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INTRODUCTION: Axons grow collateral
branches to project to distinct target areas
in the central nervous system (CNS) and to
form synapses with various postsynaptic part-
ner cells. Synapse numbers, locations, and
types can differ in different axon collaterals
of the same neuron and need to be specified
independently in each collateral. Which mech-
anisms control synapse formation with sub-
cellular and spatial specificity in the CNS?
Signaling dependent on cell surface receptors
is essential in the processes of axon guidance,
branching, and synaptogenesis. However, how
intracellular axon-intrinsic factors control
compartment-specific synaptogenesis in the
CNS remains unclear.

RATIONALE:Using a genetic single-cell ap-
proach that allows the labeling and manipula-

tion of single, specific mechanosensory axons
in the Drosophila CNS, we searched for mo-
lecular players controlling synapse formation
specifically in one subcellular compartment and
target area. Protein kinases and phosphatases
control reversible phosphorylation cascades
that are central to most intracellular signal-
ing pathways. We reasoned that these kinases
and phosphatases are likely also key to controll-
ing the spatial specificity of synapse formation
and screened the fly kinome and phosphatome
by an in vivo cell-autonomous knockdown
approach.

RESULTS: We found that the loss of phos-
phatase of regenerating liver (Prl-1) specif-
ically reduces synapses organized in a terminal
arbor in one target area of mechanosensory
neurons. Collaterals that target other CNS re-

gions do not display axonal or synaptic defects.
Prl family members are small, membrane-
localized phosphatases conserved from inver-
tebrates to mammals. They are associated with
metastatic progression of tumors. Prl genes
are also expressed in the CNSs of flies and
mice; however, their neuronal functions are
not known. In this study, we show that the loss
of Drosophila Prl-1 leads to defects in axonal
target areas in several CNS circuits. The CNS
of prl-1 null mutant flies is reduced in size,
and the animals have locomotor defects. A
developmental analysis in mechanosensory
neurons revealed that Prl-1 is required for

the stabilization of nas-
cent axonal arbors and
synaptic structures. Prl-1
overexpression induces
ectopic axonal protrusions
and synapses. Prl proteins
are dual-specificity phos-

phatases, and human Prl-3 was suggested to
dephosphorylate not only protein substrates
but also the phosphoinositide phosphatidy-
linositol 4,5-bisphosphate [PI(4,5)P2]. We pro-
vide genetic evidence consistent with the model
that Prl-1 leads to the reduction of PI(4,5)P2 in
the process of local synaptogenesis.
Moreover, our data show that the synapto-

genic function of Prl-1 involves axon branch–
specific modulation of the insulin receptor
(InR) signaling pathway. Reduction of InR,
phosphatidylinositol 3-kinase, Akt, or Raptor,
presynaptically, phenocopies the branch-specific
loss of synaptic arborizations. Conversely, the
knockdown of PTEN or the expression of con-
stitutively active Akt substantially increases the
number of presynapses, an effect that can be
suppressed by the loss of Prl-1. Therefore, in-
activation of this signaling cascade produces
the same spatially restricted synaptic defects as
the lossofPrl-1.Lastly,weshowthatPrl-1 protein
gets selectively localized to the axon com-
partment in which its function is required.
Compartment-specific localization and function
of Prl-1 depend on long untranslated sequences
in the prl-1 mRNA.

CONCLUSION: Prl phosphatase regulates CNS
circuit formation. Prl-1 modulates InR-Akt sig-
naling, likely by targeting membrane phos-
phoinositides, to control synapse formation
specifically in one axon collateral of mechano-
sensory neurons. We suggest that untranslated
prl-1 mRNA elements could mediate the local
translation of Prl-1 in axonal subcompartments.
Thus, Prl-1 could provide a specificity factor to
restrict Akt signaling and synapse formation in
a subcellular compartment of neurons.▪
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Axon branch–specific localization of Prl-1 directs CNS synaptogenesis. Mechanosensory
axons innervate distinct CNS target areas by forming three primary collaterals (1 to 3).
Each collateral assembles specific types and numbers of synapses. Prl-1 phosphatase
and the InR-Akt signaling pathway are specifically required for the formation of terminal arbor
synapses in the contralateral collateral (2), and exuberant synaptogenesis is induced
by activated Akt in this collateral. The loss of Prl-1 can be rescued by active Akt. Prl-1
protein is enriched in axon collateral 2, thereby providing spatial specificity. PI3K,
phosphatidylinositol 3-kinase.
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Central nervous system (CNS) circuit development requires subcellular control of synapse
formation and patterning of synapse abundance.We identified the Drosophilamembrane-
anchored phosphatase of regenerating liver (Prl-1) as an axon-intrinsic factor that promotes
synapse formation in a spatially restricted fashion.The loss of Prl-1 in mechanosensory
neurons reduced the number of CNS presynapses localized on a single axon collateral and
organized as a terminal arbor. Flies lacking all Prl-1 protein had locomotor defects.The
overexpression of Prl-1 induced ectopic synapses. In mechanosensory neurons, Prl-1 modulates
the insulin receptor (InR) signaling pathway within a single contralateral axon compartment,
thereby affecting the number of synapses.The axon branch–specific localization and function
of Prl-1 depend on untranslated regions of the prl-1messenger RNA (mRNA).Therefore,
compartmentalized restriction of Prl-1 serves as a specificity factor for the subcellular control
of axonal synaptogenesis.

