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For neurons to establish the correct connections in animal
nervous systems, interactions between cell adhesionmol-
ecules (CAMs), expressed presynaptically and postsynap-
tically, are thought to guide neurons to their targets.
Here, we assess the role that affinity between two cognate
CAMs—DIP-α and Dpr10—plays in establishing the leg
neuromuscular system inDrosophila. If affinity decreases
or, surprisingly, increases past certain thresholds, motor
neuron (MN) terminal branches fail to be maintained.
Live imaging during development shows that when affin-
ities are aberrant, MN filopodia are unable to productively
engage their muscle targets. Thus, CAM affinities are
tuned to achieve proper neuronal morphology.

Supplemental material is available for this article.
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The development of locomotive circuits requires motor
neurons (MNs) to arborize and synapse onto the correct
muscles. To do this, neurons undergo axon guidance or
pathfinding, in which axons navigate close to their cellu-
lar targets (Van Vactor et al. 1993; Moreland and Poulain
2022); synaptic specificity, where short-range interactions
establish synaptic choice (Tan et al. 2015; Moreland and
Poulain 2022); and branching and arborization (Grueber
and Sagasti 2010; Gibson and Ma 2011). In all of these
steps, cell adhesion molecules (CAMs) have been impli-
cated as playing critical roles (Sanes and Zipursky 2020;
Moreland and Poulain 2022). For example, CAMs that
bind heterophilically and homophilically such as Beat-Ia
and Sidestep have been described during axon pathfinding

(VanVactor et al. 1993; Sink et al. 2001; Siebert et al. 2009;
Stoeckli 2018), molecules such as the L1 protein subfam-
ily are needed for synaptic specificity (Ango et al. 2004;
Ashrafi et al. 2014; Telley et al. 2016; Sanes and Zipursky
2020), andDscam1 and protocadherins are needed for self-
avoidance (Lefebvre et al. 2012; Tadros et al. 2016;
Lemieux et al. 2021).
InDrosophila, DIPs (Dpr-interacting proteins) and Dprs

(defective in proboscis extension response) comprise two
interacting families within the immunoglobulin super-
family (IgSF) set of CAMs that are expressed by a subset
of neurons and required for synaptic specificity (Carrillo
et al. 2015; Ashley et al. 2019; Venkatasubramanian
et al. 2019; Bornstein et al. 2021; Brovero et al. 2021).
The DIP–Dpr interaction network has nine Dprs (each
with two immunoglobulin [Ig] domains) that bind selec-
tively to DIPs, which have 21 members (each with three
Ig domains) (Özkan et al. 2013; Carrillo et al. 2015; Cos-
manescu et al. 2018)
DIP-α in particular has awell-described role in the devel-

oping adult leg motor system. Using gene trap reporters
into DIP-α (Venken et al. 2011; Venkatasubramanian
et al. 2019), its expression was mapped to three MNs that
target the long tendon muscle in the femur (αFe-ltm), the
long tendon muscle in the tibia (αTi-ltm), and the tarsal
depressor muscle in the tibia (αTi-tadm) (Fig. 1). In DIP-
α-null mutant animals, the terminal axon branches of
the αFe-ltm are absent in almost all samples, whereas
those of the αTi-ltm are missing ∼70% of the time and
those of the αTi-tadm are rarely absent. dpr10 is expressed
broadly by all muscles, and in dpr10-null animals, the
three DIP-α-expressing MNs display the same phenotype
as DIP-α-null animals. Live imaging during pupal stages,
when stereotyped MN terminal branches find and form
stable synapses onto the correct muscles, revealed that
in the absence of DIP-α, MN axons still extend filopodia
to the correct muscles but fail to arborize and eventually
retract, resulting in adultswithno terminal branches (Ven-
katasubramanian et al. 2019).
KDs for homophilic and heterophilic binding for DIP/

