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SUMMARY

Spatial arrangement of different neuron types within
a territory is essential to neuronal development and
function. How development of different neuron types
is coordinated for spatial coexistence is poorly un-
derstood. In Drosophila, dendrites of four classes
of dendritic arborization (C1–C4da) neurons inner-
vate overlapping receptive fields within the larval
epidermis. These dendrites are intermittently en-
closed by epidermal cells, with different classes ex-
hibiting varying degrees of enclosure. The role of
enclosure in neuronal development and its underly-
ing mechanism remain unknown. We show that the
membrane-associated protein Coracle acts in C4da
neurons and epidermal cells to locally restrict
dendrite branching and outgrowth by promoting
enclosure. Loss of C4da neuron enclosure results in
excessive branching and growth of C4da neuron
dendrites and retraction of C1da neuron dendrites
due to local inhibitory interactions between neurons.
We propose that enclosure of dendrites by epidermal
cells is a developmental mechanism for coordinated
innervation of shared receptive fields.

INTRODUCTION

Precise spatial arrangement of neuronal receptive fields is

essential for the development and function of the nervous sys-

tem. Tissue territories may be innervated by multiple types of

neurons whose spatial coexistence ensures receptivity to their

respective sensory or synaptic inputs. As development pro-

ceeds, neurons grow or remodel their termini to maintain appro-

priate field coverage while continuing to share territory with other

types of neurons. How neurons of different types coordinate their

development to achieve and maintain spatial coexistence in

shared receptive fields is poorly understood. In addition, it is un-

clear what role, if any, non-neuronal support cells play in this

developmental process.

The epidermis is innervated by multiple types of sensory neu-

rons that detect and convey information about various external

stimuli. The receptive fields of sensory neurons are defined by
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the morphology of their cutaneous termini, whose development

requires intrinsic factors, as well as interactions with epidermal

cells, neighboring neurons, and other extracellular cues (Dong

et al., 2015). In Drosophila, dendrites of four distinct classes

(C1–C4) of dendritic arborization (da) neurons with differing sen-

sorymodalities occupy largely overlapping fields to innervate the

larval epidermis (Grueber et al., 2002).

The Drosophila larval epidermis is composed of a single layer

of epidermal cells and an underlying extracellular matrix (ECM)

comprising the basement membrane. Most da neuron dendrites

grow over the ECM near the basal surface of the epidermal cell

layer in a largely 2D array. As larval development proceeds, seg-

ments of dendrites from the highly branched C4da neurons lose

integrin-mediated contact with the ECM and become enclosed

within invaginations of the epidermal cell membrane (Jiang

et al., 2014), similar to neurites of vertebrate sensory neurons

(O’Brien et al., 2012). When integrin-mediated contact of C4da

neurons with the ECM is disrupted experimentally, dendrite

enclosure is increased and the loss of dendrite-ECM interaction

results in aberrant dendrite crossings within and between C4da

neuron arbors, possibly by circumventing contact-mediated

mechanisms that promote self-avoidance and tiling (Han et al.,

2012; Kim et al., 2012). Because dendrite contact with the

ECM is critical for self-avoidance and tiling, it is curious that den-

drites naturally lose contact with the ECM and become enclosed

as development proceeds. This raises the question of whether

and what role enclosure plays in normal development.

Themolecular mechanisms that govern enclosure have not yet

been identified. Interactions between neurons and support cells

are often mediated by cell-cell adhesion molecules (McLachlan

and Heiman, 2013), and enclosed dendrites of C4da neurons

are in sufficient proximity to the membranes of epidermal cells

to allow for the formation of adhesive junctions between them.

Although several cell-cell adhesion molecules have been shown

to be important for C4da neuron development (Hattori et al.,

2013; Jiang et al., 2014; Zhang et al., 2014), possible roles of

such molecules in mediating dendrite-epidermal adhesion

have not yet been characterized.

A subset of proteins typically associated with epithelial

septate junctions appears to localize to enclosed dendritic seg-

ments (Kim et al., 2012), raising the possibility that these junc-

tional proteins are repurposed by epidermal cells for the devel-

opment and maintenance of enclosure. Here, we test the

hypothesis that the epidermally expressed Drosophila protein
s 20, 3043–3056, September 26, 2017 ª 2017 The Author(s). 3043
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Figure 1. Cora Protein Resides in Both C4da Neurons and Epidermal Cells

(A–C) Immunofluorescence detection of Cora (white) by SIM. C4da neurons (green) were labeled using the ppk-GAL4 driver to express UAS-CD4:tdTom.

Anti-Mys immunofluorescence (red) was used to orient the apical-basal axis of the tissue. Merged images for all three detection channels (A–C) and pairwise

combinations (B0 and C0) and (B00 and C00). (A) 3D reconstruction of z series projections. (B) A segment of the dendrite in (A) viewed from above. The bottom edges

of the images correspond to the position where the neuron is transected by the white box in (A). (C) Cross-sectional planes at the position of the white box in (A).

The apical-basal orientation relative to the epidermis and ECM is indicated. The cyan arrowhead indicates Cora at the C4da neuron dendrite membrane; the

magenta arrowhead indicates Cora in the epidermis.

(D) Confocal z series projection of a single epidermal segment expressing UAS-coraRNAi in the posterior domain (to the right of the dotted yellow line) with

hh-GAL4 and immunostained for Cora (white). C4da neurons were visualized using ppk-CD4:tdGFP (green). The anterior-posterior orientation of the larva is

indicated.

(legend continued on next page)
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4.1 homolog Coracle (Cora) plays such a role. Cora was initially

identified as a cytoplasmic component of Drosophila septate

junctions and subsequently shown to promote epithelial apical-

basal polarity (Fehon et al., 1994; Laprise et al., 2009; Ward

et al., 1998). Mammalian Cora homologs play a variety of cellular

roles, including modulating cell-cell adhesion, cytoskeletal as-

sembly, and b1-integrin surface expression (Baines et al.,

2014; Jung andMcCarty, 2012). In addition, amissensemutation

in the human homolog EPB41LI is associated with severe non-

syndromic intellectual disability, suggesting a specific role for

EPB41LI in neuronal function (Hamdan et al., 2011). Cora

mRNA localizes to dendrites of C4da neurons, and knockdown

of cora expression results in increased dendrite branching (Misra

et al., 2016).

We find that Cora protein is present in closely apposed seg-

ments of C4da neuron dendrites and epidermal cells and is

required in both cell types for dendrite enclosure. Furthermore,

we show that Cora-mediated enclosure occurs preferentially

along more proximal dendrites, where it acts to locally restrict

branching. In contrast to dynamic terminal dendrites, which

continue to grow, retract, and branch throughout larval develop-

ment, proximal dendritic segments stabilize early, branch infre-

quently, and contain populations of stabilized microtubules.

