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Summary

Dendrite morphogenesis is a highly regulated process that gives rise to stereotyped receptive
fields, which are required for proper neuronal connectivity and function. Specific classes of
neurons, including Drosophila class 1V dendritic arborization (C4da) neurons, also feature
complete space-filling growth of dendrites. In this system, we have identified the substrate-derived
TGF-p ligand maverick (mav) as a developmental signal promoting space-filling growth through
the neuronal Retreceptor. Both are necessary for radial spreading of C4da neuron dendrites, and
Ret is required for neuronal uptake of Mav. Moreover, local changes in Mav levels result in
directed dendritic growth toward regions with higher ligand availability. Our results suggest that
Mav acts as a substrate-derived secreted signal promoting dendrite growth within not-yet-covered
areas of the receptive field to ensure space-filling dendritic growth.

In Brief

Hoyer et al. uncover a mechanism for space-filling dendrite growth /n vivo. Substrate-derived
TGF-B Maverick and the Ret receptor together regulate the dendrite growth and stability of
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Drosophila sensory neurons. They show that Ret is required for uptake of Maverick, whose local
levels determine dendrite growth preference.

Abstract

2 dendrite outgrowth

INTRODUCTION

Sensory perception relies on properly differentiated and connected neurons for accurate
processing of inputs. Many neuronal classes establish subtype-specific, highly stereotyped
dendritic branching patterns to cover their receptive field (Lefebvre et al., 2015). In addition,
the dendritic fields of some types of neurons, including retinal ganglion cells and
somatosensory neurons of both vertebrates and invertebrates, feature complete but non-
redundant dendritic field coverage (Gallegos and Bargmann, 2004; Grueber et al., 2002;
Sagasti et al., 2005; Wéssle and Boycott, 1991). This phenomenon of space-filling dendrite
growth and tiling requires even spreading of dendrites and, in the case of tiling, non-
redundant partitioning of the innervated layer by dendrites of the same neuronal subtype.
Although space-filling dendrite growth and tiling ensure proper synaptic or sensory input
processing, it remains largely enigmatic how such complete field coverage is achieved
during development.

The cell-intrinsic capacity to grow dendrites relies on specific transcriptional (Dong et al.,
2015) and translational programs (Lin et al., 2015) that ensure sufficient growth capacity of
neurons to acquire their defined subtype-specific morphology. Moreover, proper dendrite
patterning is aided by like-repels-like mechanisms to ensure even and non-redundant
receptive field formation. Prominently, self-avoidance is a major mechanism for recognition
and repulsion of isoneuronal dendrites to prevent overlapping innervation (Zipursky and
Grueber, 2013). In Drosophila, dendritic self-avoidance is mediated by the immunoglobulin
superfamily member Dscam (Down syndrome cell adhesion molecule) through recognition
and repulsion of isoneuronal dendrites (Hughes et al., 2007; Matthews et al., 2007; Soba et
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al., 2007). In vertebrates, clustered protocadherins serve a similar function in space-filling
neurons, including retinal ganglion and Purkinje cells (Lefebvre et al., 2012).

In addition to intrinsic programs, extrinsic cues and substrate interactions direct dendrite
orientation, growth, and layering /n vivo, with accumulating evidence showing that several
molecular pathways contribute to neuronal subtype-specific layering and receptive field
formation (Dong et al., 2015). One of the best studied models is Drosophilalarval class 1V
dendritic arborization (C4da) neurons, which grow space-filling sensory dendrites and tile
the entire body wall (Grueber et al., 2002). C4da neuron dendrites are normally confined to a
2-dimensional space on the basal face of the epidermis, where dendrites interact with the
monolayer of epithelial cells and their underlying extracellular matrix (ECM) (Han et al.,
2012; Kim et al., 2012b). Loss of integrin function leads to dendrite-ECM adhesion defects
and results in dendrite embedding in the underlying epidermis. Therefore, integrins are
essential to ensure repulsion-mediated self-avoidance, which restricts the growth of
dendrites competing for the same territory. Similarly, loss of neuronal p/exB or epithelial
semaZb results in dendrite-ECM adhesion and self-avoidance defects in C4da neurons
(Meltzer et al., 2016). Although dendrite-ECM adhesion ensures 2-dimensional growth
required for dendrite self-encounters, loss of dendrite adhesion itself does not severely affect
dendritic space-filling.

One candidate for regulation of space-filling growth and non-redundant dendrite patterning
of C4da neurons is the conserved receptor tyrosine kinase Ret (re-arranged during
transfection), which has been implicated in dendrite adhesion and stability in this system
(Soba et al., 2015). Ret physically interacts with integrins to support C4da neuron dendrite-
ECM adhesion via Racl signaling. In mammals, Ret signaling is believed to largely rely on
binding of glial cell line-derived neurotrophic factor (GDNF) family ligands and the
corresponding GDNF family co-receptors (Ibafiez, 2013). Although Ret is highly conserved
in Drosophila (Hahn and Bishop, 2001; Hernandez et al., 2015; Soba et al., 2015; Sugaya et
al., 1994), GDNF homologs have not yet been identified in flies. The closest homologs
found for GDNF are transforming growth factor B (TGF-B) family ligands, which comprise
a large family of ancestral cysteine knot signaling molecules involved in diverse
developmental and cellular pathways (Peterson and O’Connor, 2014; Saarma, 2000).
Moreover, neither the Drosophila GFRa homolog Gfr/ (Kallijarvi et al., 2012) nor integrins
or racI seem to play a role in Ret-dependent dendrite stability and growth defects of C4da
neurons (Soba et al., 2015), suggesting that alternative interactors are involved in Ret-
dependent dendrite patterning.

Here we have identified the TGF-p ligand maverick (mav) as an upstream mediator of Ret
function, revealing a mechanism by which epidermis-derived Mav controls C4 da neuron
radial dendrite spreading and space-filling growth.

The TGF-g Ligand Maverick Affects Ret-Dependent C4da Neuron Dendrite Development

To assess a potential role of TGF-p ligands, the closest homologs of GDNF in Drosophila
(Saarma, 2000), in C4da neuron dendrite development, we overexpressed dActivin (dAct),
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Dawdle (Daw), Glass-bottom boat (Gbb), Myoglianin (Myo) or Mav in C4da neurons or the
larval body wall epidermis (opk-CD4-tdTomato, A58-Gal4) (Figure S1A and data not
shown). Only epithelial overexpression of Mav induced a strong C4 da neuron dendrite
phenotype, resulting in increased dendrite length, terminal numbers, and abnormal field
organization (Figures 1A-1E). To test whether this effect depended on Ret, we generated a
knockout allele (Ret%?; Figures S1IB-S1E; see STAR Methods for details) using improved
ends-out homologous recombination (Huang et al., 2009). Anti-Ret immunoreactivity in C4
da neurons was completely absent in Re<° animals, suggesting that it was indeed a null
allele (Figures S1D and S1E). C4da neurons in Ref<? animals displayed decreased dendrite
coverage, dendrite length, and terminal numbers but increased dendrite crossing (Figures
1A-1E), phenocopying a previously reported hypomorphic Retallele (Soba et al., 2015). If
epidermal Mav signals through Ret to regulate dendrite growth, we predicted that mutation
of Retwould block the growth-promoting activity of epithelial Mav overexpression. This is
precisely what we found (Figures 1A-1E). Because endogenous Ret expression in the body
wall is limited to C4da neurons (Figure S1D; Soba et al., 2015), these results show that Ret
is epistatic to Mav, suggesting /mav acts upstream of Retin C4da neuron dendrite
development.

We next investigated /mav expression in the body wall during larval stages using a Minos
Mediated Integration Cassette (MIMIC)-based GFP reporter (maM0%036. \fenken et al.,
2011) inserted in mavexon 1 close to the translational start (Figure 1F). The reporter signal
could be visualized from 48 hr AEL (after egg laying) onward, showing epithelial but not
neuronal expression in the larval body wall (Figure 1G; Figure S1F). Similarly, a genomic
fosmid transgene containing a GFP-tagged /mav (mav-GFPS; Sarov et al., 2016) displayed
low-level epithelial expression of Mav-GFP (Figures 1F and1H).

These results show Ret-dependent action of epithelial Mav on C4da neuron dendrite
morphogenesis. Moreover, endogenous Mav is expressed in the larval body wall epithelium
within the expanse of C4da neuron dendritic fields.