Dpr pairs vary by >100-fold, ranging from <2 to >200 µM
(Cosmanescu et al. 2018; Xu et al. 2022). Interestingly,
DIP-α and Dpr10 have among the strongest pairwise affin-
ity in the DIP–Dpr interactome, with aKD of 1.4 µM (Cos-
manescu et al. 2018; Xu et al. 2022). Motivated by these
observations, a series of mutations were knocked into
DIP-α and dpr10 loci to either decrease or increase affinity
at the DIP-α–Dpr10 binding interface (Xu et al. 2022). In
the optic lobe, it was shown that reducing the affinity of
either DIP-α or dpr10 causes loss-of-function phenotypes
such as synaptic mistargeting and cell death and that
the severity of these phenotypes scales with the magni-
tude of affinity reduction (Xu et al. 2022). Interestingly, in-
creasing affinity did not alter targeting but did affect cell
survival in this system. Although these results indicate
that affinity is tuned to achieve proper cell survival and
synaptic wiring in the visual system (Xu et al. 2022), no ef-
fect on leg MN survival has been observed in DIP-α and
dpr10 mutants. This may be because in the fly visual
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system, neurons are produced in excess, and those that do
not form functional synapses undergo apoptosis (Cour-
geon and Desplan 2019). In contrast, each leg MN has a
hardwired muscular target and morphology (Enriquez
et al. 2015; Guan et al. 2022).

Here, we took advantage of the stereotyped leg neuro-
muscular system to examine the role of affinity between
DIP-α and Dpr10. We found that decreasing or increasing
affinity does not affect cell survival or cause mistargeting
but rather has a role in stabilizing MN axon arborization.
Using a quantitative neuron tracing analysis (Arshadi
et al. 2021), we found that the three DIP-α-expressing
MNs (αMNs) have different affinity requirements and
that alterations to affinity impact locomotion. Surpris-
ingly, we found that increasing affinity also impairs termi-
nal branching. Together, these results reveal that
affinities between interacting CAMs have been tuned to
achieve proper neuronal development.

Results and Discussion

Live imaging of leg MN arborization during pupal
development

Previous work established a live-imaging protocol to im-
age the three DIP-α-expressing MNs (αMNs) until ∼45 h
after pupal formation (APF) (Venkatasubramanian et al.
2019). To capture axon morphology changes between
mid-pupa and adult, we extended this protocol to visual-
ize later pupal stages. We used DIP-α-T2A-Gal4>20-
XUAS-6XGFP to visualize the three αMNs together
with Mef2-QF>QUAS-10XmCherry to visualize muscles
as they develop from ∼20 to 108 hAPF, which encompass-
es almost all of pupal development (Fig. 1A; Supplemental
Videos S1, S3). Using this setup, we were limited to visu-
alizing MNs and muscles in the tibia (αTi-MNs), which is
close to the surface of the pupa.

As early as 20 hAPF, αTi-MNs have already targeted na-
scent clusters of myoblasts within the tibia, as described
previously (Venkatasubramanian et al. 2019). By visualiz-
ing the developing myoblasts with myr::tdTomato, we
found that the myoblasts are organized into interconnec-
ted clusters that will become future muscle groups; that
is, the tibia tarsal depressormuscle (Ti-tadm) and the tibia
long tendonmuscle (Ti-ltm) (Supplemental Video S2; Sup-
plemental Fig. S3). These clusters then split and become
discrete muscle groups. Between 25 and 55 h APF, myo-
blasts fuse and become syncytial multifiber muscles
(Fig. 1B). By 20–60 h APF, the videos show single mobile
myoblasts that join and fusewith a particularmuscle fiber
(Fig. 1B). At ∼50 h APF, αTi-MNs have reached and stabi-
lized a nascent axon terminus with a limited number of
branches on their targeted muscle. From ∼50 h APF on-
ward, this initial nascent axon terminus will continue to
give rise to new branches and elongate its existing branch-
es until a few hours before the animal ecloses (Fig. 1B).
During this later phase, themovement of the αMN filopo-
dia slows and transitions to synapse formation (Supple-
mental Video S1). Based on these observations, there are
at least two different phases of axon morphogenesis: an
initial phase where the αTi-MNs choose and stabilize
muscle fibers as they are developing and a second phase
when αTi-MNs limit their mobility but continue to arbor-
izewhile forming synapses. This indicates thatMN arbor-

ization occurs for much longer than previously noted
(Venkatasubramanian et al. 2019).