We propose a model in which proximal dendrites adopt a local

epithelial-like profile characterized by microtubule stability and

enrichment of some epithelial cell-cell junction proteins, thus al-

lowing them to integrate into the overlying epidermal epithelium.

Our data further reveal a functional role for local epithelial inte-

gration of proximal dendrites. We uncover inhibitory interactions

between different neuron types and show that local dendritic

compartments have differential capacities for coexistence with

dendrites of other neurons, highlighting a potential mechanism

of neuronal organization. We find that enclosure of C4da neuron

dendrites counteracts these inhibitory interactions to permit

shared field innervation with C1da neurons. The loss of C4da

neuron enclosure and the consequent increase in dendrite

branching results in retraction of C1da neuron dendrites, prob-

ably via an increase in contact-mediated repulsive interactions.

We propose that enclosure of C4da neuron dendrites by

epidermal cells represents a coordinated developmental pro-

gram that locally restricts branching of enclosed dendrites while

facilitating morphogenesis of other types of sensory neurons.

RESULTS

Cora Is Expressed in Both C4da Neurons and the
Epidermis
We hypothesized that one or more cell-cell adhesion molecules

could facilitate interactions between epidermal cells and da

neuron dendrites. Cora is one of several septate junction compo-
(E) Magnified view of C4da neuron dendrites in the posterior domain of the epiderm

dendrites are indicated.

(F–H) Confocal projections showing anti-Cora immunofluorescence (red) in larvae

Three pairs of dorsal neurons are shown at 48 hr (F and F0 ); and the dorsal posterior

The red channel is shown alone in (F0)–(H0). (G00, G0 0 0, H00, and H0 0 0) Tracings of C4da
was not detected at 48 hr.

(I) Quantification of Cora enrichment as a percentage of total dendrite length.

Scalebars,1mm(BandC),50mm(D),2mm(E), and30mm(F–H).Gridboxes in (A) repres
nents enriched along enclosed segments of da neuron dendrites

(Kim et al., 2012). Previous analysis suggested that Cora enrich-

ment at these segments results, at least partly, from epidermally

expressed Cora, but whether Cora is also expressed in da neu-

rons was unclear. To answer this question, we performed anti-

Cora immunofluorescence and imaged dendrites and surround-

ing epidermal cells using structured illumination microscopy

(SIM). Myospheroid (Mys), the predominant b subunit (bPS) of

the heterodimeric integrin receptor complex (MacKrell et al.,

1988; Yee and Hynes, 1993), was visualized using an anti-Mys

antibody to orient the apical-basal axis of the epidermal epithe-

lium (Figures 1A–1C). In cross-sections of SIM images, Cora was

detected both at the C4da neuron dendrite membrane and in the

enclosing epidermal cell, where it was enriched in the region near

the dendrite (Figure 1C). To confirm the presence of Cora in den-

drites, we knocked down cora specifically in epidermal cells us-

ing the GAL4/upstream activating sequence (UAS) system.

Because pan-epidermal cora knockdown was lethal, we used

hh-GAL4 to express UAS-coraRNAi in the subset of hedgehog

(hh)-expressing epidermal cells located in the posterior of each

larval segment (Tanimoto et al., 2000). cora knockdown using

hh-GAL4 almost abolished anti-Cora immunofluorescence in

epidermal cells at the posterior of each larval segment (Fig-

ure 1D). However, Cora could still be detected in large dendrites

that innervate the posterior epidermis (Figure 1E). We conclude

that Cora is localized in epidermal cells and in dendrites of

C4da neurons, suggesting that it could facilitate dendrite-

epidermal interactions.

To ascertain when Cora becomes enriched along da neuron

dendrites, we performed anti-Cora immunofluorescence over

the course of larval development. At the end of the first larval

instar stage (48 hr after egg laying, AEL), when C4da neurons

have established their dendritic territories to tile the larval body

wall, Cora was detectable at the neuronal cell bodies and

epidermal boundaries, but not along the dendrites (Figures 1F

and 1I). By the end of the second instar (72 hr AEL), during which

C4da neuron arbors grow in concert with the epidermis to main-

tain tiling, Cora levels were greatly increased at the epidermal

cell boundaries, as well as intracellularly, and enrichment of

Cora along dendrites was apparent along 13% of the dendrite

length (Figures 1G–1G00 and 1I). Cora continued to accumulate

during the third larval instar, becoming enriched along 26% of

the dendrite length (Figures 1H and 1I).

Cora Is Required to Restrict Dendrite Branching
To determine whether Cora plays a role in dendrite mor-

phogenesis, we examined loss-of-function phenotypes using

both mutant alleles and tissue-specific expression of UAS-

coraRNAi (Figure 2). Null cora alleles are lethal during embryonic

development due to the requirement for cora in dorsal closure
is shown in (D). Large (yellow arrowhead) and small terminal (white arrowhead)

at 48, 72, and 120 hr AEL. C4da neurons were labeled with CD4:tdGFP (green).

quadrant of the dendritic field is shown at 72 hr (G andG0) and 120 hr (H andH0).
neuron dendrites (blue) and regions of Cora enrichment (pink). Cora enrichment

ent232mm.Valuesaremean±SEM; ***p<0.001,asassessedbyStudent’s t test.
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Figure 2. Cora Restricts Dendrite Branching

(A–C) Representative images of C4da neurons labeled using ppk-CD4:tdGFP from a wild-type (WT) larva (A), a larva transheterozygous for the hypomorphic

cora14 and corak08713 alleles (B), and a larva with epidermal expression of UAS-coraRNAi driven by hh-GAL (C).

(D) Quantification of the number of terminal branches in the image field for neurons from the indicated genotypes.

(E–G) C4da neurons expressing UAS-CD4:tdGFP driven by ppk-GAL4 either alone (WT) (E) or with UAS-coraRNAi (F) or UAS-Nrx-IVRNAi (G).

(H) Quantification of the number of terminal branches in the image field for neurons from the indicated genotypes.

(I and J) Neurons expressing UAS-myc-cora with UAS-coraRNAi (I) or alone (J) using ppk-GAL4, UAS-CD4:tdGFP. Although themyc-cora transcript is targeted

by the RNAi, its overexpression likely partially attenuates the RNAi, leading to a physiological level of cora expression.

(K) Quantification of the number of terminal branches.

(L) Quantification of non-contacting dendrite crossings.

All images are confocal z series projections. Blue arrowheads (E and J) indicate non-contacting dendrite crossings. Scale bar, 80 mm. Values are mean ± SEM;

NS, not significant; *p < 0.05, ***p < 0.001, as assessed by Student’s t test. See also Figure S1.
(Fehon et al., 1994); we therefore generated cora mutant

larvae using the hypomorphic cora14 and corak08713 alleles

(Lamb et al., 1998; Spradling et al., 1999). Third instar larvae

that were transheterozygous for these alleles exhibited excess

C4da neuron dendrites, suggesting that Cora is required to limit

dendrite branching (Figures 2A, 2B, and 2D).