Mav and Ret Are Similarly Required for C4da Neuron Radial Dendrite Growth and Field

Coverage

We next probed the requirement of endogenous mavin dendrite growth and compared it
with Ret function. RNAi-mediated knockdown of mav specifically in the body wall
epithelium led to decreased dendrite length, coverage, and complexity of C4da neurons
(Figures S1G-S1J), showing that epidermal mav is required to support C4da dendrite
growth. We then generated a /mav loss of function allele using the CRISPR/Cas9 system
(Gratz et al., 2013; Port et al., 2014), replacing mav coding exons with a marker cassette by
homology-directed repair (mav4?; Figures S2A and S2B). Similar to ReX%, mav? animals
were viable, fertile, and exhibited morphological defects in C4da neurons (Figure 2A).
Prominently, mavand Retwere required for proper radial distribution of dendritic arbors
because their loss of function resulted in preferential dendritic growth along the anterior to
posterior and dorsal-ventral (d/v) axes. We generated qualitative heatmaps for dendrite
distribution by registering and overlaying multiple Retand mav mutant C4da neurons
illustrating the shift in highest dendrite coverage to axial portions (anterior to posterior and
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d/v axes) of the receptive field (n = 5; Figure 2B). Quantitative analyses of dendritic
distribution confirmed that mavand Ret function were required for radial dendrite
organization (Figure 2B’). Moreover, C4da neurons in mavk? or Ret*? mutant larvae
exhibited similarly reduced dendrite length, terminal numbers, and dendritic complexity
(Figures 2C-2E).

Previous analyses have uncovered aspects of Retfunction that are integrin-dependent
(dendrite crossing and ECM adhesion) and -independent (dendrite stability; Soba et al.,
2015). Mav%° and Refk° mutant larvae both displayed C4da neuron dendrite crossing and
ECM detachment defects, suggesting that they are similarly involved in integrin-dependent
functions (Figures S2C and S2D).

We then compared developmental C4da neuron dendrite turn-over between 72 hr and 96 hr
AEL in mav4° or Ret®® mutant larvae using time-lapse microscopy. The loss of either mav or
Retresulted in increased dendritic growth and retraction within this 24-hr time frame, with
the overall growth rate being reduced to 50% of controls (Figures S2E-S2G). To assess the
temporal re-quirements for mavin C4da dendrite growth, we monitored the onset of dendrite
growth defects in mav4 larvae during development. Dendritic coverage and crossing defects
were evident at 48 hr AEL, a time point when control C4da neurons displayed complete
receptive field innervation (Figures S2H- S2K). However, dendritic growth defects were
first evident at 72 hr AEL. This suggests an early requirement for mav in receptive field
establishment as well as an ongoing requirement for dendrite growth and branching,
resulting in progressive failure of receptive field coverage.

Taken together, our comprehensive analysis of mavand Retloss of function phenotypes
revealed that both are similarly required for C4da neuron dendrite growth, distribution,
complexity, and stability as well as ECM adhesion and dendrite crossing.

Mav Functions Upstream of Ret in C4da Neuron Development

To further investigate the epistatic relationship of Refand mav, we compared the phenotypes
of C4da neurons lacking mav function, Ret function, or both. We found that the
morphological defects of C4da neurons in ma°, Ret®, and Ret“®+mav*° animals were
indistinguishable from one another but significantly different from controls (Figures 3A—
3D).

Because mav likely functions upstream of Ret, reintroducing the mav genomic region using
a bacterial artificial chromosome (BAC) transgene (mav?F) should rescue mav4° but not
Ret? and Ret+mav double mutant phenotypes. As anticipated, a2 partially rescued
dendrite growth defects and terminal numbers in a4 but not in Ret<® or Ret®+mavk°
double mutant animals (Figures 3A-3D).

Conversely, overexpression of the putative receptor Ret might restore some aspects of
dendrite development in Ref<%/mav*° animals because of auto-activation, even in the
absence of a ligand. Overexpression of Ret in C4da neurons of Ret“°/mav*° animals indeed
partially rescued dendrite growth defects but could not restore normal dendrite distribution,
terminal numbers, or crossing (Figures S3A-S3D). To assess whether canonical TGF-p
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receptors play a role in mav-mediated dendrite development, we analyzed mutant alleles of
all known type I and Il receptors but did not find any significant effects on C4da neuron
dendrites (Figure S3E).

Taken together with our finding that Ref mutation is epistatic to epidermal Mav
overexpression (Figures 1A-1E), these data show that mav acts upstream of Retand likely
independent of classical TGF-f receptors to regulate C4da neuron dendrite patterning.

Ret Receptor Function in C4da Neuron Dendrite Development Requires Its Extra- and
Intracellular Domain

We next set out to characterize Ret domains required for its function, focusing on the
conserved N-terminal Cadherin-like domain (CLD), cysteine-rich domain (CRD), and its
intracellular tyrosine kinase domain (Figure 4A,; Ibafiez, 2013). We created Ret transgenes
lacking extra- and intracellular domains or carrying a point mutation that impaired kinase
activity (Ret805M: Aprescia et al., 2005) and assessed their ability to rescue C4da neuron
dendrite development in Ref mutant animals.

As a control, we first expressed a full-length Ret transgene in C4da neurons and found that it
could completely rescue dendrite defects of Re mutants, including total dendrite length,
number of crossing points, dendrite-ECM adhesion, and branching complexity (Figures 4B,
4D-4G, and S4E). In contrast, expressing Ret lacking either the extra- or intracellular
domain did not alleviate these defects (Figures 4A-4G and S4E). Surprisingly, expressing a
kinase-dead variant (Ret"895M) or Ret lacking the entire kinase domain still exhibited
significant rescue activity, although the latter could not fully restore dendrite length and
branch complexity (Figures 4C, 4D, and 4G), suggesting that its kinase function might not
play a major role in C4 da neuron dendrite development.

Although C4da neuron-specific overexpression of these Ret transgenes had no major effect
on dendrite morphology, we noticed that ectopic expression of Ret in all sensory da neurons
or in the posterior epidermal compartment strongly interfered with the growth of C4da
neuron dendrites into the ectopic Ret expression domain (Figures S4A-S4D). This effect
was fully dependent on Ret extra- but not intra-cellular domains, suggesting that cell surface
interactions of ectopic Ret prevent normal C4da neuron dendrite development. These
findings suggest that ectopic Ret competes for a limited ligand pool, potentially by acting as
a sponge for Mav and other factors.

To test whether Ret and Mav are also sufficient to promote dendrite growth, we expressed
both ectopically in Clda (nompC-Gal4) or C3da neurons (19-12-Gal4), which
endogenously express neither Ret nor Mav. Dendrite growth and branching of C1lda neurons
were significantly enhanced by co-overexpression of Ret and Mav but not Ret or Mav alone
(Figures SSA-S5C). However, truncated forms of Ret in combination with Mav did not
significantly alter C1da neuron dendrites, suggesting that the extra- and intracellular domain
of Ret are necessary for Mav-dependent dendrite growth. Similarly, co-overexpression of
Ret and Mav in C3da neurons was able to strongly increase their dendrite coverage (Figures
S5D and S5E).
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To gain insight into downstream effects of Ret signaling, we performed microarray analyses
of purified control and Ref® C4da neurons. We identified 64 genes that were significantly
differentially expressed in RetX® C4da neurons, including 36 up- and 28 downregulated ones
(Figures SBA-S6C). Functional classification of the deregulated genes revealed that a
significant subset of candidate genes is involved in cellular and metabolic signaling (Figures
S6A-S6C). Although we could not link these candidates to known Ret signaling
components, some of the affected genes, including vis (Wang and Mann, 2003), RanBPM
(Zhang et al., 2014), and CG8768 (Kim and Marqués, 2010), have previously been
implicated in TGF-p signaling.

Overall, our structure-function analysis shows that Ret function in C4da neuron development
requires both its extra- and intracellular domains. Moreover, Ret and Mav together are
sufficient to promote dendrite growth and branching, suggesting a common downstream
signaling mechanism potentially identified by our microarray analysis.

Epithelial Mav Levels Direct C4da Neuron Dendrite Growth Preference

We hypothesized that epidermal cells act as a Mav-dependent growth substrate for C4da
neurons, which promotes dendrite growth into areas with higher Mav levels.