Reducing DIP-α affinity to Dpr10 impedes arborization

We examined the role of affinity on leg MN arborization
using alleles in DIP-α and dpr10 that change the strength
of their interaction based on biophysical measurements
(Xu et al. 2022). These alleles alter the affinity between
DIP-α and Dpr10 in graded fashion over a wide range,
do not affect binding specificity, and do not alter homo-
philic binding between DIP-α and itself. We used the
DIP-α mutants K81Q (K

D
= 31.8 µM, DIP-α–20F; super-

scripts indicate the direction and fold change [F] in affinity
relative to wild type) and both K81Q and G74S (K

D
= 68.0

µM, DIP-α–50F) (Fig. 2A) and dpr10 mutants V144K (K
D
=

11.3 µM, dpr10–8F), Q138D (K
D
= 27.6 µM, dpr10–20F), and

G99D, Q142E, and V144K in combination (K
D
= 50.0 µM,

dpr10–40F) (Fig. 3A). Although we could not monitor ex-
pression levels of these alleles in legs by antibody staining,
they were expressed in the correct patterns and levels in

A

B

C

Figure 1. Overview of fly leg MN arborization. (A) Life cycle of
Drosophila. Imaging was done over most of pupal development,
from 20 h after pupal formation (APF) onward. (B) Drawings and indi-
vidual frames from videos of DIP-α-T2A-Gal4>>20XUAS-6XGFP,
Mef2-QF>>10XQUAS-6XmCherry flies. The first row shows αMNs
in green andmuscles inmagenta. The sequence shows αMNsdevelop-
ing in the context of myoblast fusion. The second row shows develop-
ing αMNs. At early time points, αMNs are more mobile. From 60 h
APF onward, axon termini begin to stabilize but continue to mature
until eclosion. The third row shows stills from Supplemental Video
S1. (C ) Adult fly (left) and leg (right). αMNs, visualized here with A8-
Gal4, 20XUAS-6XGFP, are born in the VNC and extend to arborize
in the tibia and femur. (Ti-ltm)Tibia long tendonmuscle, (tadm) tarsal
depressor muscle, (talm) tarsal levator muscle.
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the medulla of the pupal optic lobe (Xu et al. 2022). The
αMNs were visualized using a previously characterized
transcriptional enhancer isolated from DIP-α called A8
fused to Gal4 (A8-Gal4) (Fig. 1; Venkatasubramanian
et al. 2019) andwere repeated using aMiMIC line convert-
ed to T2A-Gal4 (Supplemental Fig. S1). To acquire quanti-
tative information regarding branch number and branch
length, we traced and quantified both parameters using
FIJI semiautomated tracing software (Arshadi et al. 2021).
We compared control animals with wild-type alleles
versus animals homozygous for the DIP-α allele with
A8-Gal4 (Fig. 2) or one copy of the mutant DIP-α allele
and one copy of the DIP-α-T2A-Gal4 (which is a strong
hypomorph) (Supplemental Fig. S1; Venkatasubramanian

et al. 2019) . Animals with null alleles served as a negative
control.
Compared with controls, adults with reduced DIP-α af-

finity (DIP-α−20F andDIP-α−50F) show phenotypes similar
to DIP-α-null animals, where αMN axons fail to arborize
onto their muscle target and have no terminal branches
(Fig. 2D). Using A8-Gal4 to compare the three αMNs,
we found that these MNs have different expressivities in
the absence of DIP-α or dpr10: The αFe-ltm completely
fails to arborize, αTi-ltm terminal branches are reduced
or lost in ∼70%–80% of animals, and the αTi-tadm is rare-
ly affected (Venkatasubramanian et al. 2019). In addition
to these observations with null alleles, we also found a
graded affinity requirement for each of the αMNs. For in-
stance, we found that the αFe-ltm has less arborization
with theDIP-α−50F allele compared with theDIP-α−20F al-
lele, suggesting that the affinity required to fully stabilize
the branch is greater than −20F (Fig. 2D,E). The αTi-ltm
also fails to arborize, though the expressivity is not as
strong as in the αFe-ltm (Fig. 2D,E). Finally, although the
αTi-tadm rarely shows a complete loss of arborization,
both branch number and branch length are reduced (Fig.
2D,E; Supplemental Fig. S1B,C). Together, these data re-
veal that the three αMNs all require different minimal af-
finities to properly arborize onto their target muscles.