To determine whether this requirement reflects a non-cell

autonomous function for Cora in epidermal cells, a cell autono-

mous function in neurons, or both, we used hh-GAL4 or the

C4da neuron-specific driver ppk-GAL4, respectively, to drive

expression of UAS-coraRNAi. As in cora mutants, epidermal

knockdown of cora resulted in increased dendrite branching in
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C4da neurons (Figures 2C and 2D). These results were

confirmed using a second, independent UAS-coraRNAi trans-

gene (data not shown). C4da neuron-specific knockdown of

cora using either of two UAS-coraRNAi transgenes also resulted

in increased dendrite branching (Figures 2E, 2F, and 2H) (data

not shown). Simultaneous expression of a UAS-myc-cora trans-

gene in C4da neurons rescued the RNAi phenotype (Figures 2I

and 2K), confirming RNAi specificity.

In Drosophila embryos, Cora is required for epithelial polarity

during organogenesis. In this context, it interacts with the mem-

brane proteins Neurexin-IV (Nrx-IV) and Na(+)/K(+)-ATPase in a

pathway redundant with Yurt (Yrt) to promote basolateral



membrane stability and negatively regulate the apical determi-

nant Crumbs (Laprise et al., 2009). To investigate whether other

components of the Cora/Yrt group regulate dendrite branching,

we performed RNAi directed against Nrx-IV, Atpa (encoding the

a subunit of Na+/K+-ATPase), and yrt in C4da neurons. Neuronal

knockdown of Nrx-IV and Atpa produced an overbranching

defect resembling that of cora RNAi, whereas knockdown of

yrt did not affect branch number (Figures 2G and 2H). Epidermal

knockdown of Nrx-IV likewise resulted in increased dendrite

branching (Figure 2D). Epidermal knockdown of Atpa was lethal

even when limited to the posterior region of the segment, pre-

cluding our ability to analyze the effect on C4da neurons. Thus,

Cora and its transmembrane binding partner Nrx-IV are required

in both neurons and epidermis to restrict dendrite branching of

C4da neurons. Furthermore, whereas Cora, Nrx-IV, and Na+/

K+-ATPase may work together in dendrite morphogenesis, as

they do in epithelial polarity, the Yrt pathway may not function

in this neuronal context.

To determine whether Cora regulates dendrite morphogenesis

in other classes of da neurons,we targeted coraRNAi toC1da and

C3da neurons. In contrast to C4da neurons, knockdown of cora

did not alter the number of branches or total dendrite length in

C1da neurons (Figures S1A–S1D). Similarly, cora knockdown in

C3da neurons did not significantly alter the density of C3da den-

dritic spikes (Figures S1E–S1G). We cannot, however, rule out the

possibility of insufficient RNAi knockdown in these neurons due to

the timing or strength of the respective GAL4 drivers.

Cora Is Required for Dendrite Enclosure
In contrast to loss of cora, cora overexpression in C4da neurons

using UAS-myc-cora caused loss of dendritic branches (Figures

2J and 2K). We found that these neurons also exhibited an in-

crease in the number of dendrite crossing events (Figures 2J

and 2L). Such a defect, arising from non-contacting dendrite

crossings, has been previously associated with increased

dendrite enclosure (Han et al., 2012; Kim et al., 2012). We there-

fore hypothesized that, in addition to its role in restricting

dendrite branching, Cora might play a role in promoting dendrite

enclosure.

To directly test whether Cora is required for dendrite enclo-

sure, we used an immunofluorescence assay that distinguishes

enclosed from non-enclosed dendrite segments (Kim et al.,

2012). Binding of anti-horseradish peroxidase (HRP) antibody

to neuronal cell surface antigens detects both enclosed and

non-enclosed dendrites after tissue permeabilization. Without

permeabilization, non-enclosed dendrites are preferentially

labeled because they are more accessible than enclosed den-

drites. Using this method, we observed that 22% (by length) of

wild-type C4da neuron dendrites in third instar larvae were en-

closed by epidermal cells (Figures 3A and 3D). This degree of

enclosure is comparable to what has been observed using other

methods for assaying enclosure (Jiang et al., 2014), and we ob-

tained similar results using the septate junction protein Discs-

large (Dlg) to mark enclosed dendrites (Figure S2) (Kim et al.,

2012). In agreement with previous work (Jiang et al., 2014), we

observed that large primary dendrites were enclosed more often

than small terminal dendrites (Figures 3A, 3A00, 3C, and 3C0). To
objectively differentiate between large and small dendrites, we
labeled C4da neurons with anti-Futsch antibody (Figures 3A0

and 3C00). Futsch, a MAP1B homolog, is a neuron-specific

marker of stabilized microtubules and is localized to large pri-

mary dendrites but is absent from small higher-order dendrites

(Roos et al., 2000; Stewart et al., 2012). In this manner, we

observed that Futsch(+) dendrites were 47% enclosed, whereas

Futsch(�) dendrites were 7% enclosed (Figure 3E).

Knockdown of cora in C4da neurons reduced enclosure to

13%, a >40% decrease compared to wild-type (Figures 3B,

3B00, and 3D). This result was verified using a second indepen-

dent UAS-coraRNAi line (data not shown) and by anti-Dlg immu-

nofluorescence (Figure S2). Consistent with Cora’s role in re-

stricting branching, total dendrite branch length was increased

in coraRNAi neurons (Figure 3F), and this increase was due pri-

marily to an increase in the total length of Futsch(�) dendrites

(Figures 3B0 and 3G). We reasoned that if Futsch(�) dendrites

are less enclosed than Futsch(+) dendrites, then the reduced

enclosure observed in coraRNAi neurons might simply reflect

the higher proportion of Futsch(�) dendrites. To eliminate this

possibility, we quantified enclosure of Futsch(+) and Futsch(�)

dendrites separately and found that enclosure was reduced for

both categories compared to wild-type (Figure 3E). Conversely,

cora overexpression in C4da neurons caused an increase in

enclosure (Figure S3). Finally, knockdown of cora in epidermal

cells using hh-GAL4 decreased enclosure of dendrites inner-

vating the posterior portion of the segment by >50% (Figures

3H–3J). Altogether, these results indicate that Cora is required

in both the neuron and the epidermis for dendrite enclosure by

epidermal cells.

Developmental Characterization of Branching and
Enclosure Phenotypes
To determine whether the requirements for Cora in restricting

branching and promoting enclosure are independent of each

other or causally related, we first determined when during larval

development the branching and enclosure defects each mani-

fest. Enclosure of C4da neuron dendrites is first apparent at

the beginning of the second larval instar and increases over

the remainder of larval development (Jiang et al., 2014). Consis-

tent with this, we observed that wild-type C4da neurons were

less enclosed at the end of the second instar, 72 hr AEL, than to-

ward the end of the third larval instar, at 115 hr AEL (22% versus

13%) (Figures 4A and 4C; compare with Figures 3A and 3D).