We tested this by overexpression of UAS-mav (mavPE) or UAS-mav-RNAi (ma/*NA) only
in the posterior (engrailed-Gal4 [en-Gal4]) or dorsal (ushaped-Gal4 [ush-Gal4]) epithelial
compartment of the C4da neuron dendritic field.

Overexpression of Mav with en-Gal4 strongly enhanced dendrite growth of C4da neurons
into the en-Gal4 domain while reducing growth in the anterior compartment (Figure 5A).
Conversely, RNAi-mediated knockdown of Mav within the en-Gal4 domain resulted in a 2-
fold local reduction of C4da neuron dendrites with a concomitant 2-fold increase in
dendrites covering the anterior field. Intriguingly, total dendrite length was not affected by
either manipulation (Figures 5B-5D).

We obtained virtually identical results by manipulating Mav levels in the dorsal part of the
C4da neuron-receptive field using ush-Gal4 (Figures S6D-S6G). In this case, reduction of
Mav levels by RNAI resulted in a 2-fold shift of preferential dendrite growth into the ventral
domain, whereas overexpression of Mav led to a more than 2-fold increase in dendrites
covering the dorsal field.

Together, these results show that local epidermal Mav expression levels regulate the dendrite
growth preference of C4da neurons, biasing dendrite growth toward regions with higher Mav
expression.

Ret Is Required for Neuronal Uptake of Mav

We next investigated the relationship between Mav protein distribution and abundance and
neuronal Ret. We took advantage of the genomic mav-GFP™S transgene, which displayed
specific Mav-GFP protein expression in the body wall epithelium and partial rescue activity
of C4da neuron morphology in mav4° animals (Figures 1H and S7A-S7E). In controls, low
levels of Mav-GFP could be detected in punctate structures associated with epithelial cells
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(Figures 5E and S7F). However, Ref<? mutant animals displayed strongly increased Mav-
GFP levels in epithelial cells, which could be reduced to below control levels upon Ret
overexpression in C4da neurons. These findings suggest that the presence of Retin C4 da
neurons regulates epithelial Mav levels.

To test the possibility that epithelial Mav levels might be regulated by Ret-dependent
internalization into C4 da neurons, we generated a UAS-2xHA-mav transgene containing a
tandem hemagglutinin (HA) tag for increased sensitivity and overexpressed 23HA-Mav
exclusively in the epithelium. Indeed, we detected punctate structures of Mav specifically in
proximal and distal dendrites of C4 da neurons (Figures 5F-5F’"). Mav puncta in C4da
neurons were completely absent in Ref<° animals and were undetectable when we omitted
detergent during immunostaining, suggesting that Mav can be internalized by C4da neurons
in a Ret-dependent manner (Figures 5G and5H and data not shown). Together, these data
show that epithelium-derived Mav protein levels are likely regulated by Ret-dependent
neuronal uptake.

Epithelial Mav Is Secreted and Can Diffuse across the Body Wall Epithelium

Because most TGF-p ligands are secreted, we wanted to assess Mav localization upon local
expression. To this end, we overexpressed 2xHA-Mav in the posterior part of the epithelium
using en-Gal4 and assessed total and cell surface distribution of Mav. Similar to non-tagged
Mav, 2xHA-Mav expression with en-Gal4 resulted in preferential C4da neuron dendrite
growth in the posterior part of the receptive field (Figure 6A). Accordingly, total 2xHA-Mav
levels were high in the en-Gal4 domain and rapidly declined anterior to the expression
domain (Figures 6A’ and 6B). As before, we detected a neuronal Mav signal in C4da
neurons upon 2xHA-Mav expression but not in controls, suggesting Mav can be internalized
by dendritic uptake (Figure S7G). In contrast, omitting detergent treatment (no TX-100)
during immunostaining revealed widespread Mav localization along the basal epithelial
surface within the entire C4da neuron dendritic field (Figures 6C and6D). No obvious Mav
signal was detected in C4da neuron dendrites under these conditions (Figure S7G). These
data suggest that epidermis-derived Mav is secreted and can diffuse locally within the
expanse of the C4da neuron receptive field.

Epithelial Mav Acts Locally and Proximally to Promote C4da Neuron Dendrite Growth

To assess whether Mav acts locally or at a distance to control C4da neuron dendrite growth,
we used epithelium-specific Flipase (Flp) transgenes to generate either low-frequency (LF-
Flp) or high-frequency (HF-Flp) Gal4-expressing epithelial clones (actin- > FRT > y* > FRT
> Gald).

First we assessed the distribution of surface Mav by expressing 2xHA-Mav in LF-FIp
epithelial clones. Although control immunostainings showed no specific signal (Figures 7A,
7A’, and 7A’"), we detected low levels of surface Mav typically lining a portion of a C4 da
neuron dendrite crossing the epithelial clones (Figures 7B and7B”). Overexpression in this
case was significantly lower than when we constitutively overexpressed mav with en-Gal4,
and we found that Mav surface levels on epithelial clones at sites without dendrite contact
were low (Figure 7B’’). Furthermore, Mav did not accumulate to detectable levels on the
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cell surface outside of the clones, demonstrating that the LF-FIp system allows for local
modulation of Mav levels.

We then tested how downregulation or overexpression of Mav in subsets of epithelial cells
would affect dendrite coverage. Overexpression of Mav in few epithelial cells (LF-Flp >
mavO¥F) re-sulted in strong rearrangement of C4da neuron dendrite growth (Figures 7C
and7E). Interestingly, Mav overexpression not only caused increased dendrite coverage of
Mav-expressing epithelial clones (Figure 7C, green areas) but also induced increased
dendrite growth in surrounding areas (red area surrounding epithelial clones) while
decreasing coverage in more distant areas.

In turn, RNAi-mediated downregulation of Mav in few epithelial cells (LF-Flp > mal/?VA)
resulted only in a local reduction of dendrite coverage of epithelial clones but not
surrounding cells (Figures 7C and7E). These data indicate that reduction of Mav levels in
few epithelial cells impairs C4da neuron dendrite coverage only locally on the affected
epithelial cells, whereas Mav overexpression increases dendrite coverage of epithelial clones
and surrounding cells.

We then induced high-frequency epithelial mosaics (HF-Flp) expressing mar”*N/ to test
whether Mav expression in the remaining non-expressing epithelial cells was sufficient to
maintain local dendrite coverage. Reduction of Mav expression in most epidermal cells
resulted in a global reduction of dendrite coverage: even non-expressing epithelial cells
(shaded red area) displayed the same reduced dendrite coverage as Mav-RNAi-expressing
cells (Figures 7D and7F).

Consistent with the idea that Mav is secreted, these findings show that Mav supports
dendrite growth locally and at a distance, whereas Mav expression in only few cells is not
sufficient to maintain local or global dendrite coverage.

DISCUSSION

Ret and Mav Function in a Common Pathway in C4da Neuron Development

Our findings show that the TGF-p ligand Mav acts as a Ret-dependent growth cue regulating
C4da neuron dendrite spreading to ensure space-filling dendrite coverage. TGF-p ligands are
evolutionary conserved signaling modules present in all metazoans and the closest conserved
homologs of the mammalian GDNF family (Peterson and O’Connor, 2014; Saarma, 2000).
So far, only activin has been implicated in the regulation of dendritic organization by
restricting dendritic field size of amacrine cells through TGF-B signaling (Ting et al., 2014),
whereas Mav can act as a glial-derived cue regulating neuromuscular junction (NMJ) growth
(Fuentes-Medel et al., 2012). Mav displays limited homology to both bone morphogenetic
protein (BMP) or activin-like ligands (Nguyen et al., 2000), with the highest homology to
mammalian GDF-15.

Our genetic data show that mav acts upstream of Ret in space-filling dendrite growth. First,
Mav function in dendrite growth and patterning requires the presence of Ret. Second,
epithelial Mav protein levels were increased in the absence of neuronal Ret. Third,
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epithelium-derived Mav is internalized by C4da neurons in a Ret-dependent manner. Taken
together, these data suggest that signaling required for space-filling dendrite growth is likely
elicited by Ret-mediated neuronal up-take of Mav.