Reducing Dpr10 affinity to DIP-α impedes arborization

As with the DIP-α alleles, we examined homozygous
dpr10 alleles with reduced affinity mutations using both
A8-Gal4 and DIP-α-T2A-GAL4 as readouts of αMN mor-
phology. Using the A8-Gal4 readout with dpr10−8F, we
found that αFe-ltm branches are not completely absent
but demonstrate a decrease in branch number and length,
whereas the dpr10−20F allele results in the complete loss
of terminal branches in this MN (Fig. 3C,D). For the αTi-
ltm, the complete absence of arborization occurs at a low-
er frequency compared with the αFe-ltm for all dpr10 al-
leles, indicating that the αFe-ltm has a higher affinity
requirement than the αTi-ltm (Fig. 3C,D). In contrast, us-
ingDIP-α-T2A-Gal4, the αTi-ltm fails to arborize in most
dpr10−8F animals (Supplemental Fig. S1E,F). This discrep-
ancy may be because DIP-α-T2A-Gal4 is a strong hypo-
morph of DIP-α (Venkatasubramanian et al. 2019),
possibly resulting in lower levels of DIP-α and a compro-
mised interaction between αMNs and muscles. For the
αTi-tadm, there is a slight decrease in branch number
and length in both readouts, and in both cases, the αTi-
tadm arborization phenotype is less strong than in the
αTi-ltm (Fig. 3C,D; Supplemental Fig. S1E,F).
Together, these results suggest that the affinity require-

ment for the arborization of the αFe-ltm is higher than the
αTi-ltm, consistent with the differences observed in ex-
pressivity for DIP-α- and dpr10-null alleles. The αTi-
tadm is rarely fully lost in either DIP-α- or dpr10-null al-
leles, indicating that it likely relies on additional mole-
cules to achieve proper morphology. Finally, these
results indicate that reducing the affinity of the postsyn-
aptic CAM has the same effects as reducing the affinity
of the presynaptic CAM.

Increasing affinity also impedes αMN arborization

Given the loss of arborization when the DIP-α::Dpr10 af-
finity was reduced, we considered the possibility that
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Figure 2. Analysis ofDIP-α alleles with reduced affinity. (A) Affinity
range ofDIP-αmutants in log scale. (B) Representative femur and tibia
images of yw, A8-Gal4>>20XUAS-6XGFP (control) and DIP-αNull//;
A8-Gal4>>20XUAS-6XGFP femur and tibia leg segments. (C ) Sche-
matic of how MN morphologies were quantified. (D) Quantification
of terminal branch number using A8-Gal4 as the readout. αFe-ltm:
control, n = 8; DIP-α−20F//, n = 10; DIP-α−50F//, n = 10; DIP-αNull//, n =
10. αTi-ltm: control, n = 9; DIP-α−20F//, n = 9; DIP-α−50F//, n = 10;
DIP-αNull//, n = 8. αTi-tadm: control, n = 9; DIP-α−20F//, n = 10; DIP-
α−50F//, n = 9; DIP-αNull//, n = 10. (E) Quantification of total branch
length using A8-Gal4 as the readout. αFe-ltm: control, n = 8; DIP-
α−20F//, n = 10;DIP-α−50F//, n = 10;DIP-αNull//, n = 10. αTi-ltm: control,
n = 9; DIP-α−20F//, n = 9; DIP-α−50F//, n = 10; DIP-αNull//, n = 9. αTi-
tadm: control, n = 9; DIP-α−20F//, n = 10; DIP-α−50F//, n = 9; DIP-
αNull//, n = 10.
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increasing affinity might result in more and/or longer
branches. To address this, we used the following DIP-α
and dpr10 mutants: DIP-αG74A (K

D
=0.90 µM, DIP-α+2F)

and dpr10Q142M (K
D
=0.19 µM, dpr10+10F). In addition, we

also analyzed the combination of DIP-α+2F and dpr10+10F,
which results in an increased affinity of +15F (DIP-α and
dpr10+15F, K

D
=0.10 µM) (Fig. 4A). We found that in DIP-

α+2F animals with DIP-α-T2A-Gal4, αMN branch number
and length are not affected (Fig. 4C). However, in
dpr10+10F flies, αTi-ltm and αTi-tadm branch number and
branch length were on average shorter than in control flies
(Fig. 4C,D). InDIP-α and dpr10+15F flies, some αTi-ltm and
αTi-tadmaxons completely fail to arborize. Together, these
results show that increasing affinity, like reducing affinity,
also adversely affects terminal branch arborization. We
note, however, that when using A8-Gal4 as the readout,
the lack of arborization phenotype is not as strong as in ex-
periments done withDIP-α-T2A-Gal4, even in a sensitized

