
Dscam1 overexpression impairs the function of the gut nervous 
system in Drosophila

Karla Hernández,

Luis Godoy,

Gunnar Newquist,

Riley Kellermeyer,

Maryam Alavi,

Dennis Mathew,

Thomas Kidd*

Biology/MS 314, University of Nevada, Reno, NV 89557, USA.

Abstract

Introduction—Down syndrome (DS) patients have a 100-fold increase in the risk of 

Hirschsprung syndrome of the colon and rectum (HSCR), a lack of enteric neurons in the 

colon. The leading DS candidate gene is trisomy of the Down syndrome cell adhesion molecule 

(DSCAM).

Results—We find that Dscam1 protein is expressed in the Drosophila enteric/stomatogastric 

nervous system (SNS). Axonal Dscam1 phenotypes can be rescued equally by diverse isoforms. 

Overexpression of Dscam1 resulted in frontal and hindgut nerve overgrowth. Expression of 

dominant negative Dscam1-ΔC led to a truncated frontal nerve and increased branching of the 

hindgut nerve. Larval locomotion is influenced by feeding state, and we found that the average 

speed of larvae with Dscam1 SNS expression was reduced, whereas overexpression of Dscam1-
ΔC significantly increased the speed. Dscam1 overexpression reduced the efficiency of food 

clearance from the larval gut.

Conclusion—Our work demonstrates that overexpression of Dscam1 can perturb gut function in 

a model system.
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Introduction

Down syndrome (DS) is characterized by a wide range of symptoms, including variable 

levels of intellectual disability, congenital heart defects, and stereotypical facial features 
1. DS patients additionally can have gastrointestinal abnormalities such as Hirschsprung 

disease of the colon and rectum (HSCR) 2. In HSCR, neural precursors derived from the 

neural crest either fail to migrate to the distal regions of the gut or have survival defects that 

lead to a lack of innervation 3. Trisomy for the DSCAM gene, located on chromosome 21, 

is the leading candidate for the increased occurrence of HSCR in DS 4,5. DSCAM is a large 

single-pass transmembrane protein with extensive roles in neural connectivity and other 

developmental processes 6,7. DSCAM is expressed in the migrating neural crest cells that 

give rise to the enteric nervous system (ENS) 8,9. Upon arriving at the correct rostro-caudal 

position, ENS neural precursors migrate orthogonally to form ganglia. It has been proposed 

that an extra copy of DSCAM disrupts this secondary migration to produce HSCR 5.

In Drosophila, disruption of Dscam1 function frequently leads to axon stalling 10–12, 

suggesting that Dscam1 normally promotes axon growth and expansion. Overexpression 

of Dscam1 increases axonal arbor size 13,14, produces synaptic targeting errors 13,15, alters 

dendritic patterning 16, and induces ectopic midline crossing of CNS axons 17. Functional 

studies reveal that Dscam1 overexpression can severely affect heart development and 

sensory perception 15,18.

Development of the Drosophila equivalent of the vertebrate ENS, the stomatogastric nervous 

system (SNS), resembles vertebrate placode-derived neurogenesis, rather than the neural 

crest. Nevertheless, there are strong genetic homologies between the SNS and ENS. Outside 

of DS, the principal gene underlying HSCR in humans is RET, which is inherited as 

an autosomal dominant mutation subject to modification by other loci 19. In the fly, 

dRet is expressed in the migrating neural precursors that give rise to the SNS, matching 

expression of the vertebrate RET gene 20,21. Mutation of dRet leads to axon branching and 

peristaltic defects 22, as well as disruption of sensory neuron dendrites outside the SNS 
23. There are additional evolutionary homologies between the ENS and SNS. The neural 

crest placode is marked by Six1/2 expression even in primitive chordates and cells migrate 

to surround the future oral opening 24, and the fly paralogue, sine oculis, is required for 

SNS development 25. Intriguingly, the C. elegans homologue, ceh-34, is required for the 

initiation and maintenance of the entire enteric nervous system26. An additional set of motor 

neurons that innervate the hindgut, are responsible for defecation and are identified by 

Pigment-dispersing factor (Pdf) expression 27. PDF is functionally related to the vertebrate 

vasoactive intestinal polypeptide (VIP) and orexin/hypocretion 28,29, and both genes can be 

expressed in the same ENS neurons 30.

Here we investigate the contributions of Dscam1 to fly SNS innervation. We find that 

Dscam1 is expressed in the embryonic SNS suggesting an evolutionarily conserved role. 

Knock-out Dscam1 mutations resulted in reduced innervation of pharyngeal muscles. Based 

on prior over-expression studies 14,15,31, we predicted that Dscam1 over-expression in the 

SNS would lead to disruption of precursor cell migration and/or neural connectivity. We 

found that the overall structure of the SNS was unaffected, but axon connectivity defects 
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were evident in the embryonic frontal nerve (innervates the muscles of the pharynx) and 

the hindgut nerves, with weaker effects in other parts of the SNS. These defects can be 

recapitulated by overexpressing the Dscam downstream signaling molecule PAK. Genetic 

manipulations of Dscam1 levels in the SNS led to impaired abilities to clear food from 

the gut as well as effects on larval locomotion. In summary, over-expression of Dscam1 
has subtle positive effects on axon length or arbor size that nevertheless have functional 

consequences.

Results

Dscam1 is expressed in the Stomatogastric Nervous System

To assess whether the fly SNS is a suitable model system for modeling Dscam enteric 

function, we stained Drosophila embryos with anti-Dscam1 antibodies (Figure 1). Most of 

the staining was done with the “357” antibody directed against the cytoplasmic domain from 

D. Schmucker32, which gave the strongest signal, but has some background staining in the 

trachea. A second antibody from the Zipursky laboratory raised against the extracellular 

domain was used33. Finally, an antibody raised against exon 18 (ab18) from the Lee group 

was also used34. All three antibodies gave the same positive signal in the developing SNS. 