C
entral nervous system (CNS) function relies
on controlled axon branching and synapse
formation during development. The esta-
blishment of neuronal circuits requires
matching of pre- and postsynaptic neurons,

determination of synapse locations and numbers,
and specification of diverse synapse types (1, 2).
The formation of multiple axon branches allows
single CNS neurons to innervate several different
target areas and target cells, thereby increasing
output complexity (3, 4). However, for each axon
branch, the quantity of synapses formed deter-
mines the number of potential postsynaptic part-
ners and the strength of connectivity to each of
them. Branch-specific control of synapse numbers
is therefore essential for correct and complex
circuit formation. Although synapses can be
formed en passant on primary axon branches,
the formation of terminal arborizations allows
for more synapses in a particular location (5).
In developing axons of both vertebrates and
invertebrates, the localization of presynaptic pro-
teins, as well as axonal RNAs andmitochondria,
is associated with the emergence of filopodial
protrusions and their stabilization into nascent
branches (5–9), including the stabilization of
arbors by synaptic adhesion complexes (10). Thus,
terminal arborization and synaptogenesis together
lead to the formation of local synapse-dense axon
terminals.

Cell surface receptors mediate cell-cell com-
munication and sensing of environmental cues
during axon guidance, branching, and synapse
formation (3, 11–13). For example, “neuritic ad-
hesion complexes,” containing neuroligin and neu-
rexin and presynaptic proteins Syd1 and liprin-a,
locally stabilize filopodia, establishing distinct
axon arborizations (10). Less is known about cell-
intrinsic factors that locally control terminal ar-
borization and synaptogenesis in vivo (4). In this
study, we used a genetic single-cell approach in
Drosophila to identify a factor that functions in
the formation of dense, synapse-rich terminal
arbors specifically in one collateral of a CNS axon.
We found differences in arborizations and syn-

apse numbers formed by individual axon col-
laterals of single mechanosensory neurons in the
Drosophila CNS. We focused on two types of
mechanosensory neurons that innervate large
sensory bristles on the dorsal thorax of the fly
[scutellar (SC) and dorsocentral (DC) bristles]
(Fig. 1A). These mechanosensory neurons form
three main central axonal projections to inner-
vate anterior, posterior, and contralateral CNS
target areas (Fig. 1B). In DC neurons, en passant
synapses that form directly on the axon shaft are
predominant in the main anterior projection,
which in addition forms a few variable higher-
order processes that sprout from themain branch
and contain terminal synapses (Fig. 1D). The
posterior projection has few terminal or side
arbors and forms only a few en passant synapses
at an intermediate and distal position [Fig. 1D;
see also (14)]. The contralateral projection of DC
neurons is rich in both en passant and terminal
synapses that form on an extensive network of

arborizations across the region of the CNS mid-
line and contralaterally (Fig. 1, D and H). The
extensive synaptic arborizations are present only
in DC neurons [anterior DC (aDC) and posterior
DC (pDC) neurons] and not in the closely related
SC mechanosensory neurons, although their tar-
get areas overlap almost perfectly (Fig. 1, B and C).
Therefore, mechanosensory neurons provide an
in vivo model for studying the mechanisms un-
derlying the quantitative and subcellular re-
striction of presynapse formation.

Prl-1 function regulates the formation
of synapse-dense terminal arbors

Reversible phosphorylation cascades often regu-
late cellular signal transduction.We therefore tar-
geted the kinome and phosphatome ofDrosophila
to scan for signaling factors that control synapto-
genic regulatory mechanisms. RNA interference
(RNAi) constructs (15) were driven in a restricted
set of peripheral mechanosensory neurons as
described [see experimental procedures in the
supplementary materials and (14)]. We assessed
phenotypes caused by cell-autonomous depletion
of the target gene products in mechanosensory
neurons. Among a set of synaptogenic candidates,
we found that the knockdown of phosphatase of
regenerating liver (prl-1) eliminated the terminal
arbor and reduced the numbers of synapses in the
contralateral projecting axon collateral (Fig. 1, E
and I), whereas en passant synapses along the
axon shaft and synapses in the other two main
axon collaterals were unaffected (Fig. 1, E and I).
Terminal arbor andbouton formationatDrosophila
neuromuscular junctions (NMJs) appeared to be
unaffected (see fig. S8). The Drosophila genome
includes a single prl gene; three Prl genes (Prl-1 to
-3) are found in vertebrates (16, 17).We generated
prl-1 loss-of-function alleles by CRISPR-Cas9–
mediated gene editing. In six mutant alleles (fig.
S1, A and B), the stop codons are close to the start
ATG codon, and no Prl-1 protein could be detected
in the mutants by antibody staining (fig. S1C).
We consider these six alleles to be protein null
mutants. prl-1 null flies are viable and fertile,
although hatching is delayed (fig. S1D). Consistent
with theRNAi knockdown, synaptic arborizations
were lost from the contralateral mechanosensory
neuron axon collateral in prl-1 mutant animals
(Fig. 1, F, J, M, and N). Cell body morphology,
axon caliber (fig. S3), and axon growth and guid-
ance to the CNS were unaffected. Projections of
the related SC mechanosensory neurons were
normal (fig. S4). The DC neuron mutant pheno-
type was fully rescued by the introduction of a
prl-1 BAC (bacterial artificial chromosome) trans-
gene (Fig. 1, G and K). Anterior and posterior
branches of the mechanosensory neuron arbor
did not show any morphological defects in the
mutants, indicating that prl-1 is specifically re-
quired for the formation of dense synaptic ter-
minal arborizations in one out of three main
mechanosensory neuron axon collaterals. We
estimated numbers of presynaptic active zones
by quantifying puncta of the active zone marker
Bruchpilot (Brp) (18, 19) and found an approx-
imate decrease by 65% of synapses in the
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Fig. 1. Loss of prl-1 dis-
rupts the formation of
synapse-dense terminal
arbors specifically in one
axon collateral. (A) The
locations of pDC and ante-
rior SC (aSC) large bristles
on the fly thorax. (B) Cen-
tral axon projections of
mechanosensory neurons
innervating the pDC
and aSC bristles in the
adult animal. Boxes indi-
cate a central region of the
contralateral collateral [see
(C)]. In this and all subse-
quent figures, the top
represents anterior and the
bottom represents poste-
rior. (C) The DC axon col-
lateral that projects to the
contralateral side of the
CNS has formed dense
terminal arborizations,
whereas the same axon
collateral of the SC neuron
has not (arrows). (D) Axon
(CD8.GFP) (red) and pre-
synapse (Cherry.Syt1)
(green) markers expressed
in a single DC neuron and
visualized by immunostain-
ing. Neural cadherin
(NCad) (blue) is used for
neuropil staining. Three
primary axon collaterals
innervate distinct areas of
the CNS (1, anterior; 2,
contralateral; 3, posterior)
with different numbers of
synapses. Note the exten-
sive Syt1 labeling in the
terminal arbors of the con-
tralateral axon branch
(arrow). (E) DC neuron in
which prl-1 was knocked
down by RNAi. Terminal
arbors are strongly reduced
or virtually absent in the
contralateral branch
(arrow), whereas the two
collaterals that innervate
the other main target areas
are unaffected. (F) Terminal arbors are completely lost from the contralateral
branch in a whole-animal prl-1 mutant (arrow), whereas the other target
areas are unaffected. (G) The arbor loss phenotype is rescued by the
introduction of a transgenic BAC containing prl-1. (H to K) Magnification
of the DC neuron contralateral axon collateral in the indicated genotypes,
illustrating the loss of terminal synaptic arborizations upon prl-1 knockdown
or loss of function [(I) and (J)]. CD8.GFP and Cherry.Syt1 signals are re-
constructed with Imaris software for panels (H′′) to (K). (L andM) Schematics
illustrating the three target areas innervated by the main axon collaterals
of mechanosensory neurons, the different amounts and types of synapses
formed, and the loss of synaptic arborizations in prl-1 null animals (arrows).
(N) The territory occupied by terminal arbors on the contralateral branch is
strongly reduced in different whole-animal prl-1 mutant combinations
(ns/Df, nonsense mutation over deficiency; ms, missense mutation) (see