A
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Figure 3. Analysis of dpr10 alleles with reduced affinity. (A) Affinity
range of dpr10 mutants in log scale. (B) Representative images of yw,
A8-Gal4>>20XUAS-6XGFP (control) and A8-Gal4, dpr6Null,
dpr10Null//, >>20XUAS-6XGFP femur and tibia leg segments. (C )
Quantification of terminal branch number usingA8-Gal4 as the read-
out. αFe-ltm: control, n = 11; dpr6Null, dpr10−8F//, n = 9; dpr6Null,
dpr10−20F//, n=10; dpr6Null, dpr10−40F//, n=11; dpr6Null, dpr10Null//,
n=12. αTi-ltm: control, n=11; dpr6Null, dpr10−8F//, n=9; dpr6Null,
dpr10−20F//, n=10; dpr6Null, dpr10−40F//, n=11; dpr6Null, dpr10Null//,
n=12. αTi-tadm: control, n=11; dpr6Null, dpr10−8F//, n=9; dpr6Null,
dpr10−20F//, n=10; dpr6Null, dpr10−40F//, n=10; dpr6Null, dpr10Null//,
n=12. (D) Quantification of total branch length using A8-Gal4 as the
readout. αFe-ltm: control, n=11; dpr6Null, dpr10−8F//, n=9; dpr6Null,
dpr10−20F//, n=10; dpr6Null, dpr10−40F//, n=11; dpr6Null, dpr10Null//,
n=12. αTi-ltm: control, n=11; dpr6Null, dpr10−8F//, n=9; dpr6Null,
dpr10−20F//, n=10; dpr6Null, dpr10−40F//, n=11; dpr6Null, dpr10Null//,
n=12. αTi-tadm: control, n=11; dpr6Null, dpr10−8F//, n=9; dpr6Null,
dpr10−20F//, n=10; dpr6Null, dpr10−40F//, n=11; dpr6Null, dpr10Null//,
n=12. For all graphs, statistical significance was determined using an
unpairednonparametric two-tailedMann–Whitney test. Error bars rep-
resent mean with 95% confidence intervals. (ns) No statistical differ-
ence, (∗) P<0.05, (∗∗) P<0.01, (∗∗∗∗) P<0.0001. All quantifications
were done with 20XUAS-6XGFP.
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Figure 4. Analysis of increased affinity genotypes. (A) Affinity range
of increased affinitymutants in log scale. (B) Representative images of
yw/DIP-α-T2A-Gal4>>20XUAS-6XGFP (control) and DIP-α+2F/DIP-
α-T2A-Gal4; dpr6Null, dpr10+10//>>20XUAS-6XGFP (+15F) tibia seg-
ments. (C ) Quantification of terminal branch number using DIP-α-
T2A-Gal4 as the readout. αTi-ltm: control, n = 10; DIP-α+2F, n = 10;
dpr10+10F, n = 10; DIP-α+2F and dpr10+10F, n = 10. αTi-tadm: control,
n = 12; DIP-α+2F, n = 12; dpr10+10F, n = 12; DIP-α+2F and dpr10+10F, n =
12. (D) Quantification of total branch length using DIP-α-T2A-Gal4
as the readout. αTi-ltm: control, n = 10; DIP-α+2F, n = 10; dpr10+10F,
n = 10; DIP-α+2F and dpr10+10F, n = 10. αTi-tadm: control, n = 12;
DIP-α+2F, n = 12; dpr10+10F, n = 12; DIP-α+2F and dpr10+10F, n = 12.
For all graphs, statistical significance was determined using an un-
paired nonparametric two-tailed Mann–Whitney test. Error bars rep-
resent mean with 95% confidence intervals. (ns) No statistical
difference, (∗) P < 0.05, (∗∗) P < 0.01, (∗∗∗) P < 0.001, (∗∗∗∗) P < 0.0001.
(E) Representative images of control, yw/DIP-αNull; A8-Gal4,
dpr6Null, dpr10Q142M/+>>20XUAS-6XGFP, and DIP-α+2/DIP-αNull;
A8-Gal4; dpr6Null, dpr10+10//>>20XUAS-6XGFP femur and tibia leg
segments. (F ) Quantification of terminal branch number using A8-
Gal4 as the readout. αFe-ltm: control, n = 11; DIP-α+2/DIP-αNull;
dpr6Null, dpr10+10//, n = 13. αTi-ltm: control, n = 10; DIP-α+2/DIP-
αNull; dpr6Null, dpr10+10//, n = 13. αTi-tadm: control, n = 11; DIP-α+2/
DIP-αNull; dpr6Null, dpr10+10//, n = 13. (G) Quantification of total
branch length using A8-Gal4 as the readout. αFe-ltm: control, n =
11, DIP-α+2/DIP-αNull, dpr6Nulldpr10+10//, n = 13. αTi-ltm: control, n
= 10; DIP-α+2/DIP-αNull, dpr6Null, dpr10+10//, n = 14. αTi-tadm: con-
trol, n = 11; DIP-α+2/DIP-αNull; dpr6Null, dpr10+10//, n = 13. For all
graphs, statistical significance was determined using an unpaired
nonparametric two-tailed Mann–Whitney test. Error bars represent
mean with 95% confidence intervals. (ns) No statistical difference,
(∗) P < 0.05, (∗∗) P < 0.01. All quantifications were done with
20XUAS-6XGFP.
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background with only one functional copy of DIP-α (DIP-
α+2F/DIP-αNull and dpr10+10F//). Nevertheless, there is a re-
duction in branch number and branch length for both the
αFe-ltm and αTi-ltm in this genotype (Fig. 4F,G). We also
expressed the marker Bruchpilot (Brp-short::mStraw)
(Mosca and Luo 2014) in DIP-α and dpr10+15F and control
flies to determine whether MNs with reduced branches
can still form synapses. We found that in DIP-α and
dpr10+15F flies, the αTi-ltm and αTi-tadm have Brp puncta,
indicating that they are still able to assemble synapses (Sup-
plemental Fig. S2).
These experiments indicate that when the affinity be-