Dscam1 protein is found at the highest levels in CNS axons and can also be seen in muscle 

attachment sites and motor neurons10. The SNS gave a lower level of signal compared to 

other tissues. Dscam1 plays an important role in the peripheral nervous system and also 

heart development, but Dscam1 protein is difficult to observe in those tissues in the embryo. 

SNS staining was predominantly axonal, rather than in cell bodies. There may or may not 

be very low levels of Dscam1 protein in migrating neural precursors prior to axon outgrowth 

(Fig. 1A), which suggests that in flies Dscam1 is playing a role in axonal connectivity 

rather than precursor migration. We observed that Dscam1 protein is expressed in the dorsal 

pharyngeal muscles (Fig. 1B), prior to outgrowth of the frontal nerve which innervates 

the muscles (Fig. 1B’). Expression of Dscam1 is strongest in the frontal ganglion and 

recurrent nerve (Fig. 1B’, 1C). The Dscam1 positive neurons are responsible for controlling 

foregut movements 35,36, along with serotonergic axons from the CNS37. In older embryos, 

expression in the frontal nerve becomes evident (Fig. 1E), and the overall pattern is directly 

comparable to Fas2 staining in the SNS (Fig. 1D). In embryos about to hatch, for which 

staining is overdeveloped, expression of Dscam1 is observed throughout the entire SNS 

including the esophageal and ventricular ganglia, likely in the cell bodies (Fig. 1F). We 

attempted co-labeling of the SNS with anti-Dscam1 and anti-Fas2, but the weak signal of 

Dscam1 in the SNS makes co-localization challenging, even with computational clearing 

(Fig. 1G). We have tried to make the complex three-dimensional nature of the SNS clearly 

using a color-coded depth projection (Fig. 1H) and a cartoon of SNS organization in relation 

to other tissues (Fig. 1I). In summary, Dscam1 protein is observed in the axonal portions of 

the anterior SNS throughout embryogenesis, and appears at a low level in the more posterior 

ganglia shortly before hatching.

Phenotypic Analysis of Dscam1 in the Stomatogastric Nervous System

The spectacular isoform diversity of the Dscam1 gene plays well known roles in dendritic 

spacing and axon branching6. In contrast, Dscam1 defects in sensory axon arbors can be 
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rescued by distinct Dscam1 isoforms13. These results also demonstrate that Dscam1 plays a 

role in axon growth. Dscam1 mutants have relatively mild embryonic CNS defects that are 

greatly enhanced by the loss of either the fra or robo1 receptors10,17. We wondered whether 

isoform diversity is required in CNS axons, and drove pan-neural expression of distinct 

isoforms, 7-27-25-1 (dendritic) and 1-30-30-2 (axonal), in Dscam1 fra double mutants (Fig. 

2A–D). Both isoforms were able to rescue equally well as the Dscam1 fra double mutant 

is statistically different from the other three genotypes (p<0.01, one way ANOVA with 

Tukey HSD test on commissural defects; Table 1). Combined with our previous work on 

Dscam1 robo1 interactions10, we believe that Dscam1 can promote axonal growth in an 

isoform dependent fashion, with the caveat that the axonal isoform promotes growth to 

higher levels13. Having established that Dscam1 is expressed in the SNS, we examined 

Dscam1 mutants for alterations to SNS patterning using anti-Fas2. In control embryos, the 

frontal nerve projects to the dorsal pharyngeal muscles (Fig. 2E, G, G’). This phenotype is 

only 75% penetrant suggesting that innervation may complete after hatching. We use w1118 

as a control strain as we find that body wall muscle innervation is most complete at stage 

17 compared to wild type strains. Dscam1 mutants have a highly penetrant (0.89) reduced 

or absent frontal nerve phenotype (Fig 2F, H, H’), which is trending towards significance 

compared to the control strain (p=0.1, Fisher exact test). Future work may require scoring 

the frontal nerve projection in first instar larvae, rather than embryos. There appear to be 

no other defects compared to wild type. We also examined Dscam1 fra and Dscam1 robo1 
double mutants (Fig. 2I, I’, J, J’), but other than the frontal nerve defect, the rest of the 

SNS appears normal. These results suggest that Dscam1 may play a role in innervation of 

the dorsal pharyngeal muscles by the frontal nerve, but has no other or only minor roles in 

patterning of the SNS.

Characterization of larval expression of Ret-GAL lines

We previously reported on the generation of GAL4 lines driven by fragments of the Ret 
promoter38. The Ret-P2A and -P2B lines are independent isolates of identical transgenes 

that originally had slightly different expression patterns, presumably due to background 

mutations. Both express in the SNS precursor clusters prior to and during migration, and 

express in the frontal ganglion and ventricular ganglion during embryogenesis. Expression 

of Ret-P2A and -P2B in the ventricular ganglion continues during the first and second larval 

instars22,38. We confirmed this expression and observed that ventricular ganglion expression 

continued in the second and third instars (Fig. 3A, B). We also observed expression in a 

subset of CNS cells throughout larval development (Fig. 3C). A cluster along the midline 

may potentially be continuation of embryonic expression20. By increasing the dosage of the 