fig. S1 for the mutations and fig. S2 for the quantification method). a.u.,
arbitrary units; n.s., nonsignificant. *P < 0.05, Kruskal-Wallis test with multiple
comparisons. (O) Synapse numbers, as assessed by counting puncta of
the Brpshort.GFPmarker (42) expressed in single DC neurons, are significantly
decreased in the contralateral branch (br.) upon the loss of prl-1 (Mann-
Whitney test, P < 0.0001) (see fig. S5 for example images of samples used
for quantification). (P) Synapse numbers are not altered in the anterior
target area 1 upon the loss of prl-1 (Mann-Whitney test, n.s.). (Q) HA-tagged
Prl-1 protein is enriched in contralateral axon collaterals of DC neurons
(false-color intensity display; blue, low levels; yellow-red, high levels). Scale
bars: (B), 50 mm; (D) and (Q), 20 mm; and (H), 10 mm. In the graphs in this
and all subsequent figures, individual measured values and the mean are
displayed, and error bars indicate SD.Genotypes for all panels can be found
in table S1.
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contralateral branch, whereas synapse numbers
in the anterior branch were not altered (Fig. 1,
O and P, and fig. S5). Consistent with a role for
Prl-1 in only the axon compartment of the contra-
lateral branch, hemagglutinin (HA)–tagged trans-
genic Prl-1 specifically expressed in DC neurons is
enriched in this axon collateral compartment (Fig.
1Q). Correlative light and electron microscopy
confirmed the labeling of presynapses by the
markers [see also (14)]. No defects were apparent
in the structure of the remaining synapses in the
mutant (fig. S6).
Homozygous prl-1 mutant adults are normal

in size and morphology (fig. S1, E and F) but
occasionally show a “held-up” wing phenotype
(see movie S1). However, the mutant flies display
locomotor defects and cannot fly (fig. S7, A to C,
andmovie S1). Our analysis of themorphology of
NMJ synapses shows no defect, suggesting that
prl-1 is not required for NMJ formation (fig. S8).
By contrast, analysis of the brain and CNS re-
vealed altered synaptic connectivity in several
circuits in homozygous prl-1mutant flies (figs. S7,
S9, and S10). First, two distinct brain neuropils
related to olfaction and olfaction-associated learn-
ing, the antennal lobes and mushroom bodies,
respectively, were disorganized, with evident
axonal or synaptic defects (figs. S7, E and G, and
S9). For example, we found changes in the size
and organization of synaptic termination zones
of odorant receptor neurons in their target area,
the glomeruli of the antennal lobe (fig. S7, E, G,
and I). Second, although cell numbers of the
sensory neurons (fig. S7, D, F, and H), as well as
neurons of the ventral nerve cord (VNC) (fig. S10,
D and E), are unaltered, the size of the CNS neu-
ropil (a region of densely packed axons, dendrites,
and synapses) is reduced in prl-1 homozygous
adult flies (fig. S10, A to C). We noted a size re-
duction particularly of themetathoracic neuropil
in the VNC, which is smaller in homo- or hem-
izygous prl-1 null mutants than in wild-type flies
or prl-1 null mutants rescued with the BAC
transgene.
To test whether an increase of Prl-1 function