Moreover, these values mirror enrichment of Cora along den-

drites (13% at 72 hr AEL and 26% at 120 AEL) (Figure 1I). At

72 hr AEL, C4da neurons expressing UAS-coraRNAi already ex-

hibited a nearly 50% reduction in enclosure compared to wild-

type neurons at the same stage (Figures 4A–4C). As observed

at later stages, enclosure was decreased similarly for Futsch(+)

and Futsch(�) dendrites (Figure 4D). In contrast to the effect

on enclosure, knockdown of cora had no effect on the number

of dendritic termini or total dendrite length at 72 hr AEL (Figures

4E–4H). Live imaging of wild-type and coraRNAi C4da neurons at

72 and 115 hr AEL indicated that the overbranched phenotype of

coraRNAi neurons observed in third instar larvae arises from an

increased growth of new or existing dendrites and decreased

retraction of dendrites compared to wild-type neurons (Fig-

ure S4). Thus, the effect of cora knockdown on branching follows
Cell Reports 20, 3043–3056, September 26, 2017 3047



Figure 3. Cora Is Required for Dendrite Enclosure

(A and B) Confocal z series projections showing the dorsal-posterior quadrants of WT (A and A0) and coraRNAi (B and B0) C4da neuron dendritic fields. Neurons

were labeled with CD4:tdTom (red), and non-enclosed segments of dendrites were identified by anti-HRP immunostaining before permeabilization (green in A and

B). Stabilized microtubules were labeled with anti-Futsch antibody (white in A0 and B0). (A00 and B00) Tracings showing enclosed segments (pink) and non-enclosed

segments (blue) of the C4da neurons in (A) and (B).

(C) Enlargement of dendrites from a WT C4da neuron labeled as in (A).

(D and E) Quantification of enclosure for all C4da neuron dendrites (D) and for Futsch(+) and Futsch(�) dendrites (E) in the dorsal-posterior quadrant for WT and

ppk-GAL4 > coraRNAi larvae.

(F and G) Quantification of total dendrite length (F) and length of Futsch(+) and Futsch(�) dendrites (G).

(H and I) Confocal z series projections showing the posterior field of a C4da neuron from a WT larva (H) or a larva expressing UAS-coraRNAi in the posterior

epidermis using hh-GAL4 (I). C4da neurons were labeled using ppk-CD4:tdGFP (red). Regions of dendrite enclosure were detected by anti-HRP immunostaining

as shown earlier (green). (H0 and I0) Tracings of C4da neuron dendrites in (H) and (I), indicating enclosed (pink) and non-enclosed (blue) segments.

(J) Quantification of dendrite enclosure for WT and hh-GAL4 > coraRNAi larvae.

(K and L) Branch density of WT and coraRNAi C4da neurons measured for all dendrites (K) and Futsch(+) dendrites (L).

Scale bars, 30 mm in all panels except 5 mm in (C)–(C00). Values are mean ± SEM; *p < 0.05, **p < 0.01, ***p < 0.001, as assessed by Student’s t test. See also

Figures S2 and S3.
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Figure 4. Dendrite Enclosure Precedes Branching Restriction
(A and B) Posterior dendritic fields of WT (A) and coraRNAi (B) C4da neurons at 72 hr AEL. Neurons were labeled with CD4:tdTom (red), and regions of dendrite

enclosure were detected by anti-HRP immunostaining before permeabilization (green). (A0 and B0) Tracings of C4da neuron dendrites in (A) and (B). (A00 and B0 )
Enclosed dendrite segments traced from (A) and (B).

(C) Quantification of dendrite enclosure.

(D) Enclosure of Futsch(+) dendrites and Futsch(�) dendrites quantified separately.

(E and F) Representative images of WT (E) and coraRNAi (F) C4da neurons at 72 hr AEL labeled with CD4:tdGFP.

(G) Quantification of the number of terminal branches in the image field for neurons from the experiment shown in (E) and (F).

(H) Quantification of dendrite length for Futsch(+) dendrites and Futsch(�) dendrites.

All images are confocal z series projections. Scale bars, 30 mm (A and B) and 40 mm (E and F). Values are mean ± SEM; *p < 0.05, **p < 0.01, as assessed by

Student’s t test. See also Figure S4.
the effect on enclosure and results from restriction of dendrite

retraction and promotion of dendrite outgrowth.

Dendrite Enclosure Locally Restricts Branching
Enclosure of dendrites by epidermal cells is increasedwhenC4da

neurons lose integrin-mediated contact with the ECM, as occurs

with mutation or knockdown of mys or mew, which encodes the

a1-integrin subunit (aPS1) (Han et al., 2012; Kim et al., 2012). In

addition to being more highly enclosed, mys mutant C4da neu-

rons have fewer dendritic branches (Kim et al., 2012). Because

enclosure of coraRNAi neurons was decreased at 72 hr AEL but

increased branching was only observed later, we reasoned that

Cora might restrict branching by limiting integrin-mediated con-

tact between the dendrites and the ECM. We therefore hypothe-

sized that the excessive branching observed in coraRNAi neurons

would occur mainly along non-enclosed segments of dendrites,

where dendrites contact the ECM. By quantifying the density of

branch points along enclosed and non-enclosed dendrites, we
found that non-enclosed dendrites were 1.5 times more densely

branched than enclosed dendrites in both wild-type and coraRNAi

neurons (Figure 3K). The increase in branching observed in

coraRNAi neurons scaled directly with the loss of enclosure. The

correlation between enclosure and branching restriction is inde-

pendent of stable microtubule content (Figure 3L), an important

distinction because Futsch(�) dendrites are more highly

branched than Futsch(+) dendrites. The decrease in dendrite

enclosure in coraRNAi C4da neurons can therefore account for

the increased branching. Furthermore, these results suggest

that Cora may act in opposition to integrins to promote enclosure

and restrict branching.

To investigate a functional relationship between Cora and

integrins, we used RNAi to knock down mys and cora simulta-

neously in C4da neurons and analyzed the effect on both dendrite

enclosure and branching. As expected, expression of UAS-

mysRNAi alone resulted in increased enclosure and decreased

branching compared to wild-type neurons (Figures 5A, 5B, 5D,
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Figure 5. Cora and Mys Control Dendrite Morphogenesis by Regulating Enclosure

(A–C) Dorsal posterior quadrants of the dendritic fields of WT (A), mysRNAi (B), and coraRNAi, mysRNAi (C) C4da neurons. Neurons were labeled with CD4:tdTom

(red), and non-enclosed dendrite segments were detected by anti-HRP immunostaining before permeabilization. (A0–C0) Tracings of dendrites in (A)–(C). (A00–C00)
Enclosed dendrite segments traced from (A) to (C).