Ret-GAL4 lines and the UAS-CD8-GFP reporter, we were able to detect GFP expression in 

body wall sensory neurons (Fig. 3D). We assume this is a subset of the Ret positive sensory 

neurons previously reported23,39. We examined the anal sphincter for GFP expression in the 

defecation circuit, but could not detect any fluorescence above background (Fig. 3E). We 

compared expression to the pan-neuronal driver elav-GAL4 and found expression only in a 

very small subset of anterior SNS neurons, and never in the ventricular neurons in all larval 

stages (Fig. 3F). This is in contrast to adult expression of elav40.
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Expression of Dscam1 transgenes in the developing SNS

To model trisomy for DSCAM in Down Syndrome, we overexpressed full-length Dscam1 
(Dscam-FL) in the SNS. Transgenes were expressed by Ret-P2A and -P2B and Gsc-
GAL438. Gsc-GAL4 shuts off expression at the end of embryogenesis. For all experiments 

reported here, we used UAS-Dscam1-1-30-30-2 (axonal). In parallel, we over-expressed a 

Dscam1-1-30-30-2 construct that lacks the cytoplasmic domain 16. We have found that this 

construct (Dscam1ΔC) is quite disruptive to CNS formation, with phenotypes exceeding 

those of fra or robo1 mutants alone, which are presumed or demonstrated co-receptors. 

These stronger defects suggest that Dscam1ΔC may be forming inactive complexes with 

other receptors 10. Expression of full-length Dscam1 altered morphology and distribution 

of Fas2 in the frontal nerve, with the tip of the frontal nerve expanded laterally and axons 

following the junctions between muscles (Figure 4B, C). Axons following intramuscular 

junctions is a phenotype that resembles the expansion of presynaptic arbors observed in 

C4da neurons when Dscam1 is overexpressed 13,14. The frontal nerve phenotype was 

visualized across the drivers used, along with marked phenotypes in the frontal ganglia 

and recurrent nerve (Fig. 4G). In contrast, expression of the dominant negative Dscam1ΔC 
frequently led to an opposite phenotype in which the frontal nerve was completely 

absent, and also caused defasciculation of the recurrent nerve (Figure 4D–F, G). Anti-

Fas2 also stains the hindgut motor neurons that control defecation 27, and we found that 

overexpression of Dscam1 led to expansions at the tip of the hindgut nerves and increased 

numbers of side branches at the start of the axon trajectory (Fig. 5B, C). Dscam1ΔC 
instead induced splitting of the hindgut axon into two distinct branches (Fig. 5D–F). We 

confirmed these results using the hindgut neuron specific Pdf-GAL4 line (K.G. unpublished 

results). These results are quantified in Figure 4G and 5G. Overall, expression of Dscam1 

appeared to act positively on axons increasing the area innervated, whereas Dscam1ΔC 
either inhibited growth or promoted branching.

PAK expression reproduces Dscam1 phenotypes

In Drosophila, Dscam1 in axons signals downstream via PAK (p21 activated kinase) 33. 

We expressed PAK (PAK-GFP) and an activated PAK isoform (myr-PAK)41 in the SNS 

to determine whether the same phenotypes were observed. Overexpression of wild-type 

PAK reproduced the phenotypes observed when Dscam1 was over-expressed, specifically 

an expansion of the tip of the frontal nerve coupled with reduction of Fas2 staining in the 

frontal nerve itself (Figure 5B). Over-expression of activated PAK mimicked expression of 

Dscam1-ΔC causing the frontal nerve to be absent or highly reduced (Figure 6C). These 

results are included in the quantification in Fig. 4G. In the hindgut, PAK overexpression 

caused the hindgut motor neurons to grow much farther than usual, sometimes along the 

entire length of the hindgut as opposed to approximately halfway in wild type (Fig. 8B; 

quantification in Fig. 5G). We have observed this phenotype at a much lower frequency in 

Dscam1 gain-of-function embryos (Fig. 5B). Activated PAK expression induced the major 

branching characteristic of Dscam1-ΔC expression. These results indicate that Dscam1 may 

be signaling through PAK in the SNS. If Dscam1 was purely permissive for axon growth, 

then activated PAK should have the same effect as PAK over-expression. However, the 

similarity between activated PAK and Dscam1-ΔC strongly suggests that PAK activation of 

the entire growth cone is as detrimental to axon growth as inhibition of Dscam1 signaling. 
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It seems likely that Dscam1 is responding to localized cues in both the frontal nerve and the 

hindgut motor neurons.

Larval locomotion is affected by SNS Dscam1 manipulations

Larval locomotor behavior can be influenced by feeding state, as larvae with eating 

impairments display wandering behavior42, and starved larvae displaying increased 

locomotion and altered foraging strategies 43–45. We tested the effect on distance travelled 

and the average speed of larvae over-expressing full-length Dscam1 and Dscam1-ΔC (Figure 

7A)46,47. Dscam1 over-expressing larvae showed a decrease in average speed compared to 

control larvae when the Ret-P2A and -P2B drivers were used (Figure 7B). GscG-GAL4 
did not display the same effect suggesting that persistent SNS expression of Dscam1-FL is 

required for this effect (GscG-GAL4 appears to turn off at the end of embryogenesis). These 

results suggest that larvae over-expressing Dscam1 are not starved, but which would result 

in increased foraging speed. Instead, decreased locomotive speed may indicate persistence of 

food in the gut, possibly through reduced defecation. In contrast, expression of Dscam1-ΔC 
produced an increase in larval speed when expressed by the Ret-P2A,B drivers (Figure 

7B). Increased speed and foraging distance with expression of Dscam1-ΔC indicates either 

reduced food intake or increased passing of food. These results indicate that over-expression 

of Dscam1-FL and Dscam1-ΔC have opposite phenotypic effects, which we suspected 

based on the embryonic SNS neuroanatomy. We note that many alternative explanations are 

possible as Ret-P2-GAL4 lines express in the CNS and PNS. For example, alterations to 

CNS connectivity alter larval exploratory behavior44.