(i.e., gain of function) could promote ectopic
synapse formation, we overexpressed Prl-1 in
mechanosensory neurons in otherwise wild-type
animals (Fig. 2). We found an aberrant increase
in synaptotagmin-1 (Syt1) puncta in ectopic prox-
imal regions of the main axon, a region that
rarely contains presynapses in controls (Fig. 2,
A, B, and E to H). In addition, axon terminals of
Prl-1–overexpressing neurons appeared less ma-
ture than controls and resembled axonal pro-
trusions occurring during synapse formation at
developing stages. Small protrusions were ob-
served on the main branch (Fig. 2F), and even
longer ones in terminal regions (Fig. 2D). These
filopodial protrusions cannot be detected in con-
trol samples (Fig. 2, C andE). Ectopic protrusions
were associated with Syt1 marker puncta, which
were located either at the base or within the
protrusion (Fig. 2F′′). These findings suggest
that Prl-1 is capable of inducing ectopic synapses.
However, an increase of synapses is not seen
throughout the entire axonal arbor, indicating

constraints in the synaptogenic function of Prl-1.
The formation of ectopic synapses through the
gain of Prl-1 is not linked to an increase in ectopic
branches or terminal arbors. This suggests that
Prl-1 is involved in synapse formation or sta-
bilization rather than terminal arbor formation
(branching).

Prl-1 function involves modulation of InR
to Akt signaling

In our attempts to identify regulators or targets
of Prl-1 phosphatase, we conducted a secondary
candidate screen and discovered that cell-
autonomous inhibition of multiple insulin re-
ceptor (InR) signaling components resulted in
prl-1–like phenotypes (Fig. 3). The RNAi-based
knockdown of InR in mechanosensory neurons
or the expression of a dominant-negative form of
the InR led to pronounced reduction of terminal
synapses on the contralateral axon compartment
of DCneurons (Fig. 3B, top panels). The samewas
observed for the knockdown of chico (encoding a
Drosophila InR substrate), phosphatidylinositol
3-kinase (PI3K) (by targeting either the p110 or
the p60 subunit), Akt, and the mTORC1 (mech-
anistic target of rapamycin complex 1) subunit
Raptor (Fig. 3, B, D, and E, and figs. S11 and S12).
Consistent with the finding that the knockdown
of PTEN (phosphatase and tensin homolog), a
negative regulator of the pathway, increases ter-
minal synaptic arborizations on the contralateral
branch, the expression of a membrane-targeted,
constitutively active form of Akt (20) led to the
expansion of synaptic terminals (Fig. 3, A, B,
andD).We also tested the knockdown of Pdk but
found no synaptic defect, suggesting that Pdk does
not participate in this presynaptic signaling cas-
cade (fig. S13). All the above-mentionedmanipula-
tions affected the contralateral projecting axon
collateral but not the main axon shaft or other
collaterals of DC neurons (Fig. 3A and fig. S12).
As the loss of prl-1 leads to the same loss of

terminal synapses as the reduction in InR-Akt
signaling, we performed three experiments to
test for genetic interactions and epistasis. First,
we knocked down PTEN in prl-1 heterozygous
mutant animals and observed a suppression of
exuberant arborizations upon PTEN knockdown
alone (Fig. 3, C and D, and figs. S11 and S12).
Second, we expressed constitutively active Akt in
mechanosensory neurons of prl-1 null animals.
This led to a rescue of terminal synapses in the
contralateral branch (Fig. 3, C andD, and figs. S11
and S12). Third, and conversely, we testedwhether
defects from the loss of Akt remained dominant
over upstream activation sequence (UAS)–
Prl-1 expression. UAS–Prl-1 expression showed
no rescuing effect in mechanosensory neurons
depleted of Akt (Fig. 3D), consistent with Akt
being downstream of Prl-1.
All our genetic studies are also consistent with

previous findings of high-throughput screens
targeting the kinase-phosphatase signaling net-
works in vitro. Combined genome-wide RNAi and
proteomics screens in Drosophila cells suggested
that the activity of Prl phosphatases might be
linked to InR signaling (21), and several verte-

brate cell culture studies provided evidence for a
role of Prl phosphatases in PI3K-PTEN and Akt
signaling (22, 23).
Thus, we suggest that compartmentalized

prl-1 activity regulates a spatially specific mode
of synaptogenesis in terminal arbors via modu-
lation of the InR pathway, likely upstreamof Akt.

Targeting phosphoinositide levels
affects terminal arbors

Prl phosphatases have various potential protein
targets, such as the ERM (ezrin-radixin-moesin)
protein ezrin or a Rho–guanosine triphosphatase–
activating protein (16), although RNAi-based
knockdown of several proposed protein targets
provided no evidence of their involvement in
Prl-1–related functions in synapse formation
(fig. S14). Vertebrate Prl phosphatases can de-
phosphorylate phospholipids in vitro: Human
Prl-3 has a PI(4,5)P2 (phosphatidylinositol 4,5-
bisphosphate) 5-phosphatase activity, dephos-
phorylatingPI(4,5)P2 toPI(4)P (phosphatidylinositol
4-phosphate) (24). Moreover, phospholipids di-
rectly regulate Akt signaling (Fig. 3E). Akt is re-
cruited to the plasma membrane and activated
by phosphatidylinositol 3,4,5-trisphosphate and
phosphatidylinositol 3,4-bisphosphate (25, 26).
PTEN is itself activated by PI(4,5)P2 (27).
We therefore testedwhether the dephosphoryla-

