
signal transduction in ASP, fold changes relative to respective control. For chemical treatment: bt/-Gal4; UAS-GFP;
for ASP expression: btl-Gal4 UAS—CD8:Cherry/tub-GalSOrs; dad-GFP/+; for disc expression: ap-Gald/+; dad-GFP/+. p
values differences between control and experimental condition: NASPM (2.9E-03), L-glutamate (0.58), SERCARNAI
(3.9E-06), GIURIIA.M614R (2.0E-07), syt4RNAI (2.4E-06), syt4 C2AC2B (2.9E-07), syt1RNAI (2.1E-06), sybRNAi (1.8E-
06), cacRNAI (4.1E-07), stjRNAI (9.8E-07). (B,C,D) Drawings depicting changes of ASP cytonemes, signaling and
morphology in response to (B) glutamate system inhibition, (C) ectopic Dpp over-expression (4), (D) addition of L-
glutamate. (E-G) Increased Dpp signal transduction (pMad) in the ASP in response to ectopic Dpp expression in the
disc (F) was blocked by presence of NASPM (G); (see Methods for protocol for conditional expression of dpp). (H-J)
Dpp signal transduction in ASP preparations incubated for 3 hours in mock (H), in 1 mM L-glutamate (1), orin 10
UM NASPM (J); (K,L) Response of ASP to L-glutamate and photostimulation of disc cells; amplitude (K) and
frequency (L) of Ca** transients.
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impairment, the different outcomes of these treatments on numbers of cytonemes may not be

indicative of mechanistic differences.

Transmission at the cytoneme synapse

Basic structural features of the contact between the cytoneme tip and target cell —the terminus of a
cellular extension, the constitution with common components, the gap of 20-40 nm — are shared with
the neuronal synapse. In addition, wing disc cells that are targets of ASP cytonemes express proteins
including the VGCC that also contribute essential functions to the transmission of signals from the
presynaptic compartment of the neuronal synapse. Moreover, these functions are necessary for
signaling from the wing disc to the ASP. To test directly whether this cytoneme-mediated signaling is
induced by depolarization, we monitored calcium transients in ASP preparations dissected from animals
that expressed a channelrhodopsin that functions as a light-gated ion channel (54). Wing disc-specific
expression of the channelrhodopsin and photostimulation induced calcium transients in the ASP (Fig.
5K,L and Movie S8). The increased amplitude and frequency of the optogenetically-induced transients
were similar to the observed stimulation by L-glutamate. We conclude that the calcium transients in the

ASP are responses to trans-synaptic transmission.

Discussion

In earlier work, we found that signaling between cells of the wing disc and ASP is cytoneme-mediated
and involves the intercellular transfer of signaling proteins at synaptic contacts (2). Cytoneme synapses
were characterized by GRASP fluorescence (2, 7), a technique that marks sites of close (approximately
20-40 nm) cell-cell apposition and that was developed to identify neuronal synapses (26). Cytoneme
synapses are dependent on the transsynaptic adhesion proteins Capricious and Neuroglian that also
have essential roles in neuronal synapse formation (20, 21, 55, 56). The work reported here presents
genetic, histological and functional evidence that adds to the number of components and features that
are common to both cytoneme and neuronal synapses. This work is the first to show that voltage-

activated glutamate transmission is an essential element of signaling between epithelial cells.

We examined more than thirty genetic and pharmacological conditions to target Dpp signaling in the

ASP. Because most of the genes are essential and null mutants are lethal early in development, the
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genetic conditions we characterized were partial loss-of-function - either in a hypomorphic mutant or
generated by tissue-specific expression of partially defective proteins or gene-specific RNAi constructs.
Expression conditions were adjusted to have no discernable effects on cell viability or cell division (Fig.
S3). Partial loss-of-function conditions in the wing disc that targeted syt1, syb, cac, stj, Irk2, VGlut, or
Atp e, all essential components of presynaptic neuronal compartments, reduced signaling in the ASP. In
contrast, targeting these genes in the ASP had no apparent phenotype. Partial loss-of-function
conditions in the ASP that targeted GIuRll, syt4, or SERCA, all essential components of postsynaptic
neuronal compartments, reduced signaling in the ASP; but targeting these genes in the wing disc had no
effect on the ASP. This specificity, which implicates presynaptic glutamatergic functions only in the signal
producing cells of the wing disc and postsynaptic glutamatergic functions only in the signal receiving
cells of the ASP, is strong genetic evidence that the observed phenotypes are correctly attributed to the

gene targets.