Increased Dscam1 expression impairs food clearance but not feeding

In adult flies, foregut neurons are proposed to relay information from stretch receptors to the 

CNS, influencing feeding behavior 48. The reduced speed of larvae over-expressing Dscam1 

suggested a food clearance defect could be responsible. To examine feeding behavior, 

first instar larvae were allowed to eat yeast paste mixed with carmine red dye 49. No 

apparent differences in the amount of food ingested or the distribution within the larvae were 

observed (Figure 8A–D, 8F–H). Larval development proceeded normally through the larval 

stages without any increases in mortality. As the hindgut motor neurons were affected by 

Dscam1 manipulation, we assayed larval defecation by feeding red yeast until the larvae 

reached second instar, washing them and transferring them to uncolored food for two hours. 

Wild type larvae (w1118) had no traces of red food internally but larvae expressing Dscam1 
under control of Ret promoter fragments still had traces of food inside (Figure 8A’–C’, 

E). Expression under control of Gsc-GAL4, which switches off expression at the end of 

embryogenesis had no effect on food clearance (Fig. 8D’). This argues that continuous 

expression of Dscam1 is required to reduce food clearance. Expression of Dscam1ΔC under 

control of the Ret-P2A promoter reduced food clearance, but to the same level as a control 

experiment expressing UAS-mCD8-GFP (Fig. 8E, F’). Both genotypes had effects not as 

strong as Ret-P2A expressing Dscam-FL. The same control for RetP2B had no effect. We 

assume that background mutations either affect the phenotypes directly or through levels 

of GAL4 expression. Differences between P2A and P2B despite being supposedly identical 

constructs have been previously noted38. Differences between the drivers can be seen in the 

locomotor data as well (Fig. 7C), so the genetic background may be modulating distinct 
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phenotypes differently. Expression of Dscam1ΔC by either RetP2B or GscG did not affect 

food clearance (Fig. 8G’, H’). The Abl kinase inhibitor Nilotinib has been used to counteract 

the effects of Dscam1 overexpression14, but when fed to larvae effects on food clearance 

did not reach significance (L.G. unpublished data). The continued CNS expression of the 

Ret-GAL4 drivers raised the possibility that the defecation circuit was being disrupted rather 

than the midgut neurons. We expressed UAS-Dscam1-FL under control of Pdf-GAL4, which 

expresses in neurons that regulate defection27, but saw no effect on food retention (Fig. 8I). 

Combined with them larval locomotion results, the reduced food clearance rate demonstrates 

that Dscam1 expression in the SNS affects gut function.

Discussion

In this study we establish that Dscam1 is likely playing a role in SNS development 

in Drosophila. Overexpression of full-length Dscam1 has correlated effects on SNS 

neuroanatomy, food clearance and locomotor activity. Driving Dscam1 expression 

continuously throughout larval development leads to behavioral phenotypes (Ret-P2A 
and 2B drivers), notably failing to clear food as efficiently as wild type. Expression 

solely in the embryo alters neuroanatomy but is not sufficient to disrupt larval behavior 

(GscG driver). Based on prior work and our observations, Dscam1 over-expression may 

increase local connections between SNS neurons and the gut musculature or other neurons, 

impairing digestive function. Dscam1 is known to affect virtually every aspect of neuronal 

development and function 50, so multiple explanations are possible.

Dscam1 signaling

Dscam1 acts as a homophilic cell adhesion molecule mediating repulsion between sister 

dendrites 51. Dscam1 also responds to Netrin and Slit ligands during axon guidance 10,17,32. 

In the embryonic CNS, Dscam1 mutants have mild defects in the longitudinal axons. 

However, Dscam1 mutants greatly enhance the phenotypes of the robo1 co-receptor and 

putative fra co-receptor, suggesting that axonal Dscam1 promotes axon growth in response 

to Slit or Netrin ligands. Expression of Dscam1-ΔC generates much stronger phenotypes, 

suggesting that Dscam1 can interact with unidentified ligands and co-receptors10. As we 

saw no enhancement of the Dscam1 SNS phenotype by robo1 or fra mutations, Dscam1 is 

either not responding to a ligand in the SNS, or responds to an unknown ligand using a 

different co-receptor. Expression of Dscam1-ΔC affected morphology of the recurrent nerve 

in a way not seen in Dscam1 loss-of-function mutations (Fig. 4D–F) supporting the idea of 

additional ligand(s). Dscam1 signals through the PAK kinase 33,52, and manipulation of PAK 

activity mimicked the Dscam1 phenotypes suggesting that downstream signaling in the SNS 

is similar to other systems.

Origins of the food clearance defect

We observed expansions of the frontal and hindgut nerves when Dscam1 or PAK was over-

expressed, consistent with previous observations of axonal arbors and synaptic targeting. 

The expansions could be due to general promotion of axon growth or errors in synaptic 

targeting. Promotion of axon growth by Dscam has been observed in vertebrates 53,54. 