tion of PI(4,5)P2 could be relevant in vivo during
synapse formation of DC neurons. We reasoned
that a loss of Prl-1 activity could cause an increase
of local PI(4,5)P2 levels and that an increase of
PI(4,5)P2 levels in DC neurons could also be
achieved by promoting the phosphorylation of
PI(4)P by a PI(4)P-specific kinase. TheDrosophila
PI(4)P 5-kinase Skittles (Sktl) catalyzes PI(4)P
phosphorylation to PI(4,5)P2 (28–30). Therefore,
Sktl overexpression in DC neurons might be
equivalent to the loss of Prl-1. We found that
Sktl overexpression in DC neurons leads to a re-
duction of terminal arborizations, phenocopying
prl-1 loss of function (Fig. 4, A to C). Moreover,
coexpression of Prl-1 and Sktl suppresses the Sktl
gain-of-function phenotype (Fig. 4, A and C). This
result supports the idea that the Prl-1 phosphatase
and Sktl kinase can carry out opposing functions
and is consistent with the hypothesis that PI(4,5)
P2 levels could be decreased by Prl-1 function
in vivo.
In aminoacid sequence,DrosophilaPrl-1 shares

features with human Prl-3 that are thought to
affect activity toward phosphoinositides (fig. S15).
The point mutation Gly129→Glu (G129E) in hu-
man PTEN and themutationAla111→Ser (A111S)
in human Prl-3 abolish phosphatase activity
toward phosphoinositides but not toward phos-
phoproteins of these related phosphatases (24, 31).
We therefore generated transgenes with the cor-
respondingmutations inDrosophila Prl-1 (G114E
and A116S, respectively) and tested their ability
to rescue the prl-1 null phenotype inDC neurons.
Although mechanosensory neuron–specific ex-
pression of a wild-type transgene rescued the
loss of terminal arborizations (Fig. 4, D and E),
expression of theG114Emutant transgene did not
(Fig. 4, D and E, and fig. S16). In this experiment,
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Fig. 2. Prl-1 overexpression induces ectopic synaptic marker accumula-
tion and immature axonal protrusions. (A) Proximal regions (arrowheads)
(magnified in inset) of central mechanosensory neuron projections contain
few Syt1 marker puncta in control animals. NCad, neural cadherin.
(B) Syt1 marker accumulates in proximal axon projections (arrowheads)
in Prl-1–overexpressing (OE) animals (the inset shows a magnified view).
(C) Morphology of a mature contralateral mechanosensory neuron projection
in an adult control animal.The arrow in (C′′) (magnification) indicates a
terminal branch. (D) In adult animals overexpressing Prl-1 in mechanosensory
neurons, the contralateral axon collateral has a less mature morphology, with

small filopodial protrusions along the branch and large protrusions at its distal
end [arrowheads in (D′′)]. (E) The proximal region of the central axonal
projection contains only a few Syt1 marker puncta in controls [see the region
outlined in red in (E′)]. (F) Syt1 puncta are more numerous upon the
overexpression of Prl-1 in mechanosensory neurons [proximal axon projection
region outlined in (F′)]. The arrowheads in (F′′) indicate small immature
protrusions from themain axon shaft. (G andH) Quantification of the densityof
Syt1 puncta (G) and the area filled by Syt1 puncta (H) in the proximal axon
projections of control and Prl-1–overexpressing mechanosensory neurons.
*P < 0.05; **P < 0.01; Mann-Whitney test. Scale bars: (A), 20 mm; (C), 10 mm.
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Fig. 3. The InR signaling pathway controls the formation of synapse-
dense terminal arbors and interacts with prl-1. (A) Whole CNS projections
of control DC neurons and DC neurons with reduced (Akt RNAi) or enhanced
[PTEN RNAi and constitutively active (CA) Akt] Akt signaling. Note the
substantial reduction (Akt RNAi) and increase (PTEN RNAi and CA Akt),
respectively, in synaptic terminal arbors in the contralateral branch (target
area 2), while the other axon collaterals (such as those in target area 1) are
unaffected; the anterior contralateral projection, here present only in the RNAi
samples, is variable also in wild-type flies. (B) Morphology of the contralateral
axon branch upon the indicated manipulations in mechanosensory
neurons.Visualizations of the CD8.GFP axonal marker (red) and Cherry.Syt1
presynaptic marker (green) are shown. (C) The reduction of Prl-1 levels
suppresses the PTEN phenotype (top), whereas the activation of the Akt
signaling pathway rescues the prl-1 null phenotype (bottom and middle). CA
Akt was expressed only in mechanosensory neurons, which target a CNS