Recent work showed that the mammalian Mav homolog GDF-15 and the GDNF family
receptor a-like (GFRAL) are a high-affinity ligand-receptor pair. Intriguingly, the GFRAL/
GDF-15 complex signals through Ret in the mammalian brain stem to mediate GDF-15-
dependent anti-obesity effects (Emmerson et al., 2017; Hsu et al., 2017; Mullican et al.,
2017; Yang et al., 2017). In Drosophila, Ret, mav, and the GFR-like co-receptor form a
biochemical complex and function in stomatogastric nervous system development (Myers et
al., 2018). Thus, it seems plausible that Mav and Ret form a functional signaling pair here
too, although neither GFRL nor classical TGF-p receptors play a role in space-filling
dendrite growth of C4da neurons. Moreover, although Drosophila Ret has tyrosine kinase
activity, which is required in other contexts (Abrescia et al., 2005; Perea et al., 2017), our
findings suggest that it might play a lesser role in C4da neuron dendrite patterning. Thus,
Ret function in this system likely requires additional co-receptors. Notably, Ret is able to
form functional complexes with several cell surface molecules, including integrins (Soba et
al., 2015), vascular endothelial growth factor (VEGF) (Tufro et al., 2007), TrkB (Esposito et
al., 2008), and Eph/Ephrin (Bonanomi et al., 2012; Kramer et al., 2006), suggesting that it
acts as a modular signal transducer. Based on our genome-wide analysis, Ret also regulates
the expression levels of a small subset of signaling molecules, which are likely involved in
downstream responses. This provides an entry point to identify the precise co-receptor and
downstream signals required for Ret and Mav function in dendritic space-filling.

Mav Promotes Dendrite Space-Filling via Ret

In our study, we showed that Mav is expressed and localized in the larval body wall
epithelium covering the receptive field expanse of C4da neurons. Loss of mav or neuronal
Ret alters C4da neuron dendrite patterning from radial to axial growth, leaving significant
portions of the receptive field uncovered. Thus, although axial growth cues might still be
present, mavand Ret are critical for radial spreading and complete coverage of C4da neuron
dendrites. This suggests that Mav is a substrate-derived cue determining receptive field
shape and coverage. Besides Ret and Mav, Tenascin-M has been shown to be required for
radial growth of high-order dendrites (Hattori et al., 2013), suggesting that additional
signaling pathways might regulate the final radial shape of C4 da neuron dendrites. Indeed,
emerging evidence suggests that substrate-derived ligands and adhesion play a major role in
dendrite development, which is orchestrated by multiple cell surface cues (Dong et al., 2015;
Le-febvre et al., 2015). In Drosophila C4da neurons, Ptp69D is required for normal dendritic
growth and coverage (Poe et al., 2017), whereas the protocadherin flamingo and the
transmembrane protein golden goal are necessary to prevent dorsal dendrite overextension
(Gao et al., 2000; Hakeda and Suzuki, 2013; Matsubara et al., 2011). Moreover, the a-
integrin mew, B-integrin mys (Han et al., 2012; Kim et al., 2012b), and PlexB/ SemaZlb
(Meltzer et al., 2016) are required for 2-dimensional growth and ECM adhesion of sensory
neuron dendrites. Rethas previously been shown to interact with integrins and Racl in C4
da neurons to promote dendrite-ECM adhesion and, thus, a 2-dimensional growth mode
(Soba et al., 2015). Consistently, our results show that C4da neurons in Retand mav mutant
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animals also display dendrite-ECM adhesion defects, resulting in dendrite crossing,
suggesting that mavand integrin function are linked via Ret. However, Ret and Mav also
display a unique role in C4da neuron dendrite space-filling because their absence leads to
increased dendrite turnover and failure to stabilize growing dendrites, resulting in
incomplete receptive field coverage. This suggests that Mav, through Ret, stimulates integ-
rin/Racl-dependent ECM adhesion and, independently, dendrite growth stabilization
required for space-filling.

Similarly, dendritic fields are shaped by substrate interaction in other model organisms as
well. In C. elegans, Sax-7 forms a subcellular pattern in the hypodermis and, together with
mnr-1, provides the substrate required for patterning of PVD dendrites via the neuronal
receptor DMA-1 (Dong et al., 2013; Liu and Shen, 2011; Salzberg et al., 2013). In mouse,
ON starburst amacrine cells (SACs) expressing both PlexA2 and Sema6A form radially
symmetric dendritic fields, which requires PlexA2/Sema6A repulsive action (Sun et al.,
2013). Interestingly, Ret regulates the function and morphology of retinal ganglion cells
(Brantley et al., 2008), which also express GDF-15 (Charalambous et al., 2013), indicating a
possible common function in this system.

Mav Distribution and Levels Direct Dendritic Field Growth

Our experimental evidence suggests that C4da neuron dendrite growth and stability is
promoted by local abundance of epithelial Mav. C4da neuron dendrites occupied areas with
higher Mav expression levels after local up- or downregulation of Mav. Moreover, Mav-
overexpressing epithelial clones resulted in a local increase in dendrite occupancy, consistent
with growth stabilization depending on Mav abundance. Conversely, reduction of Mav levels
in few epithelial cells resulted in locally reduced dendrite coverage, whereas widespread
depletion of Mav in most epithelial cells led to dendrite coverage defects even in non-
manipulated regions. Overall, these results are highly consistent with Mav acting as a
secreted short-range growth cue.

Our developmental analysis of C4da neurons in 7a4° animals and local Mav
overexpression data provide evidence that Mav acts very early during initial field
establishment, where growth is preferentially increased and stabilized within and close to the
source of higher Mav expression. Our results further suggest that extracellular Mav levels
are kept very low under physiological conditions, likely by Ret-mediated uptake into C4da
neurons. This is consistent with ectopic Ret overexpression in other sensory neurons
disrupting C4 da neuron development, which are then competing for Mav. Conversely, Ret
and Mav co-expression in C1lda or C3da neurons was sufficient to promote their growth,
possibly by strong cell-autonomous induction of Mav/Ret signaling. Intriguingly, recent
evidence showed that the heparan sulfate proteoglycans (HSPGs) Dally and Syndecan are
synergistically required in epithelial cells to locally stabilize extending C4 da neuron
dendrites, rendering the environment permissive for growth (Poe et al., 2017). It is possible
that Mav requires HSPGs for extra-cellular spreading and function, consistent with the
importance of HSPGs in TGF-B gradient formation and function across species (Yan and
Lin, 2009).
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Based on our data, we hypothesize that, during dendritic field establishment, epithelial Mav
provides a growth-stabilizing cue promoting radial and even extension of C4da neuron
dendrites. Local extracellular Mav might elicit Ret-dependent neuronal uptake and signaling
in dendrites extending into that area, stabilizing growth but reducing local Mav levels. In
turn, epithelial cells not yet covered by C4da dendrites provide a local source of higher
extracellular Mav concentration, promoting growth into this region until the entire substrate
is evenly covered and Mav levels are uniform (Figure S7H). Consistent with our data, such a
mechanism would ensure uniform space-filling coverage of the entire receptive field of C4da
neurons. Our findings open the possibility that similar substrate or target cell-derived
growth-regulating mechanisms are operating in other systems.

STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
guinea-pig anti-Ret provided by I. Miguel- N/A

rabbit anti-GFP

mouse anti-coracle C615.16
rat anti-HA, clone 3F10

Cy3 AffiniPure Donkey Anti-Guinea Pig 1gG
(H+L)

DyL.ight 488 AffiniPure Donkey anti Rabbit
1gG (H+L) antibody

Cy3 AffiniPure Donkey Anti-Mouse I9G (H
+L)

Cy5 AffiniPure Donkey Anti-Rat 1gG (H+L)

Alexa Fluor 647 AffiniPure Goat Anti-
Horseradish Peroxidase

Aliaga,
Soba et al., 2015

ThermoFisher
DSHB, lowa

Roche

Jackson ImmunoResearch,
Westgrove, PA

Jackson ImmunoResearch,
Westgrove, PA

Jackson ImmunoResearch,
Westgrove, PA

Jackson ImmunoResearch,
Westgrove, PA

Jackson ImmunoResearch,
Westgrove, PA

Cat#A11122 RRID: AB_221569

SHB Cat# C615.16,
RRID:AB_1161644

Roche Cat# 11867423001,
RRID:AB_10094468

Cat# 706-165-148 RRID:AB_2340460
Cat# 711-485-152 RRID:AB_2492289
Cat# 715-175-151 RRID: AB_2340820