tween DIP-α and Dpr10 is increased above a certain
threshold, arborization defects result, but the penetrance
of this effect depends on the status of the DIP-α locus.
For example, it is possible that a truncated DIP-α protein
generated by the DIP-α-T2A-Gal4 allele is further sensi-
tizing the phenotype.

Increasing affinity prevents the stabilization
of developing αMNs

We next used our live-imaging protocol to compare αMN
development from ∼25 to 80 h APF in control (yw/DIP-α-
T2A-Gal4) and experimental (DIP-α-T2A-Gal4; DIP-α and
dpr10+15F) flies, the time window when αMN branches
stabilize on their muscle targets (Supplemental Video
S2; Venkatasubramanian et al. 2019). By∼25 hAPF in con-
trol animals, both the αTi-ltm and the αTi-tadm have al-
ready reached their muscle targets. Between 35 and 55 h
APF, axons branch and extend filopodia in the general
area of their muscle targets. At ∼60 h APF, some filopodia
will stabilize. In DIP-α and dpr10+15F animals, both the
αTi-ltm and the αTi-tadm reach their muscle targets suc-
cessfully at 24 h APF. Very few differences can be seen in
the next 24 h.However, at 60 hAPF,multiple aberrant ter-
tiary branches have extended but fail to stabilize and in-
stead retract, resulting in the branchless phenotype
observed in the adult. Interestingly, this is similar to
what has been described for DIP-α nulls (Fig. 5A). These
results indicate that αMNs can initially find the correct
muscle target and send out filopodia to the correct myo-
blast cluster but fail to maintain the interaction long
enough for the axons to fully arborize.
Although loss of arborization in increased affinity mu-

tants was initially surprising, we have recently shown
that dpr10 is also expressed by αMNs and that removing
dpr10 in MNs leads to abnormally long branches in both
the αTi-ltm and αTi-tadm (Morano et al. 2025). Therefore,
a possible mechanism that contributes to the loss of
branching in the DIP-α and dpr10+15F mutant is that the
higher-affinity interaction betweenDIP-α andDpr10 is oc-
curring in cis (inMNs), which competes withDIP-α’s abil-
ity to interact with Dpr10 in trans in muscle cells. This
could explain why the filopodia still extend and target
the correct muscles but are not able to “anchor” long
enough to generate stable terminal branches. dpr10 is
also expressed by other MNs in addition to the αMNs.
Therefore, another plausible explanation is that DIP-α in
αMNs is interacting with Dpr10 present in other MNs.
However, this seems less likely, as we would expect the
filopodia to become less mobile in the DIP-α and
dpr10+15F mutant due to greater interneuronal contact,
which was not observed in live imaging (Supplemental
Video S2).