of reduced size (see fig. S12). (D) Quantification of terminal arbor territory in
the indicated genotypes.The SD of controls is shaded in gray. Manipulations
reducing the activity of the InR-Akt signaling pathway are displayed in
dark blue, and manipulations enhancing the activity of the pathway are in
light blue.The effects of coexpressing Akt RNAi with CD8.Cherry and Prl-1
(the last two columns of the graph) were assessed by dye-fills and not with
genetic labeling as for the rest of the genotypes. n.s., nonsignificant;
*P < 0.05; **P < 0.01; ***P < 0.001; ordinary one-way analysis of variance
(ANOVA) with multiple comparisons. OE, overexpression. (E) Schematic
of InR-Akt-mTORC1 signaling. Positive components are shaded in dark blue,
and the inhibitor PTEN is in light blue. Changes in the mechanosensory
neuron terminal arbor territory upon the manipulation of the gene products
are indicated by arrows. KD, knockdown; DN, dominant negative; PI,
phosphatidylinositol; PIP2, PI(4,5)-bisphosphate; PIP3, PI(3,4,5)-trisphosphate.
Scale bars: (A), 20 mm; (B), 5 mm.
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Fig. 4. Genetically targeting
phosphoinositide levels controls
terminal arbor formation.
(A) Original data and visualizations
for examples of DC neuron
contralateral branches in animals of
the indicated genotypes. Axons were
filled with a fluorescent lipophilic
dye. The arrowhead points to
terminal branches that are lost in
prl-1 null animals and upon the
overexpression (OE) of Sktl in
mechanosensory neurons but
restored upon co-overexpression of
Prl-1 with Sktl. (B) The Sktl over-
expression phenotype (right) in a
mechanosensory neuron labeled
genetically with CD8 axonal and Syt1
presynaptic markers. Note the
reduction of terminal arbor
synapses. (C) Quantification of the
terminal arbor territory for Sktl and
Prl-1 overexpression. n.s.,
nonsignificant; *P < 0.05; **P < 0.01;
Kruskal-Wallis test. (D) Visualiza-
tions for examples of mechanosen-
sory neuron contralateral collaterals
in animals of the indicated
genotypes. The expression in
mechanosensory neurons of a
wild-type (wt) prl-1 transgene
with 5′ and 3′ UTRs rescues terminal
arbors, whereas the expression
of a UTR-containing prl-1 transgene
with the G114E mutation does
not. Mechanosensory neurons
project into a VNC of reduced size
(fig. S16). Defects in the target area
are therefore likely preventing full
rescue of terminal arborizations and
synapses to wild-type levels [see
also (E) and (G) and Fig. 6F].
(E) Quantification of the terminal
arbor territory in prl-1 null flies
rescued with different prl-1 trans-
genes as in (D). See also Fig. 6 for
more examples of rescue with a
wild-type prl-1 transgene. Data from
prl-1−/− flies is replotted from
Fig. 3D. *P < 0.05, Mann-Whitney
test. (F) Visualizations of dye-filled
contralateral axonal projections in
animals of the indicated genotypes.
The expression of the PH domain of
PLCd (PLCdPH.GFP) in mechano-
sensory neurons rescues terminal
arborization loss in prl-1 mutant
animals (see also fig. S17 for
PLCdPH.GFP expression in mechano-
sensory neurons).The expression of a mutant PLCd PH domain
(PLCdPH[R40L], where R40L is Arg40→Lys) that does not bind to PI(4,5)P2
does not rescue the prl-1 phenotype. (G) Quantification of the terminal
arbor territory of dye-filled contralateral collaterals in animals of the genotypes
indicated in (F). *P < 0.05; ***P < 0.0001; ordinary one-way ANOVA with
multiple comparisons. (H) Single-cell expression of wild-type and R40L
mutant PLCdPH.GFP, respectively, in mechanosensory neurons.CD8.Cherry is
coexpressed as an axon marker, and Cherry and GFP fluorescence were

imaged.The expression of wild-type PLCdPH.GFP cell-autonomously rescues
the loss of terminal arborizations in prl-1 null mutant animals, but the
expression of PLCdPH.GFP[R40L] does not.Wild-type PLCdPH.GFP can be
found at higher levels in the axon than the R40L mutant marker protein
(see also fig. S17 for wild-type PLCdPH.GFP localization in axons).
(I) Schematic placing Prl-1 in the context of InR-Akt signaling and control of
phosphatidylinositol phosphate (PIP) levels on the basis of the identified
genetic interactions. All scale bars represent 10 mm.
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only mechanosensory neurons express the res-
cue constructs and the VNC target tissue remains
mutated, with reduced neuropil size (fig. S16). In
the case of the A116S mutant, we were unable to
observe axonal projections of labeled mechano-
sensory neuron clones, suggesting a dominant
effect of this mutant transgene that prevents axon
growth or induces apoptosis or axondegeneration.
To further substantiate that Prl-1 leads to the

dephosphorylation of PI(4,5)P2 in vivo and to
determine whether synapse loss in mechano-
sensory neurons of prl-1 null mutants is due to
increased PI(4,5)P2 levels or, conversely, decreased
PI(4)P levels, we used constructs expressing
the pleckstrin homology (PH) domain of phos-
pholipase Cd fused to green fluorescent protein
(GFP) (PLCdPH.GFP) (32). PLCdPH.GFP binds to
PI(4,5)P2 and prevents interactions of PI(4,5)P2
with cellular binding partners, thereby reducing
functional PI(4,5)P2 levels (33). The expression of
PLCdPH.GFP, but not that of a mutant form that
does not bind to PI(4,5)P2 (32), rescued the loss
of terminal arborizations in prl-1mutants (Fig. 4,
F to H). We therefore conclude that the prl-1 null
phenotype is a consequence of elevated PI(4,5)P2
in the mutant and that PLCdPH.GFP expression
can restore terminal synapse formation by block-
ing excessive PI(4,5)P2.
Together, our results provide evidence that

Prl-1 promotes DC neuron axon arborization in a
specific target area by locally influencing the
phosphoinositide-dependent PI3K-PTEN signal-
ing loop.