(D–F) Representative images of the dendritic fields of WT (D), mysRNAi (E), coraRNAi, mysRNAi (F) C4da neurons labeled with CD4:tdGFP.

(G) Quantification of dendrite enclosure for neurons from the experiment shown in (A)–(C).

(H and I) Quantification of the number of terminal branches in the image field (H) and total dendrite length (I) for neurons from the experiment shown in (D)–(F).

All images are confocal z series projections. Scale bars, 30 mm (A–C) and 40 mm (D–F). Values are mean ± SEM; *p < 0.05, **p < 0.01, ***p < 0.001, as assessed by

Student’s t test. See also Figures S5 and S6.
5E, 5G, and 5H). Total dendrite length was also reduced in

mysRNAi neurons (Figure 5I). Simultaneous expression of UAS-

mysRNAi and UAS-coraRNAi in C4da neurons suppressed the

dendrite enclosure, branching, and length defects (Figures 5C,

5F, and 5G–5I). Conversely, simultaneous overexpression of

mys and mew dramatically increased dendrite branch number

and length and reduced dendrite enclosure by more than 3-fold

(Figures S5A, S5B, and S5E). Similar to cora RNAi, overexpres-

sion of mys and mew resulted in increased prevalence of

Futsch(�) dendrites, but the effect on enclosure was independent
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of stablemicrotubule content (Figures S5A0, S5B0, S5F, and S5G).

Altogether, these data indicate that Cora and Mys play function-

ally opposing roles in dendritemorphogenesis, likely by regulating

the degree of dendrite enclosure.

We also investigated whether the relationship between enclo-

sure and branching observed for C4da neurons extends to other

classes of da neurons. Wild-type C1da neurons are only mini-

mally enclosed (Kim et al., 2012) (Figures S6A and S6C). cora

overexpression in C1da neurons was sufficient to increase

enclosure, reduce branching, and reduce dendrite length



(Figures S6B–S6E), suggesting that as in C4da neurons, enclo-

sure of C1da dendrites is associated with reduced branching

and branch length. In addition, major dendrites of C3da neurons

are partially enclosed, and some regions of Cora enrichment

along these dendrites is evident (Kim et al., 2012) (Figures S6F

and S6H). Dendrite spikes were nearly absent from enclosed

segments of C3da neuron dendrites, suggesting that enclosure

may limit outgrowth of these dendritic extensions (Figures S6F

and S6I). Expression of UAS-coraRNAi in C3da neurons did

not significantly reduce dendrite enclosure (data not shown),

but overexpression ofmys andmew together reduced enclosure

by approximately 30% (Figures S6G and S6H). Compared to

wild-type neurons, C3da neurons overexpressing mys and

mew showed a roughly 30% increase in spike density, entirely

on non-enclosed dendrites (Figures S6I and S6J). Thus, the den-

sity of C3da neuron dendritic spikes scales inversely with the

extent of dendrite enclosure. Taken together, these results pro-

vide evidence that dendrite enclosure is directly coupled to local

branching restriction in da neurons.

Enclosure Facilitates Heterotypic Dendrite Crossings
C4da and C3da neurons share their territory with other, less en-

closed da neurons. For example, the dorsal-posterior quadrant

of the C4 ddaC neuron shares its dendrite field with the compar-

atively non-enclosed C1 ddaE neuron (Grueber et al., 2003). We

hypothesized that enclosure might separate dendrites of ddaC

and ddaE neurons in 3D space to permit heterotypic dendrite

crossings within the territory shared by these neurons. In support

of this idea, we observed that 55% of crossing events between

ddaC neurons and ddaE neurons occurred where the ddaC

neuron was enclosed and thus where dendrites of the two

neuron types were not contacting each other (Figures 6A and

6D). This number is consistent with previous observations sug-

gesting that heterotypic dendrite crossings preferentially occur

where one of the two dendrite segments is enclosed (Kim

et al., 2012). Given that only 22% of ddaC neuron dendrite length

was enclosed (Figure 3D; expected wild-type value in Figure 6D),

the occurrence of crossing events at enclosed segments of

ddaC neurons appeared to be non-random. This tendency per-

sisted even when enclosure was reduced by knockdown of

cora in C4da neurons or by neuronal mys, mew overexpression

(Figures 6B–6D). Furthermore, cora RNAi andmys, mew overex-

pression each resulted in fewer crossings between dendrites of

ddaC and ddaE neurons than in wild-type, even though Sholl

analysis showed that the prevalence of ddaC neuron dendrites

in the field normally innervated by ddaE neurons was increased

(Figures 6B, 6B00, 6C, 6C00, 6F, and 6G; also see Figure 7H). That

enclosure of C4da neurons facilitates dendrite crossings with

C1da neurons suggests a contact-dependent form of recogni-

tion between the two neuron types.

We also observed that while C1da neuron dendrites readily

crossed Futsch(+) dendrites of C4da neurons, C1da neuron

dendrites and Futsch(�) dendrites of C4da neurons appeared

to avoid each other, creating a pattern of heteroneuronal

dendrite intercalation (Figures 6A0–6A0 0 0, 6B0–6B0 0 0, and 6C0–
6C0 0 0). As a result, only 20% of crossing events between ddaC

neurons and ddaE neurons occurred where dendrites of the

ddaC neuron were Futsch(�) (Figure 6E). This is striking given
that Futsch(�) dendrites constituted 65% of the length of

C4da neuron dendrites (Figure 6E; expected wild-type value

from Figure 3G) and suggests that crossings by C4da neuron

preferentially occur where dendrites are Futsch(+). This ten-

dency persisted after neuronal knockdown of cora or neuronal

mys, mew overexpression, even though the length of Futsch(�)

C4da neuron dendrites increased (Figures 3G and 6E; Fig-

ure S5F). Furthermore, crossings that occur where dendrites

are Futsch(�) were more strongly biased toward regions where

the dendrite was enclosed than crossings where dendrites were

Futsch(+) (Figures 6F and 6G). Altogether, these results suggest

that enclosure and possibly microtubule content of C4da

neuron dendrites are permissive for crossing of C1da neurons

by C4da neurons.

Enclosure Permits Shared Field Innervation by
Heterotypic Neurons
We reasoned that shared field innervation between C4da and

C1da neurons depends on the ability of their dendrites to cross

each other. Because cora knockdown in C4da neurons reduced

the occurrence of dendrite crossings between the two neuron

types, we sought to determine whether and how enclosure of

C4da neurons affects C1da neuron morphogenesis. To examine

this, we monitored the development of ddaE neurons with

respect to ddaC neurons at 72 and 115 hr AEL, the time frame

when we observed cora RNAi effects on C4da neurons. At

72 hr AEL, ddaE neurons averaged 23 dendrites and an approx-

imately 1,150 mm total dendrite length (Figures 7A, 7F, and 7G).

