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Several classes of neuronal cell surface receptors exhibit an exceptional 
degree of protein diversity and have been implicated in important as-
pects of neuronal differentiation (1–5). Evidence for the importance of 
isoform diversity during development has been provided for the Dro-
sophila Down Syndrome Cell Adhesion Molecule (Dscam1) and the 
mouse clustered Protocadherins (PCDHs) (6–14). The Dscam1 gene 
utilizes combinatorial alternative splicing to generate tens of thousands 
of different receptor isoforms, while the clustered Protocadherins rely on 
combinatorial oligomerization to provide a huge diversification of their 
binding specificities (2, 7, 9, 11). The isoform diversity is thought to 
provide neurons with distinct “surface tags” thereby endowing them with 
unique molecular identities. Such complex molecular recognition mech-
anisms are particularly important for the development of highly 
branched neurite compartments. 

Many neuronal circuits depend on the presence of highly branched 
axons or dendrites, which either serve to increase the wiring complexity 
or the size of the input/output fields. The development of branched den-
dritic fields requires a dedicated mechanism—often referred to as self-
avoidance—that ensures correct spacing between sister-neurites and 
prevents hypo- or hyper-innervation (7). For Dscam1 it has been shown 
that isoform-specific homophilic binding on the surface of sister den-
drites provides the molecular recognition mechanism, underlying neurite 
repulsion and self-avoidance (12–14). This molecular model of self-
avoidance has also recently been proposed for the vertebrate PCDH 
gamma receptors (10). 

This model to which we refer to as the canonical model of 
Dscam1/PCDH function states that isoform-specific homophilic receptor 
binding on the surface of sister dendrites initiates neurite repulsion. In 

this model the expression of a single 
Dscam1 isoform per neuron is suffi-
cient for Dscam1 function (12–15). The 
question of whether this canonical role 
provides the mechanistic basis of all 
Dscam1 functions is still open to debate 
(3, 7, 9). Addressing this point we 
found evidence for a strictly cell-
intrinsic requirement of multiple di-
verse Dscam1 isoforms and describe a 
function of isoform diversity specifical-
ly required for patterning of complex 
axonal arborizations. 

To examine the role of Dscam1 di-
versity, we generated BAC-based con-
ditional alleles (16) that express 
Dscam1 protein at endogenous levels 
and allow for manipulating Dscam1 
diversity in a spatially and temporally 
specific manner (Fig. 1A) (17). We 
found that the [Dscam1]Ex6.1-FRT 
allele recapitulates all known neuronal 
wiring functions of Dscam1 and is 
functionally equivalent to the endoge-
nous Dscam1 (Fig. 1, fig. S1, and table 
S1). We analyzed thoracic mechano-
sensory neurons (ms-neurons), which 
innervate the macrochaete of adult flies 
and show a stereotypic axonal branch-
ing pattern in the ventral nerve cord 
(VNC) (Fig. 1B) (3). The loss of 
Dscam1 in ms-neurons causes severe 
ms-axon growth and branch patterning 
defects (3) (Fig. 1C). However, replac-
ing the endogenous Dscam1 locus with 

the BAC-based [Dscam1]Ex6.1-FRT allele rescued all mutant defects 
(fig. S1). 

In sharp contrast to the [Dscam1]Ex6.1-FRT allele, the 
[Dscam1]EX6.1-Flpd allele lacking all but one of the exon 6 variants 
(Fig. 1A) did not restore the axon collateral formation (Fig. 1, D and E). 
Often only an ipsilateral primary axon shaft was formed (Fig. 1E) but 
collateral branches were missing (78%, n = 37). In some cases, primary 
branches were formed, but lacked higher order branches and varicosities 
(fig. S2) (22%, n = 37). As similar branching defects have been observed 
in experiments where exon 9 diversity was lacking in whole flies (8), we 
conclude that any substantial and global reduction in Dscam1 isoform 
diversity causes a loss of ms-axon collaterals. Use of BAC-based 
Dscam1 alleles allowed for combining multiple engineered and endoge-
nous Dscam1 alleles and revealed a striking dominant and dosage de-
pendent influence of Dscam1 diversity on axonal branching (Fig. 1, G to 
I). A single copy of [Dscam1]EX6.1-Flpd in a wild type background 
dominantly caused a specific lack of a primary anterior ipsilateral branch 
(86%) (Fig. 1H). When two copies of [Dscam1]EX6.1-Flpd were added 
the dominant phenotype was enhanced such that additional primary 
branches were missing in 45% of the animals (n = 29) (Fig. 1F). Overall, 
higher severity and penetrance of the branching phenotype were ob-
served by increasing the ratio of [Dscam1]EX6.1-Flpd to endogenous 
Dscam1. Conversely, the dominant effect was partially suppressed by 
adding a normal Dscam1 allele (i.e., [Dscam1]EX6.1-FRT), and was 
completely suppressed by having three copies of wild type Dscam1 al-
leles (Fig. 1I). 