A failure to form correct synaptic connections or the formation of too many connections 
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would clearly disrupt function of the SNS. We began this work assuming that disruptions 

to the SNS would impair feeding ability and were surprised to see no change. The larval 

tracking data clearly indicated that our manipulations had an effect and led us to perform 

the food clearing assay. At this stage, we have three models for the reduced food clearance 

phenotype. The Drosophila SNS does not normally innervate the midgut, stopping shortly 

after the esophagus ends. The SNS may be responsible for initiating peristaltic contractions 

at the junction of the proventriculus and the midgut, eliminating the need for continuous 

innervation. The discovery of a set of enteroendocrine cells that are sufficient for larval gut 

motility argues against this model 55. A second model is that feedback from the midgut to 

the brain might require functional SNS connections 48. This mechanism seems more likely 

to regulate meal size and food search strategies rather than clearance of food that is already 

ingested. Previous data on disruption of signaling in the hindgut neurons has been shown to 

reduce the defecation rate, reducing food clearance 27. Expression of Dscam-FL in the anal 

sphincter circuit did not affect food clearance, suggesting that this circuit is not affected.

Implications for the vertebrate ENS

Analysis of dscamb mutants in zebrafish mutants showed only mild neuroanatomical 

changes with no alterations in enteric neuron number; problems ingesting food were 

observed 56. A complimentary study used morpholino knockdown of dscama and dscamb 
and observed reductions in the number of enteric neurons 57. dscamb mutations may be 

compensated for by dscama, whereas morpholino knockdown may have a stronger effect. 

Overexpression of human DSCAM had no effect on the number of enteric neurons in 

zebrafish 57. Recent data in mice failed to observe enteric neuron defects in Down syndrome 

models with trisomy for Dscam 58. However, this could be due to phenotypic variability, or 

differences between mouse and human. These studies suggest that a role for Dscam genes 

in enteric nervous system function may have stronger effects on neuronal connectivity rather 

than number.

Based on prior studies we expected Dscam1 overexpression to increase the size of axons 

or the number of connections made. DS patients frequently lack ENS neurons as seen for 

HSCR in non-DS patients. However, Jannot et al. suggested that trisomy for Dscam could 

disrupt local connections that form after neural precursors have finished migration 5. Mouse 

studies have found that ENS neurons can be present in animals with impaired gut function, 

and this may be due to incorrect specification of neuron types 59. Consistent with this, 

innervation defects have been detected in human patients 60. A key next step is to determine 

which vertebrate enteric neurons are Dscam positive.

Experimental Procedures

Drosophila Genetics

The Ret-P2A and -P2B lines and the Janelia Farm lines GscG-GAL4 (#40383) and fasII-
GAL4 (#46123) were described in 38. Additional stocks, PDF-GAL4 (#6899), UAS-PAK-
GFP (#52299) and UAS-PAKmyr (#8804) were obtained from Bloomington Drosophila 
Stock Center (BDSC). The UAS-Dscam1-1-30-30-2 and UAS-Dscam1-7-25-27-1 were 

obtained from L. Zipursky. Full-length UAS-Dscam1-GFP lines were obtained from P. Shen 
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and Y. Pu, and are described in 61. Dscam lacking the cytoplasmic domain (UAS-Dscam1-
ΔC) was obtained from L. Luo 16. UAS-CD8-GFP was obtained from BDSC. The most 

reliable stock for neuroanatomy was w1118 as it displays the wild type SNS neuroanatomy 

described in previous publications.

Immunohistochemistry

Antibody staining was performed as described in 62. Anti-Fas2 (1D4) was used in preference 

to 22c10 due to reliability in staining the frontal nerve. Anti-Dscam antibodies were 

generous gifts from D. Schmucker and S.L. Zipursky. Late stage 17 embryos were 

cleared in 70% glycerol in PBS and subsequently in RapiClear (Sunjin Labs; 63). For all 

genotypes 10+ embryos were randomly selected and analyzed. Fluorescence microscopy 

was performed using either a Lecia MZ FLIII, or a Leica Thunder model organism 

microscope with computational clearing.

Feeding and Defecation Assays

Feeding assays were performed as previous described in 42,49. Defecation assays were 

modified from 27. Adult flies were allowed to lay eggs in grape agar plates with yeast 

paste containing Carmine red, 0.02g per 10g of yeast paste (Sigma-Aldrich; St. Louis, MO, 

USA). Embryos were allowed to develop for 24 hours and counted to quantify mortality. 

For defecation assays, second instar larvae were imaged to document feeding state (time 0), 

then placed in a separate plate with regular yeast paste and monitored in 15-minute intervals. 

After two hours (time 2 hours), larvae were reimaged to assess gut clearance. Larval drug 

treatments were carried out as described in 14. Nilotinib dissolved in DMSO and added to 

yeast paste at a concentration of 380 μM (Abcam; Cambridge, MS, USA). For all genotypes, 

n > 20 second instar larvae.

Locomotion Assay

Larval tracking assays were executed as described elsewhere 46,47. In brief, larvae were 

collected from grape agar plates and gently washed in distilled water. Using a paintbrush, 

~20 larvae were aligned along the y-axis of a petri plate (22×22 cm) atop a thin layer of 

1.5% agarose. The plate was covered to contain animals and placed in an arena illuminated 

with infra-red LEDs (850nm, outside the range of larval phototaxis. Environmental lights 

Inc. San Diego, CA). Kinesis was recorded at 130 frames per minute, for five minutes with 

a monochrome USB 3.0 CCD camera (Basler Ace series, JH Technologies, San Jose CA) 

fitted with an IR long-pass 830-nm filter and an 8-mm F1.4 C-mount lens (JH Technologies, 

San Jose CA). Locomotion data was analyzed using MATLAB® software. For all genotypes, 

n > 60 second instar larvae.
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Figure 1. Dscam1 is expressed in the developing stomatogastric nervous system.
Embryos labeled with anti-Dscam1 “357” antibody, except (C) ab18, and (D) anti-Fas2 

(1D4 monoclonal antibody). (G) and (H) are double labeled with anti-Dscam1 and 1D4. 