Histological characterizations showed that GluRlIl is present in cytonemes that generate the postsynaptic
compartments (Fig. 2F-H), that the VGCC is present presynaptically at the cytoneme synapse, and that
Syt4 is exposed on the plasma membrane of postsynaptic cytonemes (Fig. 3E-G) (38). These findings
show that these key components of the glutamatergic synapse are segregated in similar ways at both
cytoneme and neuronal synapses. The fact that optogenetic stimulation of a channelrhodopsin
expressed specifically in the wing disc induced Ca®* transients in the ASP is strong evidence of synaptic
neurotransmitter signaling. We conclude that these epithelial cells make functional glutamatergic

synapses.

The presence of glutamatergic synapses in non-neuronal, epithelial cells of the Drosophila wing disc and
ASP is unexpected and without precedent, but is consistent with a comparative analysis of the GIuR
gene family that concluded that GluR signaling is present even in animals that lack a nervous system,
such as Trichoplax (57). Plants also regulate Ca** influx with GluR-like channels that are required for

growth and cell-cell communication (58, 59).

Our study implicates the glutamate neurotransmitter system in signaling by proteins such as Dpp at the
cytoneme synapse, as inhibition of the glutamate receptor and genetic deficits of components of
glutamate signaling also blocked Dpp signaling. This role of glutamate signaling at the cytoneme synpase
should be understood in the context of specificity. Whereas ectopic over-expression of Dpp activates

Dpp signaling ectopically, the presence of exogenous L-glutamate, which induces ectopic and unusually
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frequent Ca®* transients, does not increase Dpp signaling. Activation of the glutamate receptor system is
therefore not sufficient to activate the signal transduction pathway. Cells that express multiple types of
signal protein receptors are competent to respond to the signal proteins - in the case of the ASP cells,
which express both the Dpp and Bnl/FGF receptors, to bind their specific ligands and activate the
specific downstream signal transduction pathway. Although the glutamate receptor system is essential
for the activation of both signal transduction pathways, signaling is specific to different signal proteins

because it is dependent on binding of a signal protein with its receptor.

Studies of the glutamatergic components at neuronal synapses show that synapse structure is normal in
their absence, but signaling across the synapse is defective (37, 38, 60, 61). Although we might suggest
that cytoneme synapses provide a function that is analogous to the neuronal synapses — a setting in
which signal release is regulated in the context of uptake - our understanding of the processes that
produce cytonemes and cytoneme synapses, or release Dpp from the transmitting cell and take it up
postsynaptically, is too rudimentary to entertain models for the precise role of glutamate signaling at a
cytoneme synapse. In contrast to neuronal synapses, cytoneme synapses are transient and our studies
of cytonemes and cytoneme-synapses have been limited to steady-state measures. Consequently, our
studies do not distinguish whether glutamate signaling contributes to cytoneme production, or if by
facilitating signal release and uptake, it contributes to stabilization. Studies in both vertebrates and
invertebrates implicate morphogen signaling proteins (e.g., Wnt/Wg, TGF-EEBMP/Dpp, Hh, EGF) in
neural development and neuron function (62-69). Ex vivo and in vivo experiments identify roles for
signaling proteins in neuronal polarity, axon pathfinding, synaptogenesis, synaptic plasticity and long-
term potentiation (70). Linkage of these roles of signaling proteins to mechanisms of synaptic excitability
has not been considered, nor has synaptic excitability been associated with morphogen signaling. Our
discovery of the essential role of the glutamate receptor system in morphogen signaling suggests that

the linkage may be direct.
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