By 115 hr AEL, the total dendrite length increased to 1,400 mm

while the dendrite number remained the same (Figures 7C, 7F,

and 7G). This period of C1da neuron dendrite elongation coin-

cided with the growth of the C4da neuron arbor, which increased

in both total dendrite length and dendrite number (Figures 2D,

3F, and 4G). The number of crossing events between C1da

and C4da neuron dendrites increased by approximately 50%

from 72 to 115 hr AEL (Figure 7H). When expression of UAS-cor-

aRNAiwas targeted specifically to C4da neurons, C1da neurons

resembled their wild-type counterparts at 72 hr AEL (Figures 7B,

7F, and 7G). By 115 hr AEL, however, dendrite number

decreased by 35% relative to wild-type (Figures 7D and 7F),

whereas total dendrite length remained unchanged (Figure 7G),

indicating that significant dendrite retraction occurred during

this period. These results were replicated with cora knockdown

in C4da neurons by two independent GAL4 drivers (data not

shown). Decreasing enclosure by overexpression of mys and

mew in C4da neurons had a similar effect on C1da neurons to

cora knockdown (Figures 7E–7H). However, increased enclo-

sure of C4da neurons induced by mys RNAi did not result in

excess branching or growth of C1da neurons (data not shown).

Together these data indicate that enclosure of C4da neurons is

necessary, but not limiting, for C1da neuron arborization during

larval growth. Furthermore, we conclude that enclosure facili-

tates the simultaneous development of the two neuron types

by enabling separation of dendrites along the apical-basal axis

of the epidermis and by locally restricting the outgrowth of

Futsch(�) C4da dendrites.

C1da neuron arbors also overlap with those of C3da neurons

but to a lesser extent than with C4da neurons. To determine
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Figure 6. Dendrites of C4da and C1da Neurons Exhibit Heterotypic Avoidance

(A–C) Covisualization of C4da and C1da neurons sharing the same field. (A) WT C4da and C1da neurons. (B) C4da neurons expressing UAS-coraRNAi. (C) C4da

neurons expressing UAS-mys and UAS-mew. ppk-GAL4 was used to drive expression of transgenes and UAS-CD4:tdTom (red). The minimally enclosed C1da

neurons (see Figure S6) and the non-enclosed segments of C4da neurons were detected by anti-HRP immunostaining (green). Stabilized microtubules were

labeled with anti-Futsch antibody. (A–C)Merge of red and green channels. (A0–C0) C1da neurons in (A)–(C) are traced in white. (A00–C00) C4da neuron dendrites only
(red channel). (A0 0 0–C0 0 0) Anti-Futsch immunofluorescence. Cyan arrows indicate intercalation between dendrites of C1da neurons and Futsch(�) dendrites of

C4da neurons.

(D) Quantification of crossings between C1da dendrites and enclosed dendrites of WT, coraRNAi, or mys, mew-overexpressing C4da neurons. Expected fre-

quency of dendrite crossings was defined by the percentage of C4da dendrite length that is enclosed. Here and below, expected frequencies were compared to

observed frequencies using a chi-square test, ***p < 0.001. The total number of observed crossings between C4da and C1da neuron pairs is indicated.

(E) Quantification of crossings between C1da dendrites and Futsch(�) C4da dendrites of WT, coraRNAi, or mys, mew-overexpressing C4da neurons. Expected

frequency of dendrite crossings was defined by the percentage of C4da dendrite length that is Futsch(�).

(F) Crossings between C1da neuron dendrites and enclosed, Futsch(�) C4da neuron dendrites. Expected frequency of dendrite crossings was defined by the

percentage of C4da neuron dendrite length that is both enclosed and Futsch(�).

(G) Crossings between C1da neuron dendrites and enclosed, Futsch(+) C4da neuron dendrites. Expected frequency of dendrite crossings was defined by the

percentage of C4da neuron dendrite length that is both enclosed and Futsch(+).

(H and I) Sholl analysis of C4da and C1da neurons, with respect to C4da neuron soma.

All images are confocal z series projections. Scale bar, 10 mm.
whether the maintenance of C1da neuron arbors depends on

enclosure of C3da neurons, we analyzed the effect of

decreasing enclosure of the C3 ddaF neuron on C1 ddaE and

ddaD neurons. Dendrites of the anterior-facing ddaD neuron

partially overlap dendrites of the ddaF neuron, whereas the

ddaE neuron shares little, if any, of its field with the ddaF neuron
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(Figures S7A, S7A0, S7C, S7C0, and S7E). In contrast to C4da

neurons, overexpression of mys and mew in C3da neurons

did not affect ddaE neuron morphogenesis (Figures S7B, S7D,

S7F, and S7G). However, mys, mew overexpression in C3da

neurons did cause loss of small dendrites in ddaD, without

affecting total dendrite length (Figures S7F and S7G). Together



Figure 7. Enclosure of C4da Neurons Permits C1da Neuron Morphogenesis

(A–E) Covisualization of C4da and C1da neurons at 72 hr AEL (A and B) and 115 hr AEL (C–E). C4da neurons (red) were visualized using ppk-GAL4, UAS-

CD4:tdTom (red). C1da neurons, as well as non-enclosed segments of C4da neurons, were detected by anti-HRP immunostaining before permeabilization

(green). (A and C) WT neurons. (B and D) coraRNAi C4da neurons. (E) mys, mew overexpression in C4da neurons. (A0–E0) Tracings of C1da neurons in (A)–(E).

(F) Quantification of C1da neuron total dendrite length.

(G) Quantification of C1da neuron dendritic termini.

(H) Quantification of crossings between C4da neurons and C1da neurons.

(I and J) Model of Cora-mediated dendrite enclosure. (I) Cora is localized to the epidermal cell membrane and the dendrite membrane in C4da neurons. Adhesive

interactions mediated by Cora facilitate dendrite enclosure by epidermal cells. Enclosure locally restricts branching. (J) Reduced enclosure of C4da neurons

results in excess dendrite growth in proximal regions of the dendritic field. Reduced enclosure, coupled with excess dendrite growth, impedes development of

C1da neurons.

All images are confocal z series projections. Scale bar, 30 mm. Values aremean ±SEM; *p < 0.05, **p < 0.01, ***p < 0.001, as assessed by Student’s t test. See also

Figure S7.
with our data showing C4da-C1da neuron dendrite interactions,

these results indicate that the non-cell-autonomous require-

ment for C3da and C4da neuron enclosure in C1da neuron

morphogenesis correlates with the degree of dendritic overlap

between neuron pairs.
DISCUSSION

Dendrite morphogenesis depends on a complex interplay of

intrinsic neuronal factors, systemic growth cues, interaction

with growth substrates, and signals from neighboring neuronal
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and non-neuronal cells (Dong et al., 2015). Studies presented

here have uncovered a developmental program through enclo-

sure of dendrites by epidermal cells that ensures coordination

of growth among different classes of Drosophila da neurons

that innervate a common territory.