Anterior is to the left in all panels except (C). (A) Early stage 15 embryo in which the 

stomatogastric nervous system (SNS) precursor clusters begin to end their migration. Strong 

Dscam1 reactivity (brown) is seen in CNS axons within the brain lobes (br). The first hints 

of Dscam1 reactivity are visible in cells on top of the esophagus (arrowhead). The weakness 

of staining does not allow double labeling. (B, B’) Two focal planes of the same stage 16 

embryo. (B). Dscam1 protein is visible in the dorsal pharyngeal muscles (dpm). (B’). The 

frontal ganglion (fg) and recurrent nerve (rn) of the SNS have formed. The frontal nerve has 

not yet appeared; its future path is marked with an arrowhead. Axons of the supraesophageal 

commissure (sec, also known as the brain commissure and part of the CNS) which links 

the brain lobes (br) are heavily labeled. (C). Frontal (coronal) view of a dissected stage 

17 embryo labeled with anti-Dscam1 ab18 followed by Ni+ stain (black) to enhance 

visualization. Dscam1 expression is evident in the frontal ganglion (fg) and recurrent nerve 

(rn). The brain lobes, supraesophageal commissure, and the start of the ventral nerve cord 

are also labeled. (D). Stage 17 embryo labeled with anti-Fasciclin2 staining revealing the 

mature embryonic SNS. The frontal nerve (fn) projects anteriorly from the frontal ganglion 

(fg). The recurrent nerve (rn, arrow) runs from the esophageal ganglion (eg) along the 

esophagus underneath the supraesophageal commissure (sec) to the frontal ganglion (fg). 

The frontal connective (fc) projects ventrally from the frontal ganglion. Outside of the SNS, 

the anterior portion of the ventral nerve cord (vnc), the olfactory lobe (ol) and the corpora 

cardiaca (CC) are labeled. (E) Late stage 16 embryo reveals Dscam1 in the frontal nerve 

(fn, arrowheads), the frontal ganglion and brain commissure (sec) connecting the brain lobes 

(br). (F) Late stage 17 embryo with overdeveloped for DAB immunoreactivity. Dscam1 is 
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visible in the dorsal pharyngeal muscles (dpm), which have been innvervated by the frontal 

nerve (fn; arrowhead). The frontal ganglion (fg) is visible in cross-section as is the brain 

commissure (sec). The posterior portion of the SNS, the esophageal ganglion (eg) displays 

light immunoreactivity, as do neurons of the ventricular ganglion (vg) which lie on top of 

the proventriculus (pv). Immunoreactivity is also seen in the lining of the pharynx (ph), pv, 

and heavily in the axons of the ventral nerve cord (vnc). (G). Fluorescent double labeling 

of a stage 17 embryo with anti-Fas2 (magenta) and anti-Dscam1 (green). To enhance the 

weak Dscam1 staining in the SNS, the embryo was imaged and computationally cleared on 

a Lecia Thunder microscope. The frontal ganglion is indicated (fg). (H). The same embryo 

as in (G), but color coded to indicate depth according to the inset scale. (I). Schematic of 

the embryonic stomatogastric nervous system (SNS; red). The frontal ganglion (fg) lies on 

top of the pharynx (ph), and the frontal nerve (fn) projects anteriorly to the pharyngeal 

muscles (dpm). The digestive tract (gray) and the recurrent nerve (rn) pass through the CNS 

(brown) underneath the brain commissure (sec). The esophageal ganglia (eg) lie on top of 

the esophagus (es), and the ventricular ganglion (vg) lies on top of the proventriculus (pv).
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Figure 2. Dscam1 function in the CNS and SNS
Stage 16 embryos labeled with anti-BP102 (A-D) or stage 17 embryos were labeled with 

anti-Fasciclin2 staining and photographed dorsally (G-J), or from the side (G’-J’). (A) 

Wild type (Oregon R) control embryos displaying the characteristic ladder-like pattern of 

the longitudinal axon tracts running vertically and connected by commissural axon tracts 

running horizonatally. (B). Dscam1 fra double mutant displaying absent, disorganized or 

thickened commissures (arrows). (C). Dscam1 fra double mutant expressing UAS-Dscam 
7-27-25-1 under control of pan-neural scratch-GAL4. (D). Dscam1 fra double mutant 

expressing UAS-Dscam 1-30-30-2 driven by scratch-GAL4. Both (C) and (D) strongly 

resemble the wild type control. (E). Schematic of the SNS (red) viewed dorsally; the 

frontal ganglion (fg) and esophageal ganglia (eg) are labelled. The brain lobes (br), brain 

commissure (sec) and dorsal pharyngeal muscles (dpm) are indicated. (F). Schematic 

displaying failure of the frontal nerve to innervate the dorsal pharyngeal muscles (boxed 

area, arrow). (G). Control embryo (w1118) showing the frontal nerve (fn) extending over the 

pharynx towards the anterior of the embryo (left). The frontal ganglion (fg) and recurrent 

nerve (rn) are also visible. Part of the CNS, the supraesophageal commissure (sec) links 

the two brain lobes. (G’) Lateral view of a control embryo displaying the SNS components 

including the esophageal ganglion (eg) which extends along the foregut to the midgut. (H) 
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Embryos lacking Dscam1 frequently display a thinned frontal nerve, and a slightly irregular 

frontal ganglia and frontal commissure. (H’) Lateral view of the same embryo in H. The 

frontal nerve is clearly thinner; the esophageal ganglion is out of the plane of focus and 

is unaffected. (I, I’) Dscam1 fra double mutants resemble Dscam1 single mutants with a 

thinner frontal nerve and slightly irregular frontal ganglion but no other defects. (J) Dscam1 
robo double mutant with an intact frontal nerve and normal positioning of other SNS 

elements. (J’) Lateral view of a Dscam1 robo double mutant with an absent frontal nerve, 

but otherwise normal SNS.
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Figure 3. Larval Expression of Ret-GAL4 lines.
Ret-P2A-GAL4 and Ret-P2B-GAL4 were crossed to UAS-CD8-GFP and larvae were 

examined for GFP expression. Both lines displayed equivalent expression in the CNS 

and midgut neurons that persisted throughout all three larval stages. (A). Second instar 

larval displaying expression in the ventricular ganglion (vg; arrows) and axons of the 

midgut neurons (mn; arrows) projecting over the proventriculus (pv) to the midgut (mg). 