Prl-1 affects synapse stabilization

To gain insights into the cellular processes that
cause reduced terminal synapse and arbor forma-
tion specifically in one target area of mechano-
sensory neurons in prl-1 null flies, we visualized
the cellular differentiation of single DC neuron
compartments during development (Fig. 5). In
wild-type flies, we identified three distinct stages
of terminal arbor and synapse formation. In a
first phase [45 to 70 hours after pupariation
(apf)], the contralateral growing axon collateral
extends many filopodial protrusions in all direc-
tions, including the growth direction. All these
protrusions extend from the main axon shaft
(Fig. 5A, top left) but are most prominently for-
med on the contralateral projecting axon col-
lateral. In a second phase (60 to 75 hours apf),
in which the main branch has reached the con-
tralateral target area, filopodial protrusions are
most numerous at an axon segment stretching
across the midline. At this stage, new cellular
processes that contain Syt1 marker protein have
formed and contain additional filopodial pro-
trusions [Fig. 5, A (middle left) and C (middle
andbottom), and fig. S18A]. These satellite growth
cones (34) are likely precursors of terminal
synapse–bearing arborizations observed in adult
animals. Lastly, in a third phase (>75 hours apf),
immature filopodial protrusions and satellite
growth cones disappear and are transformed
into terminal synapse–bearing arbors (Fig. 5A,
bottom left, and fig. S18B). In prl-1 null flies in
stage 1 and to some extent in stage 2, the develop-

ing axon collaterals and filopodial protrusions
form as in wild-type controls (Fig. 5A, top right).
Filopodial protrusions extend in different direc-
tions with normal abundance (Fig. 5B, left plot).
Likewise, satellite growth cones with filopodia,
some of which have Syt1-positive puncta, are also
formed in prl-1 mutants, and filopodia originate
from these satellite growth cones (Fig. 5D and
fig. S18A).However, thenumber of satellite growth
cones per axon segment is reduced in mutant
animals, and satellite growth cones extend fewer
filopodial protrusions, with both characteristics
leading to a net reduction in the total number of
filopodial protrusions (Fig. 5B). By contrast to the
reduction of filopodia originating from satellite
growth cones, we did not observe a reduction of
filopodia emanating from the main branch (Fig.
5B, right). These results indicate that early stages
of arborization at themidline (i.e., the formation of
filopodial protrusions and satellite growth cones)
are not affected upon the loss of prl-1. By contrast,
the formation or stabilization (or both) of a suf-
ficient number of satellite growth cones is de-
fective in prl-1 mutants. Because Syt1 marker
accumulates in satellite growth cones and filo-
podia extend from Syt1-positive locations, these
processes may be dependent on the accumula-
tion of synaptic material or the formation of
synapses in emerging axonal processes. Lastly,
in stage 3, most of the protrusions and satellite
growth cones have disappeared in prl-1mutant
axons. This suggests that in prl-1 mutants the
stabilization or consolidation of the terminal
arbors as well as nascent synapses has failed and
the arbors are being aberrantly retracted (Fig. 5
and fig. S18B). Thus, Prl-1 function is necessary
for the stabilization or maturation of terminal
synapse–bearing arbors but not the initiation or
branching of axons at terminal arbors.

Compartment-specific Prl-1 enrichment

How do signaling by Prl-1 and the InR-Akt sig-
naling activity get spatially restricted in DC
axons? The branched morphologies of neurons
bring many opportunities to compartmentalize
subsections of the neuron. For mechanosensory
neurons, additional genetic screens and charac-
terization of other molecular pathways are re-
quired to study relevant mechanisms. However,
by studying the localization of Prl-1 protein in
mechanosensory neurons, we found that epitope-
tagged Prl-1 expressed from a transgene is en-
riched in the contralateral axon collateral and is
also present to a lesser degree inmidline-proximal
branches (Fig. 6; see also above and Fig. 1Q) and
that the subcellular localization and the rescuing
activity are dependent on regulatory sequences
in long 5′ and 3′ untranslated regions (UTRs) of
prl-1 mRNAs (fig. S19). These long UTRs are
essential for Prl-1 function in local synaptic arbor
formation, as only HA-tagged Prl-1 proteins ex-
pressed from a transgene containing both the
5′ and 3′UTRs (HA.prl-1.UTRsplus) were able to
substantially rescue synaptic defects of prl-1
mutant neurons (Fig. 6F and fig. S16). Anti-HA
stainings showed that the epitope-tagged pro-
tein localized to distal axons of mechanosen-

sory neurons and was enriched in contralateral
projecting branches (Fig. 6, B and D, and fig.
S20). By contrast, a transgene without UTRs
(HA.prl-1.UTRsminus) led to aweaker Prl-1 signal
in mechanosensory neuron axons in the CNS
(Fig. 6B and fig. S20). Nevertheless, without
UTRs, the compartmentalized enrichment of
Prl-1 is still visible in wild-type or heterozygous
neurons (Fig. 6, B and C). Given that Prl proteins
form homotrimers (35, 36), we reasoned that the
formation of complexes between Prl-1 expressed
fromthe endogenous locus andHA.Prl-1 expressed
from transgenes could lead to a trapping of HA.
Prl-1 protein at sites of endogenous Prl-1 enrich-
ment (Fig. 6E, schematic). We found that the
contralateral branch enrichment of protein ex-
pressed from HA.prl-1.UTRsminus was lost in a
prl-1 null mutant background and that HA.Prl-1
localized ectopically and evenly to all axon
branches of mechanosensory neurons (Fig. 6,
B and C). By contrast, the localization of HA.
Prl-1 expressed from the transgene with UTRs
remained compartmentalized even in the absence
of endogenous protein (Fig. 6, B and D). Com-
parisons of protein levels in diverse wild-type
and mutant backgrounds by use of fluorescence
intensity is challenging. It is further complicated
by the reduction of axon arbors in mutant and
partially rescued samples, which thereby could
indirectly contribute to a reduced fluorescence
intensity. However, the ectopic redistribution of
the HA.prl-1 protein (when expressed from a
transgene lacking UTRs, i.e., HA.prl-1.UTRsminus)
in null mutants, which leads to an increased in-
tensity in ipsilateral axon collaterals (unaffected
in mutants), and the lack of changes in the dis-
tribution of the general membranemarker CD8.
Cherry in mutants (fig. S21) provide clear evi-
dence that Prl-1 is endogenously enriched in the
contralateral projecting axon of pDC axons. Con-
sistent with its role in the formation of terminal
arbor synapses, a tagged InR protein was also
localized to the contralateral projecting pDC col-
lateral at mid-developmental stages (fig. S22).
Collectively, these results reveal a role of the

prl-1 UTRs in axon compartment–specific local-
ization of the Prl-1 protein and show that this
subcellular enrichment is likely essential for the
functional specificity of Prl-1 in neurons.