Balancing Local Neuron-ECM Interactions to Regulate
Growth
We show that dendrite enclosure by epidermal cells is facilitated

by the membrane-associated protein Cora, which is required in

both C4da neurons and in epidermal cells (Figure 7I). Cora-medi-

ated enclosure locally restricts branching by both restricting

dendrite growth and promoting dendrite retraction; it is unclear,

however, whether enclosure restricts branching directly, through

local regulation of the cytoskeleton, or indirectly, by limiting

dendrite access to ECM-derived growth cues. Although less

likely, self-avoidance of unenclosed dendrites could promote

branching.

Adhesion of non-enclosed dendrites to the ECM via integrin-

laminin interactions promotes dendrite maintenance (Kim et al.,

2012). As Kim et al. (2012) have suggested, local differences in

the strength of cell-cell adhesion versus cell-ECM adhesion are

likely to play a role in determining which segments of da neuron

dendrites become enclosed by epidermal cells and which seg-

ments are free togrowandbranch.Wefind thatCora and integrins

play functionally opposing roles in the regulationofdendrite enclo-

sure and branching (Figure 7I). In epithelial cells, Cora localizes to

septate junctions at the basolateral membrane, whereas integrins

facilitate attachment of thebasalmembrane to the ECM.Cora and

integrins may likewise occupy distinct membrane domains in da

neurons, perhaps segregating along the dendritic apical-basal or

proximal-distal axes. Future study of their subcellular localization

in dendrites may thus provide insights into the mechanisms that

govern where dendrite enclosure and branching occur.

Localized Epithelial-like Compartments within the
Dendrite Arbor
Adhesion between sensory neurons and support cells is impor-

tant in a number of developmental contexts, including patterning

ofC. elegansmechanosensory neurons and spacing of zebrafish

photoreceptors (Dong et al., 2013; Salzberg et al., 2013; Zou

et al., 2012). Our results point to roles for sensory neuron-sup-

port cell adhesion in permitting dendrite enclosure, locally re-

stricting branching, and coordinating development of different

sensory neuron types. While the precise nature of adhesion be-

tween C4da neurons and epidermal cells remains a focus for

future investigation, the requirement for the epithelial septate

junction components Cora and Nrx-IV in both neuronal and

epidermal cell types and the close apposition of Cora protein

in dendrites and enclosing epidermal cells raise the possibility

that these proteins have been repurposed for use in a symmetri-

cal neuro-epidermal adhesive junction. Whereas ATPa is also

required in neurons, we do not find evidence of a similar require-

ment for Yrt, suggesting that somemembers of the Cora polarity

and septate junction groups may function together only in a

context-dependent manner.

Enclosure is more prevalent along large dendrites that harbor

stabilized, organized microtubule populations. Although Cora
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facilitates enclosure independent of dendritic microtubule con-

tent, the presence of stabilized microtubules in dendrites might

also promote enclosure, perhaps by facilitating trafficking of fac-

tors required for enclosure or by promoting dendrite stabiliza-

tion. The idea that dendrite cytoskeletal organization may be

an important factor for dendrite enclosure is supported by the

observation that the actin-organizing Rho family guanosine tri-

phosphatase (GTPase), Rac1, is required to restrict enclosure

(Soba et al., 2015). Other factors, such as the size of the dendrite,

may additionally play roles in mediating enclosure. Analogously,

vertebrate axonmyelination depends on axon fiber size, which is

communicated to Schwann cells by axonal Neuregulin-1 (Mi-

chailov et al., 2004). If dendrite size plays a role in enclosure by

epidermal cells, Cora, which appears to be enriched in large den-

drites, could be one factor that communicates this information.

Furthermore, local enrichment of Cora in these dendrites sug-

gests that there are local epithelial-like dendrite compartments.
Coordinated Growth of Functionally Diverse Neurons
within a Receptive Field
We find that enclosure of the morphologically complex da neu-

rons ddaC and ddaF minimizes contact-dependent retraction of

C1da neuron dendrites and maximizes dendritic field coverage

among different types of da neurons (Figure 7J). Repulsion be-

tween C4da and C1da neuron dendrites occurs when both are

engineered to express the same isoform of the Down syndrome

cell adhesion molecule (DSCAM), suggesting that DSCAM diver-

sity is a requirement for coexistence of different classes of da neu-

rons that share the same territory (Soba et al., 2007). However, our

observation that C1da and Futsch(�) C4da neuron dendrites nor-

mally exhibit heterotypic avoidance indicates that while DSCAM

diversity may be permissive, it is not sufficient for heterotypic

coexistence. We find that local dendritic compartments have dif-

ferential capacities for coexistence with dendrites of other neu-

rons, revealing a potential mechanism of neuronal organization.

For Drosophila da neurons, enclosure appears to play an active

role in coordinating spatial organization of overlapping neurons

by separating heterotypic dendrites in 3D space and locally

limiting the prevalence of dendrites that lack stable microtubules.

The mechanism by which different dendritic compartments are

able to adopt differential capacities for heterotypic interaction re-

mains an intriguing avenue for future investigation. As in

Drosophila, the vertebrate epidermis is innervated by multiple

types of sensory neurons (Lumpkin and Caterina, 2007; Palanca

et al., 2013), and it will be interesting to determine whether

neuron-neuron and neuron-epidermal interactions that regulate

dendrite morphogenesis in Drosophila similarly influence neurite

morphogenesis and receptive field innervation in vertebrate sen-

sory neurons. Similarly, it will be important to explore whether the

principles for coordinated neuronal developmentwe uncovered in

Drosophila da neurons extend to other contexts of neuronal

development, such as in the mammalian CNS.
EXPERIMENTAL PROCEDURES

Fly Stocks

The following reporters were used to visualize C4da neurons: ppk-GAL4, UAS-

CD4:tdTom; ppk-GAL4, UAS-CD4:tdGFP; GAL4477, UAS-CD4:tdTom;



GAL4477, UAS-CD4:tdGFP (Bhogal et al., 2016); ppk-CD4:tdTom and ppk-

CD4:tdGFP (Han et al., 2011). C1da neurons were visualized using GAL4221,

UAS-mCD8:GFP (Grueber et al., 2003), and C3da neurons were visualized

withUAS-mCD8:GFP andGAL41003.3 (Hughes et al., 2007). Epidermal expres-

sion was driven using hh-GAL4 (Tanimoto et al., 2000). The cora14 (Lamb et al.,

1998) and corak08713 (Spradling et al., 1999) alleles were used. Data

shown were obtained using RNAi lines from the Vienna Drosophila RNAi

Center (VDRC) (UAS-coraRNAi108749, UAS-Nrx-IVRNAi108128, and UAS-

mysRNAi103704) and the Harvard Transgenic RNAi Project (TRiP)/Bloomington

Drosophila Stock Center (BDSC) (UAS-yrtRNAi36118 and UAS-AtpaRNAi33646).