Cat# 712-165-153 RRID: AB_2340672

Cat# 123-605-021 RRID: AB_2338967

Critical Commercial Assays

RNAqueous Micro kit
Aminoallyl MessageAmp 11 kit

ThermoFisher

ThermoFisher

Cat#AM1931
Cat#AM1753

Deposited Data

Microarray analysis of Re#? C4da neurons

This study

NCBI Gene Expression Omnibus
(GEO: GSE115500)

Experimental Models: Organisms/Strains

D. melanogaster. Ret<68: PBac{3HPy
+}RetC168

D. melanogaster. Df(2L)Bsc3: w[1118];
Df(2L)BSC312/CyO
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

D. melanogaster. ppk-CDA4-tdTomato:.
w[1118]; P{w[+mC] =
ppk-CD4-tdTom}10a/TM6B, Th[1]

D. melanogaster. ppk-CD4-tdGFP. w[1118];
P{w[+mC] =
ppk-CD4-tdGFP}8/TM6B, Tb[1]

D. melanogaster. ppk-Gal4: w[1118];
P{w[+mC] =
ppk-Gal4} /TM6B, Tb[1]

D. melanogaster. UAS-CD4-tdGFP.
w[1118]; PBac{y[+mDint2]
w[+mC] = UAS-CD4-tdGFP}VK00033

D. melanogaster. trol-GFP. P{PTT-
unl}trolG00022

D. melanogaster. 19—-12-Gal4. w[1118];
P{w[+mC] = 19-12-
Gal4} /TM6B, Th[1]

D. melanogaster. UAS-CD4-td Tomato:
w[1118]; PBac

{y[+mDint2] w[+mC] = UAS-CD4-
tdTom}VK00033

D. melanogaster. A58-Gal4
D. melanogaster. pzk-Fip1

D. melanogaster. ush-Gal4: w[*];
P{w[+mW.hs] = GawB}
NP0022 / CyO, P{wl[-] = UAS-
lacZ.UW14}UW14

D. melanogaster. mav-GFPs

D. melanogaster. nompC-Gal4: w[1118];
P{y[+t7.7]
w[+mC] = GMR41E11-GAL4}attP2

D. melanogaster. en-Gal4: y[1] w[*];
P{w[+mW.hs] = en2.4-
GAL4}el6E

D. melanogaster. UAS-
mal/?l\mi RIP.GL01025}attP40. y[]_] SC[*] V[l];
P{y[+t7.7] v[+t1.8] = TRiP.GL01025}attP40

D. melanogaster. UAS-

maV‘?I\M/ R/RHM501125}arIP2: y[l] SC[*] V[l];
P{y[+t7.7] v[+t1.8] =
TRiP.HMS01125}attP2

D. melanogaster. may'05935. y[1];
Mi{y[+mDint2] = MIC}mav
[M105038]

D. melanogaster. UAS-gbb

D. melanogaster. UAS-dAct

D. melanogaster. UAS-daw

D. melanogaster. UAS-mav

D. melanogaster. UAS-myo

D. melanogaster. UAS-2xHA-mav: w[1118];
P{w[+mW.hs] =

UAS-2xHA-mav }attP2

D. melanogaster. UAS-Ret. w[1118];

P{w[+mW.hs] =
UAS-Ret-V5 }attP2
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Han et al., 2011

Han et al., 2011

Han et al., 2011

Soba et al., 2015

Yan et al., 2013

Han et al., 2011

Jiang et al., 2014
Poe et al., 2017
DGRC Kyoto

Sarov et al., 2016

Bloomington Drosophila
Stock Center

Bloomington Drosophila
Stock Center

Bloomington Drosophila
Stock Center

Bloomington Drosophila
Stock Center

Bloomington Drosophila
Stock Center

O’Connor lab
O’Connor lab
O’Connor lab
O’Connor lab

O’Connor lab
This study

This study

RRID: BDSC_35845

RRID: BDSC_35843

N/A

RRID: BDSC_35836

N/A

N/A

RRID: BDSC_35837

N/A
N/A
DGRC #103497

VDRC #318248
RRID: BDSC_50131

RRID: BDSC_30564

RRID: BDSC_36809

RRID: BDSC_34650

RRID: BDSC_60780

N/A
N/A
N/A
N/A
N/A
N/A

N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER
D. melanogaster. UAS-Ret-CTA: w[1118]; This study N/A
P{w[+mW.hs] =

UAS-Ret-CTD-V5 }attP2

D. melanogaster. UAS-Ret-NTA.: w[1118]; This study N/A
P{w[+mW.hs] =

UAS-Ret-NTD-V5 }attP2

D. melanogaster. UAS-Ret-KDA: w[1118]; This study N/A
P{w[+mW.hs] =

UAS-Ret-KDD-V5 }attP2

D. melanogaster. UAS-Ret-K805M. This study N/A

w[1118]; P{w[+mW.hs] =
UAS-Ret-K805M-V5 }attP2

Oligonucleotides

See Table S1 This paper

Software and Algorithms

Fiji https://fiji.sc/ RRID: SCR_002285
Origin Pro Originlab Corp., N/A
Northampton, U.S.A.
Imaris Filament Tracer BitPlane AG, Zurich,€ RRID: SCR_007366
Switzerland
AutoQuant BitPlane AG, Zurich,€ RRID: SCR_002465
Switzerland

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Dr. Peter Soba (peter.soba@zmnh.uni-hamburg.de).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Fly strains and husbandry—All fly stocks were maintained at 25 C and 70% rel.
humidity on standard cornmeal/molasses food. Staged male and female 3' instar larvae (96h
AEL) were used unless otherwise noted. All experiments were conducted on age- and size-
matched larvae.

The following fly stocks were used: Ret“168, Df(2L )Bsc312 (deficiency covering the
genomic Ret locus), tro/-GFP (Soba et al., 2015), ppk-CD4-td Tomato, ppk-Gal4, UAS-CD4-
1dGFF, UAS-CD4-tdTomato, (Han et al., 2011), low (LF-Flp) and high frequency (HF-FIp)
epithelium-specific Flp lines (Poe et al., 2017), A58-Gal4 (Jiang et al., 2014), 19-12-Gal4
(Yan et al., 2013), nompC-Gal4 (GMR41E11-GAL4, BDSC #50131), en-Gal4 (BDSC
#30564), mav-GFP™S (VDRC #318248), UAS-maV/RNAHTRIP.GL01025}a1tP40 (BDSC
#36809), UAS-ma/*NARTRIEHMS0L125}attPZ (BDSC #34650), mayM/05038 (BDSC #60780),
ushaped (ush)- Gal4VP9922 (DGRC Kyoto #103497), UAS-gbb, UAS-dAct, UAS-daw, UAS-
mav, UAS-myo (kindly provided by T. Haerry and M. O’Connor).

Plasmids of full length, truncated, and mutated Ret cDNA constructs carrying a C-terminal
V5 tag (CTA, NTA, KDA, K805M) and 2xHA-tagged Mav (internal 2xHA tag inserted at
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position 341 of the Mav protein sequence) were generated by PCR-amplification and cloned
into pUAST-ALtB (see Table S1). Transgenes were generated by embryo injection using
vasa-@C31;attP2 carrying flies (Groth et al., 2004).

Construction of transgenic and knockout animals—A Retknockout allele (Ret )
was generated by an improved ends-out genomic targeting strategy (Huang et al., 2009).
Exons 3-8 (E3-8) were replaced by a targeting cassette with 5" (5kb) and 3" (3kb)
homologous regions flanking a GMR-white cassette (Table S1). Red eyed Ret mutant
candidates were validated by PCR using primers flanking the GMR cassette and 5" and 3’
targeting site in the Ret genomic locus to verify correct gene replacement. Out of three
correctly targeted lines, Ret%° line 2.7 was selected for all further experiments based on
viability, total loss of anti-Ret immunoreactivity and fully rescuable C4 da neuron dendrite
phenotypes.

A mavknockout (mal*°) allele was generated by CRISPR/Cas9-mediated homology
directed repair (HDR) (Gratz et al., 2013; Port et al., 2014). Guide RNAs targeting the 5
and 3" ends of the mav coding exons 2 and 3 on the 4™ chromosome were cloned into
pCFD4 (Table S1) to express both under control of the U6-1 and U6-3 promoter,
respectively. pRK2 (Huang et al., 2009) was used to generate an HDR donor template
containing 1kb genomic DNA up- and downstream of the mav coding exons. Both plasmids
were co-injected into yw;vasa-Cas9 syncytial embryos to target mavin the germline. mav©
candidate animals were identified by eye color and correct targeting was verified by PCR
analysis. One correctly targeted viable line (no.2) was selected for all subsequent
experiments.