Similar branching defects were observed when using the analogous 
[Dscam1]EX6.7-Flpd and [Dscam1]EX6.21-Flpd alleles where exon 6 
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variants have been swapped (fig. S2). Profiling the Dscam1 mRNA in 
animals bearing [Dscam1]EX6.n-Flpd alleles revealed that alternative 
exons 4 and 9 of transgenic and endogenous Dscam1 can still be normal-
ly spliced and their protein expression is not impaired (fig. S1 and tables 
S2 and S3). Taken together, the dominant nature of the branching defects 
makes it unlikely that the lack of axonal branches resulted from poten-
tially reduced levels of Dscam1 protein. 

Based on the role of Dscam1 in self- versus non-self discrimination 
(4–9), one might assume that global reduction of the Dscam1 diversity in 
[Dscam1]EX6.1-Flpd animals results in an increased frequency of 
“same-isoform” encounters between neurons contacting each other. To 
investigate this possibility we used the [Dscam1]Ex6.1-FRT allele to 
reduce the Dscam1 diversity by Flp-recombinase expression in a cell-
specific fashion (Fig. 2, A and B, and figs. S3 and S4) (17). We found 
that the selective elimination of exon 6 diversity in a subset of peripheral 
sensory neurons also caused strong axon branching defects at high pene-
trance (80-90%), despite spatial and temporal differences in the Flp-
recombinase expression (Fig. 2B, Table 1, and figs. S3 and S4) (17). 
Frequently, only the main axon shaft was formed (Fig. 2B and fig. S3C), 
or only distal branches (figs. S3D and S4G), or only short stubs or vari-
cosities were detected (fig. S3E and fig. S4, C, E, and H). 

We also compared the axon branching pattern of two ms-neurons in-
nervating the same VNC target area using double-dye fills. We found 
without exception that only ms-neurons expressing Flp-recombinase 
exhibited branch patterning defects (Fig. 2B and figs. S3G and S4) and 
their neighboring ms-neurons were unaffected (Fig. 2B´ and figs. S3G´ 
and S4). 

In contrast to the strong branching defects observed in ms-neurons, 
we did not observe any defect in dendritic branch formation of class I da 
neurons (fig. S5). Therefore, consistent with previous reports (12–15) we 
found no indication for a cell-intrinsic requirement of Dscam1 isoform 
diversity for dendrite morphogenesis of da neurons. 

To investigate further why a potential repertoire of 396 Dscam1 
isoforms in ms-neurons is not sufficient for proper ms-axon branching, 
we examined directly the Dscam1 isoform expression in single posterior 
Scutellar (pSc) neurons (fig. S6). In single wild type pSc neurons, many 
isoforms are expressed with no clear preference of exon 6 variants. 
However, in agreement with previous multi-cell profiling experiments 
(18–21), we found that exon 4 and 9 expression was highly biased and 
exon 4.2 and exon 4.8 were the most frequently identified exon 4 vari-
ants (>65%) in pSc neurons. 

In single pSc neurons of Dscam1-null;[Dscam1]EX6.1-Flpd ani-
mals, we found a similar strong bias in exon 4 and exon 9 variants but all 
variants contained exon 6.1. We found no evidence that the excision of 
exon 6.2-6.48 would indirectly or aberrantly influence splicing of 
isoforms (tables S2 and S3). 

Taken together, a much smaller set of isoforms than the hypotheti-
cally available repertoire of up to 396 isoforms is utilized in mutant ms-
neurons and due to strong quantitative differences in expression levels 
(19), we conclude that very few Dscam1 isoform variants are predomi-
nantly expressed in ms-neurons of [Dscam1]EX6.1-Flpd animals. 

This increase of identical isoforms in neurons with reduced exon 6 
diversity supports the hypothesis that too many “same-isoform” interac-
tions within ms-neurons are causing an over-activation of Dscam1 func-
tion cell-intrinsically, but does not strictly exclude other possibilities. To 
exclude a potential role of axon-axon interactions, we used several ap-
proaches to restrict the isoform reduction to single neurons (Fig. 2, C 
and D, and figs. S7 to S9). Even if the reduction of exon 6 diversity was 
limited to only one ms-neuron, pronounced axon branching defects were 
frequently detected (80-85%; Fig. 2, D and F, Table 1, and fig. S7). The 
phenotypic spectra were similar to those observed in animals in which 
Dscam1 diversity was reduced in broad tissue domains (Fig. 2B and figs. 
S3 and S4). Performing double dye-fill experiments, we found that the 

branching pattern of the neighboring anterior scutellar neuron (aSc) was 
normal despite strong defective branch patterning of the pSc neuron 
(Fig. 2D´ and fig. S7), which is in direct contact with the aSc axon (fig. 
S7). The penetrance of the phenotypes was high (80-85%), though the 
expressivity differed depending on the respective GAL4 trans-activator 
used (Table 1 and figs. S7 to S10) (17). 