Another relevant observation is that, like the time-
lapse videos of DIP-αNull animals (Venkatasubramanian
et al. 2019), the live-imaging videos of DIP-α and
dpr10+15F mutants reveal that filopodia still extend to
the correct muscle but are unable to make stable contacts
with their target and then retract (Fig. 5A; Supplemental
Video S2). This reinforces the idea thatDIP-α::Dpr10 trans
interactions are needed to stabilize terminal branches and
not for axon guidance or synaptic specificity. Further-
more, this suggests that there must be additional mecha-
nisms that help MN axons recognize their targets. We
propose that the proper DIP-α::Dpr10 affinity range is
needed to stabilize the contact long enough to recruit
more DIP-α::Dpr10 trans interactions, which promote fur-
ther arborization.

Changing affinity leads to behavioral defects

Using a free walking behavioral assay that reports various
walking parameters (Howard et al. 2019), we compared
the highly penetrantDIP-αNull andDIP-α and dpr10+15F al-
leles with control animals. Both DIP-αNull and DIP-α and
dpr10+15F flies have reduced overall velocity and median

A

B

Figure 5. Live imaging and locomotion analysis. (A) Still images of a
time-lapse video (see Supplemental Video S2) of yw/DIP-α-T2A-
Gal4>>20XUAS-6XGFP pupa (top row) and DIP-αG74A/DIP-α-T2A-
Gal4; dpr6Null, dpr10Q142M//>>20XUAS-6XGFP (+15F) flies (bottom
row). Yellow arrowheads point to small filopodia that aberrantly
extend but ultimately retract in DIP-αG74A/DIP-α-T2A-Gal4;
dpr6Nulldpr10Q142M//MNs. (B)Walking parametersmeasured in control
(yw, 20XUAS-6XGFP), DIP-αNull//, 20XUAS-6XGFP, and +15F gain-of-
affinity DIP-αG74A//20XUAS-6XGFP;dpr6Null, dpr10Q142M(+15)// geno-
types. Control, n=10; DIP-αNul,l n=10; DIP-α and dpr10+15F, n=10. (∗)
P<0.05.
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walking velocity. Furthermore, DIP-α and dpr10+15F flies
also have a reduced absolute angular velocity compared
with controls (Fig. 5B). Although it is possible that these
effects are the result of other, non-MN DIP-α-expressing
neurons elsewhere in the nervous system, they demon-
strate that changing the affinity betweenDIP-α::Dpr10 ad-
versely affects locomotion as well as axon branching.

The role that affinity plays in DIP-α::Dpr10 function
in vivo

Our data show that a limited affinity range is required for
DIP-α::Dpr10 to establish a normal terminal arborization
morphology. We suggest that the role of this interaction
is to bring the presynaptic and postsynaptic membranes
together long enough to nucleate more trans interactions
via either additional DIP-α::Dpr10 interactions or other
unknown CAMs that subsequently assemble during ar-
borization. Accordingly, decreasing the DIP-α::Dpr10 af-
finity below a threshold is likely to decrease the overall
avidity of the MN–muscle contact. This would disrupt
the subsequent oligomerization of DIP-α::Dpr10 on the
two membranes that are needed for arborization. New
tools that fluorescently tag DIP-α in vivo could help to fur-
ther elucidate these mechanisms (Rostam et al. 2025).