Phenotypes were confirmed using TRiP lines: UAS-mysRNAi33642. UAS-

coraRNAi28933, UAS-coraRNAi35003, and UAS-Nrx-IVRNAi2871. We confirmed

reduction of Yrt protein levels by expression of UAS-yrtRNAi36118 in ovarian

follicle cells with tj-GAL4 (data not shown). Efficacy of UAS-AtpaRNAi33646

has previously been demonstrated (Luan et al., 2014). Integrin overexpression

was performed using UAS-aPS1 (mew) and UAS-bPS (mys), provided by K.

Broadie (Vanderbilt University). UAS-myc-cora1-1698 (Ward et al., 2001) was

a gift from R. Fehon (University of Chicago). Crosses were performed at

29�C to enhance GAL4/UAS efficiency.

Immunofluorescence

Immunofluorescence was performed as previously described (Bhogal et al.,

2016; Grueber et al., 2002). Unless otherwise noted, wandering third instar

larvae were selected for analysis. Body wall muscle was manually removed

from filleted third instar larvae (Tenenbaum andGavis, 2016), except for exper-

iments assaying the number of dendritic terminal branches. Larvae were fixed

in 4% paraformaldehyde in PBS for 25 min at room temperature (RT) and then

washed with PBS. After permeabilization in PBS/0.3% Triton X-100 (PBT-X),

larval fillets were incubated with Image-iT (Thermo Fisher Scientific) for

30min, blocked for 1 hr in PBT-X/5% normal goat serum (NGS), and incubated

with primary antibody diluted in PBT-X/5%NGS. Labeling with anti-HRP in the

absence of Triton X-100 was performed as previously described (Kim et al.,

2012), with the following modifications: samples were incubated with Alexa

Fluor-conjugated goat anti-HRP (Jackson ImmunoResearch, 123-545-021

and 123-585-021, 1:200) for 1 hr at room temperature in PBS/5% NGS and

washed 33 15min in PBS before proceeding to subsequent steps, as outlined

earlier. Primary antibodies were obtained from the Developmental Studies Hy-

bridoma Bank (DSHB) at the University of Iowa: anti-Coracle (C615.16, 1:20),

anti-Mys (CF.6G11, 1:20), anti-Dlg (4F3, 1:10), and anti-Futsch (22C10, 1:20).

Neuronal morphology was visualized with Alexa Fluor 488 rabbit anti-GFP (Life

Technologies, A21311, 1:350), mouse anti-GFP (Abcam, Ab1218, 1:500), or

rabbit anti-dsRed (Clontech, 632496, 1:1,000) depending on the membrane

marker. Species and isotype-specific secondary antibodies were obtained

from Life Technologies: Alexa Fluor 488 goat anti-mouse immunoglobulin

G1 (IgG1) (A21121, 1:1,000), Alexa Fluor 568 goat anti-rabbit (A11011,

1:1,000), Alexa Fluor 633 goat anti-mouse IgG1 (A21126, 1:500), and Alexa

Fluor 633 immunoglobulin G2b (IgG2b) (A21146, 1:500). Double-labeling for

Cora and Mys was performed sequentially with samples labeled first with

anti-Cora and Alexa Fluor 488 goat anti-mouse IgG1 and then with anti-Mys

and Alexa Fluor 633 goat anti-mouse IgG2b. All samples were mounted in

Vectashield (Vector Labs).

Microscopy

Confocal imaging was performed using a Leica SPE microscope with 203/

0.7 numerical aperture (NA) air objective or 403/1.25 NA oil objective.

DdaC, ddaE, ddaF, and ddaD neurons in larval segments A3–A5 were

imaged. Somas were placed in a similar location within the field of view for

all samples in an experiment. For time-lapse analysis, larvae were imaged

live at 72 hr AEL (with the specific neuron and segment noted) and then re-

turned to food and housed individually until 115 hr AEL, at which point the

specific neuron or segment previously noted was re-imaged. Neuron-spe-

cific Cora was imaged using a Zeiss LSM 800 microscope with AiryScan

and 633/1.4 NA oil objective. SIM was performed using a GE DeltaVision

OMX microscope with 603/1.42 NA oil objective. For live imaging of individ-

ual neurons, larvae aged 72 hr AEL were mounted individually in a 1:1 mix of

Halocarbon 95 and Halocarbon 200 oil and imaged on a Leica SPE confocal

microscope using a 403/1.25 NA oil objective. Larvae were removed from
the oil and aged in isolation on Drosophila media. At 115 hr AEL, larvae

were mounted in a 1:2:2 mix of chloroform, Halocarbon 95, and Halocarbon

200 for re-imaging.

Quantitative Analyses

For all experiments, at least 10 neurons and 5 animals were imaged and

analyzed for each genotype. Time-lapse images and the number of dendritic

termini per image field were quantified from z series projections using ImageJ

software. ‘‘Retracting dendrites’’ were defined as dendrites that disappeared

or whose length decreased from 72 to 115 hr AEL. ‘‘Growing dendrites’’ were

defined as new dendrites or dendrites whose length increased from 72 to

115 hr AEL. Automated Sholl analysis was performed on z series projections

in ImageJ using the Sholl_Analysis plugin (Ferreira et al., 2014). Sholl ana-

lyses of ddaE neurons and the dorsal-posterior quadrant of ddaC neurons

were performed with respect to the ddaC neuron soma. Dendrite lengths

(total length, enclosed length, and Futsch(+) length) and branch densities

were quantified using Imaris 7.6.4 software (Bitplane, Zurich, Switzerland).

Dendrites were traced manually using the filaments function. Enclosure,

Futsch(+) length, and branch density of ddaC neurons were quantified

blindly. Only the dorsal-posterior quadrants of ddaC neurons were analyzed,

and dendrites innervating segment boundaries were omitted from analysis.

Enclosed segments were identified by a low HRP signal, and non-enclosed

segments were identified by a high HRP signal or by the presence or absence

of Dlg enrichment. For clarity, colors in some images were inverted in Imaris.

In addition, Futsch labeling was masked using the Imaris surfaces function to

show only ddaC-colocalized Futsch. Bar graphs showmean ± SEM; p values

are indicated by *p < 0.05, **p < 0.01, and ***p < 0.001, as assessed by Stu-

dent’s t test. Observed frequencies of crossing events between ddaC and

ddaE neurons were compared to expected frequencies using a chi-square

test (***p < 0.001). Expected frequencies were defined using the percentage

(by length) of ddaC dendrite type present in the ddaC dorsal-posterior

quadrant.
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