In a complementing approach we used heat-shock mediated induc-
tion of sparse stochastic Flp-recombinase expression (figs. S11 and S12) 
(17) generating animals in which just single ms-neurons had reduced 
Dscam1 diversity (Fig. 2, E and F, and fig. S11). We found that a signif-
icant number of GFP-positive cells with reduced Dscam1 diversity 
(47%) exhibited strong or moderate axon branching defects (Fig. 2F, 
Table 1, and fig. S11). 

To further test the cell-autonomous function of Dscam1 diversity in 
ms-axons, we overexpressed a Dscam1 isoform selectively in single ms-
neurons (fig. S13). Consistent with our single cell Flp-out experiments, 
we observed strong defects in axonal branching of posterior Dorso-
central (pDc) neurons (fig. S13 and fig. S17, G and H). We also exam-
ined whether Dscam1 isoform interactions between axons of ms-neurons 
and processes or cells of potential target neurons contribute to branch 
patterning but found that Dscam1 diversity in the VNC is dispensable for 
the overall mechanism of axon collateral formation of ms-axons (figs. 
S14 to S16) (17). 

In summary, these experiments indicate that the presence of too 
many identical isoforms within ms-axons is detrimental to axon growth 
and branching. This suggests that in contrast to self-avoidance in da 
neuron dendrites, the Dscam1 isoform diversity in ms-axons is required 
cell-intrinsically. 

Finally, we asked how reduction of Dscam1 isoform diversity im-
pairs the ability of axons to elaborate collateral branches during devel-
opment. We examined single growth cones of ms-axons comparing pDc 
axon growth of neurons in wild type or animals with Dscam1 knock-
down or Dscam1 isoform reduction (Fig. 3) (17). In wild type neurons a 
characteristic sprouting phase can initially be identified during which a 
plethora of long filopodia-like extensions start projecting into many 
different directions (Fig. 3A). This is followed by a more ordered redis-
tribution of filopodia-like extensions along the anterior-posterior axis as 
well as toward the midline (Fig. 3B). In the next phase the consolidated 
axon collaterals and the main axon shaft are growing in length (fig. 
S17A). 

In ms-axons with reduced Dscam1 protein levels, the early growth 
cones exhibit a defective morphology with abnormally dense and short 
filopodia-like extensions (Fig. 3, C and D, and fig. S17B). In contrast, 
growth cones with a reduced Dscam1 diversity appear to have less filo-
podia-like extensions (Fig. 3, E and F, and fig. S17C). It is important to 
note that for mutant pDc neurons the earliest onset of growth cone 
sprouting occurs with an 8-10 hours delay, suggesting the possibility of 
an impairment of the axon growth per se. However, although Dscam1 
has a role in axon growth, several observations suggest that Dscam1 
diversity may also contribute directly to growth cone sprouting and 
branching (figs. S18 and S19). For example, a moderate increase in 
Dscam1-Dscam1 homophilic interactions does not cause any axon 
growth delay, but causes branching defects (figs. S17I and S18). Similar-
ly, single isoform expression does not lead to a delay but nevertheless 
leads to dominant axon branching defects (fig. S13 and fig. S17, G and 
H). In summary, the developmental analysis suggests that changes in the 
abundance and diversity of Dscam1 isoforms influence axon growth and 
growth cone sprouting, resulting in disrupted growth cone morphologies. 