The range of affinities among theDIP–Dpr family is sur-
prisingly large. For instance, the KD between DIP-β and
Dpr10 is 55 µM, the KD between DIP-κ and Dpr6 is 286
µM, and the KD between DIP-α and Dpr10 is <2 µM. Our
results raise the question of why some DIPs and Dprs
have relatively low binding affinities and how they are
functional. One answer may be that low-affinity interac-
tions are either nonfunctional or play a modest role by
supplementing higher-affinity interactions between other
interacting proteins. Alternatively, local receptor con-
centrations can turn weak dissociation constants into
substantial binding. For example, receptor compartmen-
talization (Hyman et al. 2014) or cooperative binding via
the receptor or ligand (Honig and Shapiro 2020) or through
a coreceptor (Kondo et al. 2024) can all contribute to an in-
crease in effective avidity in vivo. However, increasing af-
finity, as shown here, can also have adverse effects.
Therefore, for any pair of CAMs, the overall avidity has
likely evolved to optimize the strength (or duration) of
the interaction.

Materials and methods

Fly stocks

All fly stocks were described previously by Venkatasubra-
manian et al. (2019) and Xu et al. (2022). All chromosomes
with mutant dpr10 alleles also had a null mutation in
dpr6, which was not expressed in the adult muscles and
did not play a role in αMNtargeting (Venkatasubramanian
et al. 2019). In genotypes whereA8-Gal4was used to drive
GFP, it was homozygous.

Dissection and microscopy

For adult leg dissection, flies were first immersed in 70%
ethanol for ∼1 min and rinsed three times in 0.3% Tri-
ton-X in PBS. Abdomens and heads were then removed,

and legs attached to thoraxes were fixed overnight at 4°C
in 4% paraformaldehyde in 0.3% Triton-X in PBS. The
next day, legs and thoraxes were washed five times in
0.3% Triton-X in PBS and then stored in 80% VectaShield
in PBS overnight at 4°C. Legs were removed from the
thoraxes and placed onto a glass slide in a drop of Vecta-
Shield mounting medium (Vector Laboratories). Cover-
slips (18 mm×18 mm) were then placed on top with
dental wax on the corners to prevent the coverslips from
crushing the legs. Sections (0.5 µm thick) in the Z-axis
were imaged using a Zeiss LSM 800 confocal laser scan-
ning microscope.

Motor neuron axon branch quantification and statistical
analysis

To quantify leg motor neurons, only one T1 leg from each
animal was imaged, and their neurons were traced using
the simple neuron tracer from ImageJ (Arshadi et al.
2021). For each neuron, with the exception of the αTi-
tadm, the tracing began at the first bifurcation point. For
the αTi-tadm, only the most distal branch was traced
due to the presence of collateral branches that would
have misrepresented the terminal branch number and
branch length. Both the total terminal branch number
and the sum of the cable length values were separately
plotted and analyzed using GraphPad Prism 9.0. For all
graphs, statistical significance was determined using an
unpaired nonparametric two-tailed Mann–Whitney test.
Error bars in the figures represent mean with 95% confi-
dence intervals, and significance is indicated as follows:
no statistical difference (ns), P< 0.05 (∗), P < 0.01 (∗∗), P <
0.001 (∗∗∗), and P< 0.0001 (∗∗∗∗).

Live imaging of MN development in pupae

Pupae were staged by picking late (wandering) L3 larva
and placing them in a separate vial with a moist tissue,
kept at 25°C, and then picked 24 h later. A small window
on the left ventral side of the pupal case was made using
forceps to expose just the T1 leg. Individual pupae were
placed on a glass slide, surrounded by two layers of filter
paper dampened with distilled water. A 5 µL drop of dis-
tilled water was placed at the center of a glass coverslip
(N-1.5) and placed exactly over the exposed T1 leg. Petro-
leum jelly surrounding the filter paperwas used to seal the
space between the coverslip and the glass slide to retain
humidity. Samples were imaged on a Zeiss LSM 800 mi-
croscope with 25× objective, with a 10 min interval be-
tween each z-stack series. Videos were generated using
FIJI software (Schneider et al. 2012) at 5 fps.

Behavior

The fly arena setup was described by Howard et al. (2019).
All behavior videos were recorded during the morning ac-
tivity peak time (9:00 a.m. to 12:00 p.m.). Each recorded
video had 10 flies. Videos were recorded at a rate of 30
fps and stored in a compressed “fly format” using software
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written by Andrew Straw at the University of Freiburg.
Videoswere tracked using theMATLAB-based FlyTracker
software from the California Institute of Technology Vi-
sion Laboratory (Eyjolfsdottir et al. 2014). Video data
were analyzed using MATLAB scripts as described previ-
ously (Howard et al. 2019).
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