METHOD DETAILS

In vivo confocal microscopy—rFor live imaging 3 instar larvae (96hrs AEL), Clda
(ddaD), C3da (ddaA and ddaF) and C4da neurons (ddaC) were imaged by confocal
microscopy (Zeiss LSM700) as previously described (Soba et al., 2015). C4 da neurons were
visualized by using either ppk-CD4-td Tomato, ppk-CD4-tdGFF, or ppk-Gal4, UAS-CD4-
1dGFP (Han et al., 2011), Clda neurons using nompC-Gal4, UAS-CD4-tdTo-mato, C3 da
neurons using 19-12-Gal4, UAS-CD4-tdGFP. For comparison, abdominal segments A3 and
A4 were chosen. Confocal stacks were taken with a 20x objective (Zeiss, NA 0.8) to image
the whole dendritic field of ddaC neurons. For higher resolution and magnification a 40x oil
objective was used (Zeiss, NA 1.3). The chosen z-step size varied from 0.3 — 0.7um
depending on the experiment.

For analysis of dendrite turnover, C4da neurons (ddaC) in abdominal segments A3 or A4
were imaged at 72h AEL and again 24h later (96h AEL). The imaged larvae were allowed to
develop to adulthood to ensure that handling and imaging did not interfere with normal
development.

Imaging of dendrite-ECM interaction was performed as described using troll/-GFP,ppkCD4-
tdTomato (Soba et al., 2015). Two-color high resolution confocal stacks of the dorsal field of
C4da neurons (ddaC) in 3" instar larvae (96h AEL) were taken using a high NA oil
objective (Zeiss 40x%, NA 1.3) with a step size of 300 nm.
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Immunohistochemistry—Larval filet preparation and immunostaining was performed as
described with some modifications (Soba et al., 2015). The following antibodies were used:
guinea-pig anti-Ret (kindly provided by I. Miguel-Aliaga), rabbit anti-GFP (A11122,
ThermoFisher), mouse anti-coracle (DSHB, lowa), rat anti-HA (3F10, Roche).
Corresponding dye-coupled secondary and Alexa647-coupled anti-horseradish peroxidase
(HRP) antibodies were used (Jackson ImmunoResearch, Westgrove, PA).

3" instar larvae fillets were prepared in Ringer solution. The animals were cut open
ventrally after pinning the anterior and the pos-terior ends using insect pins (FST,
Heidelberg). The interior organs and fat bodies were removed and the body wall was then
flattened with additional pins. Fillets were washed with Ringer solution and fixed with 4%
Formaldehyde/PBS for 15 min. After fixation the larval fillets were washed with 0.3%
Triton X-100 in PBS (PBS-T) and blocked for 1 h at room temperature (RT) in 5% normal
donkey serum (Jackson ImmunoResearch). The samples were incubated with the primary
antibody over night at 4° C in 5% donkey serum/PBS, while the secondary antibody was
applied at RT for 1 h. After primary and secondary antibody incubation the fillets were
washed with PBS-T 3x5min to remove residual antibody solution. After the immunostaining
procedure, the samples were transferred to an equilibration buffer (Slowfade Gold,
ThermoFisher) and mounted on a glass slide with the muscle side facing down. Silicon was
applied on the slide to serve as a spacer and fillets were covered with a coverslip by
carefully pressing it down. The mounting medium (Slowfade Gold/50% glycerol in PBS,
ThermoFisher) was applied to the sample between the slide and the coverslip. A lead weight
was used to flatten the samples and coverslips were then sealed with nail polish. Images
were taken on a Zeiss LSM700 confocal microscope with a 20x/0.8NA air lens or with a
40x/1.3NA oil lens.

For immunostaining under non-permeabilizing conditions, Triton X-100 was omitted during
all steps and PBS was used instead.

FACS sorting of C4da neurons and microarray hybridization—Microarray
analysis was performed using previously described procedures (Jiang et al., 2014) with
minor modifications. Body wall filets of 3™ instar larvae were dissociated to single cell
suspensions in PBS containing 1 mg/ml collagenase for 20min at 37° C with automated
mixing at 1000 rpm (Eppendorf Thermomixer). Samples were triturated 10x through a
P1000 pipette tip every 5min during the incubation. C4da neurons were isolated by flow
cytometry into 300ul PBS using a FACSAria (BD Biosciences), and immediately re-sorted
into 100ul RNAqueous Micro Lysis buffer (ThermoFisher). Samples were flick-mixed and
immediately frozen on dry ice. RNA was isolated using the RNAqueous Micro kit
(ThermoFisher) as per the manufacturer’s protocol, and RNA was amplified using two
rounds of linear amplification using the Aminoallyl MessageAmp Il kit (Life Technologies).
Dye-coupled aRNA was fragmented and hybridized to custom-designed 8x60k gene
expression microarrays as per the manufacturer recommen-dations (Agilent Technologies).
The microarray design used in this study was previously described (Lin et al., 2015), and
details of the platform are available in the NCBI Gene Expression Omnibus under Accession
number GPL19582.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Dendrite analysis—Dendrites of da neurons were traced semi-automatically using the
Imaris Filament Tracer module (BitPlane AG, Zirich,Switzerland). Total dendritic length,
branch number and Strahler analysis was calculated from the generated filaments using
Imaris. Dendritic crossing points were counted and manually confirmed as non-contacting
by visual inspection of the z stack.

Dendritic field coverage was calculated by measuring the area covered by dendrites divided
by the total area of the segment (Fiji, ImageJ, NIH).

Dendrite growth/retraction analysis at 72 and 96h AEL was performed as previously
described (Soba et al., 2015). Confocal Z-projections of the same neuron at 72 and 96 h
AEL were overlayed as 2 channels in ImageJ and adjusted for position and interstitial
growth with bUnwarpJ (Fiji, ImageJ, NIH). Landmarks marking all major branch points
were used to get accurate overlay images. Growing (branch is shorter at 72 h than 96 h AEL)
and retracting (branch is longer at 72 h than 96 h AEL) portions of dendrites were traced
using Imaris Filament Tracer (BitPlane) and growth/retraction values were normalized to the
total length of the un-changed portion of the dendritic tree at 96 h AEL. Statistical
significance was calculated using a Mann-Whitney U-test (Origin Pro).

The analysis of dendrite-ECM interaction was performed as described (Soba et al., 2015).
After blind deconvolution (AutoQuant, Bitplane), a colocalization analysis of C4da neuron
dendrites and the ECM was performed. Non-contacting and contacting dendrites were semi-
automatically traced and verified manually. Percentages of detached dendrites were
calculated by the ratios of detached to total dendrites. Statistical significance was analyzed
using the non-parametric Mann-Whitney U-Test (Origin Pro).

Analysis of dendrite growth preference and local dendrite coverage—For local
manipulations of Mav levels, dendritic filament length in a 100um wide segment of the
anterior/posterior (en-Gal4) or dorsal/ventral (ush-Gal4) field of C4da neurons was
quantified using Imaris Filament Tracer (Bitplane).

Low and high frequency mosaic expression of UAS-mav or mav-RNAI in epithelial cells
was achieved using epithelial specific Flip lines (Poe et al., 2017) together with actin > FRT
>y* > FRT > Gal4. Epithelial Gal4 expression was visualized by UAS-CD8-GFP and C4da
neurons using ppk-CD4-tdTomato in 3" instar larvae. For low frequency mosaics, the effect
of Mav overexpression or RNAi on local dendrite coverage was analyzed by quantifying
dendrite length of C4da neurons covering individual epithelial cells (Imaris Filament Tracer,
Bitplane). For high frequency mosaics, C4da neuron dendrite length in equally sized GFP-
negative and -positive areas was compared. To address non-autonomous effects of Mav
manipulation, an equally sized region surrounding positively GFP-labeled epithelial cells
was drawn (red areas) and dendrite length covering this area was quantified. All data were
normalized to the analyzed area.

Heat-maps and assessment of dendrite distribution—Heat-maps were generated to
create a visual representation using Fiji (ImageJ) on the basis of dendritic filaments of
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individual cells. The dendritic width of these filaments was reduced to one pixel, thus taking
each dendritic section equally into account. Neurons were then matched in their orientation
(dorsal/ventral; anterior/posterior) and aligned at the soma. Subsequently, filaments were
projected onto each other followed by the application of a mean filter (Radius = 50px) to
yield a probabilistic distribution. To put an emphasis on areas with a higher occurrence of
dendritic material an RGB-LUT was applied with the intensity values adjusted to exploit the
full color scale.