Gut autofluorescence prevents visualization of the mn axons as they continue towards the 

posterior. Anterior is to the right. Boxed area is enlarged in (B). Close up of the larva 

in (A) to show the broad nature of the mn axons as they project over the proventriculus 

(arrowheads). Trachea (arrowheads) are also visible due to reflection of light, but do 

not express GFP. (C). CNS expression in subset of neurons is rarely strong enough to 

visualize axons. A row of cells may correspond to the Ret positive midline neurons in 

the embryo (arrow). (D,E). When multiple copies of the Ret driver and GFP reporter are 

used, sensory axons in the body wall are visible (arrows). Expression in the dendrites 

(arrowheads) is also visible. (E). We examined the anal sphincter (magenta arrow) for 

expression in axons of the defecation circuit but could not detect GFP expression over 

endogenous autofluorescence. (F). Larval expression of elav-GAL4 driving UAS-CD8-GFP 
was examined. Neurons through the CNS and PNS were observed as expected. However, 

SNS expression was much more limited. Clear expression could be seen in the esophageal 

ganglion (eg) and axons projecting to the proventriculus (arrowhead, pv). The area around 

the mouth hooks (black structures, mh) was hard to dissect intact, but structures resembling 

small muscles and presumed sensory organs (arrows) were observed. Expression in the 

ventricular ganglion (vg) and axons projecting to the midgut (mg) was not observed.
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Figure 4. Dscam1 overexpression causes SNS defects.
Stage 17 embryos stained with monoclonal 1D4 to visualize motor neurons comprising the 

characteristic anatomical landmarks of the mature SNS. (A) Dorsal view of stage 17 control 

embryo illustrating stereotypical/symmetrical SNS structures. (A’) Lateral view of the same 

embryo clearly showing the intact frontal nerve (fn), recurrent nerve (rn), brain commissure 

(sec), corpora cardiac (cc) and esophageal ganglia (eg). (B) Embryos carrying one copy 

of RetP2A-GAL4 and one copy of UAS-Dscam1-FL transgenes showing the frontal nerve 

extending anteriorly and ectopically expanding/innervating the pharyngeal muscles (arrows). 
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Staining of the frontal nerve is absent in the middle section. (B’) Lateral view of the 

same embryo showing additional detail of the frontal nerve thickening/expansion phenotype. 

(C) Embryo expressing UAS-Dscam1-FL under control of the Gsc-GAL4 driver showing 

the same ectopic expansion of the frontal nerve (arrows). (C’) Lateral view of the same 

embryo. (D) Close-up of lateral view of stage 17 embryo carrying one copy of the RetP2A-
GAL4 driver and one copy of the UAS-Dscam1ΔC transgene. The recurrent nerve displays 

strong defasciculation and separation (arrows). The frontal nerve is absent (arrowhead). (E) 

Embryo of the same genotype as D exemplifying additional recurrent nerve defasciculation 

and appreciable asymmetry in reference to the brain commissure (sec) (arrow). The frontal 

nerve is also absent (arrowhead). (F) Close-up of lateral view of embryo carrying RetP2B-
GAL4 and UAS-Dscam1ΔC transgene. The frontal nerve is absent (arrowhead). The axons 

are defasciculated (arrow) and separated. Esophageal ganglia are also abnormal (arrow). 

(G) Quantification of embryonic phenotypic defects. Data from all three drivers (Ret-P2A, 

Ret-P2B and Gsc) was combined, scored blind, and statistically analyzed with Fisher exact 

tests conducted between all experimental genotypes and w1118 controls. The Odds ratio 

(Baptista-Pike) 95% confidence ratio was calculated and plotted as error bars. Key for 

p-value summary: * 0.01<p<0.05; ** 0.001<p<0.01; *** 0.0001<p<0.001; **** p<0.0001. 

Overexpression of Dscam1-FL disrupts frontal nerve and hindgut nerve formation, and to a 

lesser extent the frontal ganglion and recurrent nerve. Dscam1ΔC also disrupts the frontal 

and hindgut nerves and the recurrent nerve. Similar patterns are seen with over-expression 

PAK transgenes, including an activated PAK (myr-PAK).
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Figure 5. Hindgut nerve phenotypes caused by Dscam1 or Dscam1-ΔC over-expression.
Stage 17 embryos stained with anti-Fas2 to visualize the hindgut nerve (hgn). (A). Control 

embryo showing the normal extent and branching of the hindgut nerve projecting from 

the ventral nerve cord (VNC). (B). Embryo over-expressing Dscam1 displaying a highly 

elongated hindgut nerve extending approximately six segments along the midgut (mg). 