Why does cell intrinsic isoform reduction cause axonal branching 
defects in single ms-neurons? Given that our single-cell isoform profil-
ing revealed that the reduction of isoform diversity leads to the presence 
of more identical Dscam1 isoforms in ms-neurons, it seems prudent to 
assume that this results in more homophilic Dscam1-Dscam1 binding in 
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mutant growth cones and causes a gain of Dscam1 function. The domi-
nant dosage sensitive effects of [Dscam1]EX6.1-Flpd (Fig. 1, G to I, and 
fig. S17I), and the cell-autonomous single isoform overexpression (fig. 
S13), as well as the sensory neuron specific Flp-out experiments (Fig. 2), 
are all consistent with the interpretation that the observed axon branch-
ing defects result from Dscam1 gain-of-function signaling. In molecular 
terms we propose a model where growth cones of ms-axons are exquis-
itely responsive to quantitative differences in Dscam1 signaling. Specifi-
cally, we propose that when more identical-type isoforms are present in 
growth cones, more Dscam1 signaling occurs and as a consequence axon 
growth as well as growth cone dynamics, such as the regulation of filo-
podia-like extensions, are strongly impaired (model in fig. S20). 
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Fig. 1. Reduction of Dscam1 diversity causes dominant and dosage dependent 
impairment of axonal branching. (A) Schematic representation of the genomic 
structure of the Dscam1 gene and Dscam1 BAC alleles, used for manipulation of 
Dscam1 diversity. (B to I) Axonal branching patterns of ms-neurons resulting from 
different combinations of endogenous Dscam1 (left) and the [Dscam1]EX6.1-Flpd 
allele (right) as indicated below panels. Phenotypic defects have been quantified, see 
Table 1. The dashed line indicates the midline of the CNS, arrows indicate missing 
primary branches. Scale bar: 50 μm. 
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Fig. 2. Cell-Intrinsic requirement of Dscam1 isoform diversity for axonal branching pattern of ms-neurons. (A, C, 
and E) Schematic representation of reducing Dscam1 diversity in two pairs of neurons (pSc, aSc) (A), in both pSc neurons 
(C), or in a single pSc neuron (E) by using 455-Gal4, R36D01-Gal4, or mild heat shock, respectively, to induce Flp-
recombinase expression (17). For illustration purposes, the axon branching patterns are sketched separately. (B, D, and F) 
Despite strong branching defects in the mutant pSc neuron, the pDc neuron (B) or aSc neuron (D and F) with full Dscam1 
diversity shows normal branching pattern (also see figs. S3, S7, and S11). Branching patterns of pSc, and neighboring pDc 
or aSc neurons were visualized by double dye labeling (DiI and DiD). Quantification of phenotypic defects is summarized in 
Table 1. Scale bars: 50 μm. 

http://www.sciencemag.org/content/early/recent
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Fig. 3. Manipulation of Dscam1 activity affects growth cone sprouting. Growth 
cone morphology of single pDc neurons at the sprouting stage. Tracings of 
filopodia-like extensions are color-coded and arrowheads indicate growth direction 
of single filopodia-like extensions. (A and B) Growth cones of wild type pDc at ~32 
hours APF show a complex morphology with many long filopodia-like extensions 
projecting into all directions. (C and D) Growth cones of pDc neurons with Dscam1 
RNAi knock-down at ~32 hours APF. The abnormally dense filopodia-like 
extensions do not separate well and within the grey colored center are too dense to 
be traced individually. Filopodia-like extensions “escaping” from the central domain 
often project into the same direction. (E and F) Growth cones of pDc neurons with 
reduced Dscam1 diversity at ~42 hours APF. Axon growth is delayed by ~10 hours 
and the growth cones are highly abnormal, exhibiting a reduced number of 
filopodia-like extensions. Scale bar: 20 μm. 

http://www.sciencemag.org/content/early/recent
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Table 1. Quantification of branching phenotypes of pSc neurons. Branching phenotypes were classified into two groups: 
Strong phenotypes: The midline crossing branch is not formed (i.e., Figure 1, D to F; Fig. 2, B, D, and F; fig. S2, B, D, and F; fig. S3, 
C, D, and G; fig. S4, C, D, G, and H; fig. S7, C, C´, D, D´, F, and G; fig. S11, E, E´, and G). Moderate phenotypes: The midline-
crossing branch or a stub is formed, but missing other primary and higher order branches (i.e., Figure 1, G and H; fig. S2, C and E; 
fig. S3E; fig. S4E; fig. S7, C´´ and D´´; fig. S11E´´). 

Genotype n Strong Moderate Normal branching 
Wild type 171 0% 2.9% 97.1% 

Reduced diversity in all neurons WT vs. EX6.n-Flpd 
0:1 (6.1) 37 78% 22% 0% 

0:2 (6.1) 33 73% 27% 0% 

0:1 (6.7) 41 73% 27% 0% 

0:1 (6.21) 39 79% 21% 0% 

Dominant effects WT vs. EX6.1-Flpd 
2:2 29 45% 55% 0% 

1:1 37 11% 89% 0% 

2:1 35 0% 86% 14% 

3:1 32 0% 3.1% 96.9% 

Reduced diversity in sensory field 
455-Gal4 201 62% 18% 20% 

pnr-Gal4 34 62% 29% 9% 

Reduced diversity in single ms-neurons 
R36D01-Gal4 40 67% 18% 15% 

R15E08-Gal4 39 31% 49% 20% 

    heat shock single clones 45 38% 9% 53% 

Reduced diversity in target area 
worniu-Gal4 37 0% 2.7% 97.3% 
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