For quantitative assessment of the dendritic coverage within the dendritic field, coordinates
of non-background pixels were ex-tracted from images of the dendritic filament and
evaluated regarding their angular and radial position. Therefore, the centroid of the soma
was used as a reference as well as a vector pointing vertically upward from aforementioned
point. Applying formula (1) the angular distribution was assessed, correcting for angles >
180 . These values were then divided into 40 bins (340° —20°; 20° —60°, etc.) as well as into
sub bins according to their radial distribution in respect of their range from the center within
the dendritic field (33%, 66%, 100%). These data were then depicted as average percentages
per cell in a customized rose plot generated with Excel (Microsoft Corp.).

.7 .
COS(O!) = W,O < a <180 (Equa“on 1)

Quantitative immunohistochemical analysis—For quantitative analysis of anti-Ret
immunofluorescence signals, the soma region of C4da neurons in control and Ret<® animals
was analyzed in confocal image stacks and signal over background ratios were calculated by
subtracting background signal flanking the C4da soma region. Statistical significance of
intensity differences was calculated using a Mann-Whitney U-test.

For analysis of Mav-GFP levels in mav-GFP~% animals, larval filet preparations were
immunostained with anti-GFP, anti-coracle and anti-HRP-Alexa647. Mav-GFP intensity
values of individual analyzed epithelial cells were calculated using maximum projections of
confocal image stacks of identical thickness (Fiji, ImageJ, NIH).

For analysis of Mav distribution, larval filet preparations of UAS-2xHA-Mav expressing
animals (en-Gal4 or LF-FIp) were immuno-stained using a rat anti-HA antibody (1:300)
with or without 0.3% Triton X-100 (TX-100) to visualize total or surface Mav levels,
respectively. High resolution confocal image stacks were taken and the same body wall
region within the dorsal dendritic field of each C4da neuron (ddaC) was analyzed. A 31 pm
wide XY section (approx. one row of epithelial cells) was maximally projected in XZ-
direction and the Mav signal along the basal epithelial surface was analyzed using a line-
ROI (8pt) stretching from the anterior to the anterior part of the segment (ImageJ, NIH). The
en-Gal4 expression domain was determined using the corresponding intensity profile of
NLS-mCherry expression and aligned for all images to allow quantitative comparison of
Mav levels along the anterior-posterior axis within and outside of the expression domain.
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Microarray analysis—Microarrays were scanned on an Agilent scanner at 3um resolution
as a 20-bit image, and probe intensities were extracted using Agilent Feature Extraction.
Raw Cy3 intensities were extracted and quantile normalized using Limma (Smith, 2005).
Differentially expressed genes were identified using Significance Analysis for Microarrays
(Tusher et al., 2001). Pairwise comparisons were performed with a false discovery rate of
1% and 2-fold change threshold. Hierarchical clustering and heatmap visualization were
performed as previously described (Kim et al., 2012a). Microarray data are available at the
NCBI Gene Expression Omnibus (GEO: GSE115500).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed using Origin Pro software (OriginLabs). Statistical
methods applied to the specific dataset are mentioned in the figure legends. Unless otherwise
noted, analyzed data were represented as box-plots with whiskers, with the centerline
representing median values, upper, and lower edges of the boxes representing the 25" and
75t percentiles of the sample data, respectively. The small square within the box represents
the mean of the data. Upper and lower whiskers represent the 51" and 95™ percentile of the
sample data, respectively. All data points were additionally shown as diamond-shaped
squares. Data were analyzed using a One-way ANOVA with a Bonferroni post hoc test for
multiple comparisons unless otherwise noted. Comparison of 2 groups was conducted using
a Student’s t test or, if normality was not given, was analyzed using the nonparametric
Mann-Whitney U-test. For bar graphs, bar height indicates mean value and error bars
standard deviations (SD). In all figures, n.s., *, **, and *** represent p > 0.05, p < 0.05, p <
0.01, and p < 0.001, respectively.
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Highlights

Substrate-derived TGF-B Maverick is required for dendrite patterning of C4da
neurons

Maverick acts upstream of the neuronal Ret receptor

Local extracellular Maverick levels are regulated by Ret-dependent neuronal
uptake

Growth is directed toward higher Maverick levels to ensure dendrite space-
filling
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Figure 1. Epithelial Mav Expression Affects C4da Neuron Dendrite Patterning in a Ret-
Dependent Manner

(A) C4da neurons (ppk-CD4-td Tomato) in control and Ref? third-instar larvae with or
without epithelial overexpression of Mav using A58-Gal4. Scale bar, 100 pm.

(B) Schematic illustration of Ret-expressing C4da neurons and epithelial cells
overexpressing Mav (mav©F) as shown in (A).

(C-E) Quantitative analysis of (C) total dendrite length, (D) number of terminals, and (E)
isoneuronal dendritic crossing of C4da neuron dendrites of the indicated genotypes. n = 7/
genotype, one-way ANOVA, Bonferroni post hoc test, *p < 0.05, **p < 0.01, ***p < 0.001.
Center lines of boxes represent median values; small squares are average values; upper and
lower edges of the boxes represent the 75th and 25th percentiles of the sample data,
respectively; whiskers represent 95th and 5th percentiles of the sample data.

(F) Schematic mav locus consisting of 3 exons (coding region in blue, untranslated regions
in gray). The insertion site of a GFP enhancer reporter (mavM/05038) and a fosmid transgene
containing the GFP-tagged genomic mav locus (mav-GFP™9) are shown.

(G) GFP expression of may/M!05038 i third-instar larvae (96 hr AEL, ppk-CD4-td Tomato) in
the larval body wall epithelium. Scale bar, 200 pum.

(H) Mav-GFP expression in mav-GFP™s thirdinstar larvae (96 hr AEL) visualized by anti-
GFP and anti-HRP (sensory neuron marker) immunostaining. Mav-GFP puncta were visible
in epithelial cells of the entire body wall overlapping with sensory neuron receptive fields.
Scale bar, 50 pm.
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Figure 2. Mav and Ret Loss of Function Equally Impair Radial Dendrite Growth and Complexity
of C4da Neurons

(A) Dendritic morphology of C4da neurons in control, mavA?, and Ref<° third-instar larvae
(ppk-Gal4, UAS-CD4-tdGFP). Scale bar, 100 um.

(B) Qualitative heatmaps showing cumulative distribution of C4da neuron dendrites (n =5,
5, 6; a, anterior; p, posterior; d, dorsal; v, ventral). (B”) Quantitative rose plot analysis of
C4da neuron dendrite distribution within proximal, medial, and distal field areas
representing the 33, 66, and 100 field percentile, respectively (illustrated in B; n =5, 5, 6).
(C-E) Quantitative analysis of (C) total dendrite length, (D) terminal numbers, and (E)
dendrite complexity by Strahler analysis in control, mav4°, and Ref° third-instar larvae (n =
9, mean = SD, one-way ANOVA, Bonferroni post hoc test, ***p < 0.001).

Center lines of boxes represent median values; small squares are average values; upper and
lower edges of the boxes represent the 75th and 25th percentiles of the sample data,
respectively; whiskers represent 95th and 5th percentiles of the sample data.
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Figure 3. Mav Functions Upstream of Ret in the Same Genetic Pathway
(A) C4da neurons (ppk-CD4-td Tomato) from control, Ret®, mai/°, and Ret % mav4© third-

instar larvae with and without a genomic mav duplication (mavP). Scale bar, 100 pm.
(B-D) Quantitative analysis of C4da neuron (B) dendrite length, (C) number of terminals,
and (D) dendrite complexity by Strahler analysis of indicated genotypes. C4 da neuron
dendrite defects in Ret®® and mavk? were not enhanced in double knockout larvae. Mav
duplication was able to significantly rescue mav&? but not Ret? or Ret?: mav° double
knockout defects in C4da neurons. n = 7, mean + SD, one-way ANOVA, Bonferroni post
hoc test, ***p < 0.001).