Defasciculation is apparent at the end of the nerve, and larger than normal sidebranches are 

visible at the start (arrowheads). The longitudinal fascicles of the ventral nerve cord (VNC) 

can be seen running along the bottom of the panel. (C). Embryo over-expressing Dscam1 
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with a normal length hindgut nerve displaying subtle expansion of the nerve tip and more 

robust side branches (arrowheads). (D). Over-expression of Dscam1ΔC leads to a shorter, 

bifurcated hindgut nerve. (E). Embryo over-expressing Dscam1ΔC with distinct bifurcation 

and larger than normal side branch (arrowheads). (F). Short, defasciculated hindgut nerve 

(arrowhead) in an embryo over-expressing Dscam1ΔC. (G). Quantification of embryonic 

phenotypic defects. Deviations from control embryos, such as axon overgrowth or axon 

branching were combined and scored blind for the indicated genotypes. The data was 

statistically analyzed with Fisher exact tests conducted between all experimental genotypes 

and w1118 controls. The Odds ratio (Baptista-Pike) 95% confidence ratio was calculated 

and plotted as error bars. Key for p-value summary: * 0.01<p<0.05; ** 0.001<p<0.01; *** 

0.0001<p<0.001; **** p<0.0001.
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Figure 6. SNS and hindgut nerve phenotypes caused by PAK over-expression.
Stage 17 embryos stained with anti-Fas2 to visualize the stomatogastric nervous system 

and hindgut nerve (hgn). (A, A’) Control embryo with frontal nerve (fn), frontal ganglion 

(fg) and recurrent nerve (rn) labeled. (B, B’) Embryo over-expressing PAK-GFP. The 

frontal nerve is expanded both at the tip and further back (arrows). (C, C’) Embryo over-

expressing myr-PAK. The frontal nerve is truncated (arrows). (D) Hindgut nerve (hgn) in 

a control embryo. (E) Over-expression of PAK-GFP increases the length of the hindgut 

nerve (arrowhead). (F) Over-expression of myr-PAK causes branching of the hindgut nerve 

(arrowhead).
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Figure 7. Over-expression of Dscam1 and Dscam1-ΔC have opposite effects on larval locomotor 
activity.
(A) Representative larval tracks recorded for the w1118 control and larvae overexpressing 

either Dscam1 or Dscam1-ΔC in the SNS. The Dscam1 over-expressing larvae appear 

to travel less than the controls or Dscam1-ΔC. (B) Analysis of run speeds in larvae 

overexpressing either Dscam1, which results in slower speeds, or Dscam1-ΔC which results 

in faster run speeds. (C) Analysis of run length in different genotypes overexpressing 

either Dscam1 or Dscam1-ΔC in the SNS. The Dscam1 and Dscam1-ΔC transgenes were 

outcrossed to w1118 to serve as a control. Statistics are one-way ANOVAs with Tukey’s 
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multiple comparisons test. The mean is plotted with 95% confidence interval. Key for 

p-value summary: * 0.01<p<0.05; ** 0.001<p<0.01; *** 0.0001<p<0.001; **** p<0.0001.
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Figure 8. Dscam1 overexpression affects food clearance from the digestive tract.
First instar larvae were fed yeast paste dyed red until the second instar. The larvae were 

washed and assayed for food intake. The larvae were allowed to feed on undyed food for 

two hours and re-examined for food clearance. (A) Control (w1118) larva displaying the 

presence of food in the intestines at time zero. (A’) Control embryo displaying complete 

clearance of food from the gut after two hours. Some red dye adheres to the cuticle but is 

not internal (arrowhead). (B-D) Second instar larvae over-expressing Dscam1-FL showing 

normal ingestion of food. (B’, C’) Reduced food clearance after two hours with expression 

driven by the RetP-GAL4 lines (arrows indicate red dye in the gut). (D’) Normal clearance 

of food after two hours when Dscam1-FL is driven by the GscG driver; the arrow indicates 

dye adhering to the cuticle. (E) Quantification of food clearance in indicated genotypes. 

A Fisher exact test was conducted between all experimental genotypes and w1118 controls 

with Odds ratio (Baptista-Pike) 95% confidence ratio calculated and plotted as error bars. 

P-value summary: * 0.01<p<0.05; ** 0.001<p<0.01. Note that the RetP2A-GAL4 driver 

gave a statistically significant result driving GFP localized to the cell membrane with a CD8 

transmembrane domain. RetP2B-GAL4 did not. (F, F’) Overexpression of Dscam1-ΔC with 

the RetP2A driver impaired gut evacuation but at the same level as driving mCD8-GFP 
so is not significant. (G, G’, H, H’) Overexpression of Dscam1-ΔC with RetP2B and 

GscG drivers caused negligible effects on gut clearance. Arrowheads indicate external 
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red food located on surface of the animals. (I) Food clearance was assessed in animals 

expressing Dscam1-FL driven by the Pdf-GAL4 driver and quantified. A Fisher exact test 

was conducted between the experimental genotype and w1118 control (n.s. is not significant).
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Table 1

Quantification of commissural axon defects in Dscam1 fra mutants rescued by Dscam1 isoforms

Anterior Commissures Posterior Commissures Both commissures

Genotype Normal Thin Very 
thin

Absent Normal Thin Very 
thin

Absent Normal Thin Very 
thin

Absent n

Oregon R 99% 1% 0% 0% 99% 1% 0% 0% 99% 1% 0% 0% 110

Dscam fra 1% 9% 35% 55% 1% 5% 32% 62% 1% 7% 34% 58% 99

Dscam fra, UAS-
Dscam1-7-7-25-1, 

ScrtGAL4

93% 7% 0% 0% 93% 7% 0% 0% 93% 7% 0% 0% 105

Dscam fra, UAS-
Dscam1-1-30-30-2, 

ScrtGAL4

93% 6% 1% 0% 93% 7% 0% 0% 93% 6% 0% 0% 106
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