Center lines of boxes represent median values; small squares are average values; upper and
lower edges of the boxes represent the 75th and 25th percentiles of the sample data,
respectively; whiskers represent 95th and 5th percentiles of the sample data.
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Figure 4. Ret Function in C4da Neuron Dendrite Development Requires Its Extraand

Intracellular Domains.

(A) Ret protein domain organization and domain deletion transgenes. Ret, full-length Ret
protein; NTD, extracellular domain deletion; TKA, tyrosine kinase domain deletion;

RetK805M, kinase-dead; CTA, intracellular domain deletion.

(B and C) C4da neurons in (B) control and Ret< third-instar larvae with or without C4da
neuronspecific UAS-Ret expression (ppk-Gal4, UASCD4-tdGFP), or (C) with expression of
different Ret domain deletions (described in A). Scale bars, 100 um.

(D-G) Quantitative analysis of C4da neuron (D) total dendrite length, (E) isoneuronal
dendritic crossing, (F) terminal numbers, and (G) dendrite complexity assessed by Strahler
analysis. Fulllength Ret, Ret-K805M, and TKA could significantly rescue all parameters,
whereas Ret lacking the entire intra- or extracellular domain showed no rescue activity. n =
10 per genotype, mean + SD, one-way ANOVA, Bonferroni post hoctest, *p < 0.05, **p <

0.01, ***p < 0.001).

Center lines of boxes represent median values; small squares are average values; upper and
lower edges of the boxes represent the 75th and 25th percentiles of the sample data,
respectively; whiskers represent 95th and 5th percentiles of the sample data.
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Figure 5. Local Mav Levels Control Dendrite Growth Preference and Are Regulated by Ret-

Dependent Neuronal Uptake.

(A) Third-instar C4da neurons (ppk-CD4-tdGFP) in control animals or with overexpression
of Mav (mav®F) or Mav-RNAI (mav®N4Y) in the posterior epithelium (en-Gal4> NLS-

mCherry; green). Scale bar, 100 pm.

(B-D) Quantitative analysis of C4da neuron dendrite length of the (B) total, (C) anterior (a)
and posterior (p) field region (the boxes in A indicate analyzed anterior to posterior
compartments) and (D) ratio of dendrite length between posterior and anterior fields (n = 5,
one-way ANOVA, Bonferroni post hoctest, **p < 0.01, ***p < 0.001).
(E) Quantitative analysis of epithelial Mav-GPF intensity (ppk-Gald, UAS-CD4-td Tomato,

mav-GFP") in control and Ref<? animals without and with C4da neuron-specific Ret

overexpression (n = 15, epithelial cells from n > 3 animals/genotype, one-way ANOVA,
Bonferroni post hoctest, *p <0.05, ***p < 0.001). In et animals, Mav-GFP levels were
strongly increased but reduced by C4da neuron-specific overexpression of Ret.
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(F and G) Epithelial overexpression and immunostaining of HA-tagged Mav (ppk-CD4-
tdTomato; A58-Gal4) in (F) wild-type and (G) Ref° third-instar larvae. Scale bar, 50 pm.
The boxed regions in (F) and (G) indicate enlarged images of the C4da neuron soma region
(F’ and G’) and distal dendrites (F’” and G’”). Arrows in XY/Z plane (dendrite sliced along
the dotted yellow line) indicate specific Mav puncta (anti-HA) in proximal (F’) and distal
(F**) C4da neuron dendrites in controls that were absent in Ref<? animals. Scale bars, 15 pm.
(H) Quantitative analysis of Mav puncta in C4da neurons in wild-type and /e animals (n
= 10/genotype, Mann-Whitney U'test, ***p < 0.001).

Center lines of boxes represent median values; small squares are average values; upper and
lower edges of the boxes represent the 75th and 25th percentiles of the sample data,
respectively; whiskers represent 95th and 5th percentiles of the sample data.

Cell Rep. Author manuscript; available in PMC 2018 October 17.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Hoyer et al.

Page 31

A | overlay ]A'en—GaI4>mav—2xHA
< '.'I !. o g
- 'z
e { )=
£ =
8
XY
| XZ
-
o
§ | I .\ [ /4L |
<
& ol "
o
Q
~EEAY L R e e I o T
@ 250

Jeee- -0
D oHA (no TX-100)

& | control SLCalE
E '_4|0 2xHA-mav

T R

o 9 <

o~ | =}

& 200, Jirsii .
[ ‘ [

S .

5 0

0 50 150 250
d [um]

Figure 6. Mav Is Secreted and Can Diffuse across the Body Wall Epithelium.
(A) Immunohistochemical analysis (IHC) of thirdinstar larval filets (en-Gal4, UAS-NLS-

mCherry, ppk-CD4-tdGFP) under permeabilizing conditions (anti-HA, +Triton X-100
[TX-100]). Nuclear mCherry (in magenta) labels the epithelial expression domain of en-
Gal4 in controls and for overexpression of HA-tagged Mav. XY and partial XZ projections
are shown (the boxed region indicates the shown XZ projection). Scale bars, 50 um. (A’)
Schematic C4da neuron and epithelium in XY/XZ planes, indicating Mav levels.

(B) Quantitative intensity profiles of the Mav signal within the basal epithelial region lining
C4da neuron dendrites along the anterior to posterior axis (indicated by the line in A,
+TX-100, n = 3, mean + SD). The gray area indicates the en-Gal4 expression domain.

(C) IHC of third-instar larval filets under non-permeabilizing conditions (anti-HA, no
TX-100). Note the widespread distribution of Mav along the basal epithelial surface. Scale
bars, 50 pm. (C’) Schematic distribution of Mav at the basal epithelial surface.

(D) Quantitative intensity profiles of the Mav signal in the basal epithelial region lining
C4da neuron dendrites along the anterior to posterior axis (indicated by the dotted line in C,
no TX-100, n = 4, mean + SD).
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Figure 7. Local and Proximal Control of C4da Neuron Dendrite Growth by Epithelial Mav

Levels

(A and B) IHC of third-instar larval filets under nonpermeabilizing conditions (anti-HA, no
TX-100). Shown are (A) control or (B) overexpression of HA-tagged Mav in epithelial
clones using a lowactivity Flp line (LF-Flp, actin- > FRT > y* > FRT > Gal4,UAS-GFP). XZ
projections sliced either along or off dendrites (indicated by lines) are shown for control (A’
and A’’) and Mav overexpression (B’ and B’’). Intensity profiles of the extracellular Mav
signal along the basal epithelial region lining C4 da neuron dendrites are shown (GFP-
expressing epithelial clone in green). The specific Mav signal (indicated by arrows in B’; the
asterisks in A’ indicate a nonspecific tracheal signal) was mostly detected along stretches of
C4 da neuron dendrites close to or within the Mav expression domain. Scale bars, 10 pm.

(C and D) Stochastic Gal4 expression (actin- > FRT > y* > FRT > Gal4) using epithelium-
specific Flp lines with (C) low (LF-Flp) or (D) high (HF-Flp) activity in combination with
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up- (mavo€) or downregulation (mav"N of Mav. Epithelial clones (labeled by GFP) and
C4 da neurons (ppk-CD4-td Tomato) were visualized in third-instar larvae. Scale bars, 100
pm.

(E) Quantification of C4da neuron dendrite length covering GFP-expressing epithelial cells
(indicated in green) and surrounding areas (indicated by a red-shaded region surrounding
GFP-labeled epithelial cells). Mav©F promotes dendrite coverage of GFP-positive epithelial
cells and surrounding areas. Mav*V4/ in few cells (LF-Flp) results in local reduction of
dendrite coverage on GFP-positive epithelial cells (n = 29, 33, 27, 29, 33, and 27 cells from
n = 5 animals per genotype, mean + SD, one-way ANOVA, Bonferroni post hoc test, *p <
0.05, **p < 0.01, ***p < 0.001).

(F) Quantification of C4da neuron dendrite length covering GFP-labeled (HF-Flp >
mav®NAT indicated in green) or non-expressing epithelial cells (indicated in red). Reduction
of Mav levels significantly reduces dendrite coverage of GFP-expressing and non-expressing
cells (red shaded areas in D; n = 20, 15, 20, and 15; mean + SD; oneway ANOVA,;
Bonferroni post hoc test; *p < 0.005, ** p < 0.001).

Center lines of boxes represent median values; small squares are average values; upper and
lower edges of the boxes represent the 75th and 25th percentiles of the sample data,
respectively; whiskers represent 95th and 5th percentiles of the sample data.
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