Concluding remarks

In this study, we identified cell-intrinsic presyn-
aptic mechanisms that contribute to the sub-
cellular control of the synapse type and synapse
numbers inDrosophilaCNS axons. Compartment-
specific regulation of InR signaling by Prl-1, likely
by targeting of the PI3K-PTEN–dependent phos-
phoinositide cycle, enables the spatially restricted
formation of a synapse-rich terminal arbor. This is
supported by several complementary experiments.
First, genetic interactions show that the loss of
a single copyofprl-1cansuppressPTENknockdown–
dependent synapse defects (Fig. 3 and fig. S11).
Second, the genetic epistasis analysis, where ac-
tivated Akt can rescue prl-1 mutant defects but
not vice versa, suggests that Prl-1 functions up-
stream of Akt (Fig. 3D and fig. S11). Third, the
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Fig. 5. Prl-1 promotes the consolidation of terminal arbors and nascent
synapses. (A) Successive developmental stages of the contralateral
DC neuron axon collateral in fixed control and prl-1 null samples. In an
early phase (top left) (a sample ~47 hours apf), developing branches extend
long filopodial protrusions (arrowheads) and grow toward the contralateral
side of the CNS. At mid-stages (middle left) (~72 hours apf), filopodium-rich
satellite growth cones are visible [see (C) and also fig. S18A, arrowheads].
At late stages (bottom left) (~90 hours apf), filopodia and satellite growth
cones have disappeared and terminal arbors have consolidated. In prl-1
null animals (right panels), filopodia and satellite growth cones are initially
formed but fail to accumulate and be consolidated on the contralateral
branch. CNS development is delayed by ~5 to 10 hours in the mutant at
these stages. Corresponding developmental stages assessed by branch
growth progression, rather than by absolute timing, are displayed. Magnified

panels show examples of filopodium morphology. (B) Quantification of
filopodia and satellite (s.) growth cones during different developmental
stages (left panels) and at mid-stages of collateral branch formation
(right panels). n.s., nonsignificant; *P < 0.05; **P < 0.01; Mann-Whitney test.
n.s./*, approximate P value of 0.06, computed exact P value of 0.048.
(C) Colabeling of axon and Syt1 presynaptic marker in wild-type developing
contralateral collaterals. White arrowheads indicate Syt1 accumulation
on the main axon shaft, at sites where filopodia sprout. Blue arrowheads
point to satellite growth cones, which are devoid of Syt1 signal at an early
stage (top panels). Syt1 starts to localize to satellite growth cones at a
slightly later developmental stage (middle panels). (D) prl-1 mutant
animal. Syt1 localizes to sites of filopodial sprouting (white arrowheads)
and to satellite growth cones (blue arrowheads) at this early stage. Scale
bars, 10 mm (main panels) and 2.5 mm (insets).
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Fig. 6. prl-1 UTRs are essential for axon localization and function.
(A) Schematic illustrating the expression pattern of pnr-gal4 (red) in adult
flies. pnr-gal4, which was used for driving UAS constructs in the
experiment shown in (B), is active in the mechanosensory neurons
innervating the eight large bristles (DC and SC macrochaetae) and all the
small bristles (microchaetae) located in the central domain of the thorax
(top, not to scale). The composite of the CNS axon projections of these
neurons results in the bilateral symmetric pattern shown below; the
numbering of projections corresponds to the numbering at single-axon
resolution in (E) and in Fig. 1, D and L. (B) Mechanosensory neuron
expression of prl-1 transgenes with and without UTRs, detected by
antibodies against Prl-1 and against the HA epitope tag, respectively.
Anti–Prl-1 staining is visible in CNS axon projections only when Prl-1 is
expressed from a transgene with UTRs. Prl-1 protein expressed from this
transgene is readily detected by staining against the HA tag in
mechanosensory neuron axon projections in the CNS (top panels) (note
panels showing data recorded with low and high gain, as labeled below)
and is enriched in the contralateral branches (blue arrowheads) both in the
presence (left panels) and in the absence (right panels) of endogenous
Prl-1. By contrast, Prl-1 expressed from a transgene without UTRs (bottom
panels) is expressed at much lower levels in mechanosensory neuron
central axon projections (expression is visible only when imaged with high
gain), and its enrichment in the contralateral branch (blue arrowheads)
strongly depends on endogenously expressed Prl-1. Yellow arrows point to
proximal regions of the mechanosensory neuron central projections, for
direct comparison among panels. Panels on the right show high-
magnification details of HA staining in the proximal regions (top) (framed
in yellow) and in the contralateral branches (bottom) (framed in blue).

Signal is stronger in contralateral regions for all genotypes except for HA.
Prl-1 expression from a construct without UTRs in prl-1−/− animals. Scale
bars, 50 mm (main panels) and 2 mm (magnification panels). NCad,
neural cadherin. (C) Fluorescent signal quantification of HA.Prl-1
expressed from the transgene without UTRs, in a region of interest
(ROI) on the contralateral branches [corresponding to magnification
panels in (B)] relative to an ROI of the same size on a proximal
CNS segment of the axons [magnification panels in (B)]. The enrichment
on the contralateral branches is strongly reduced in animals without
endogenously expressed Prl-1. **P < 0.01, Mann-Whitney test. (D) The
same fluorescent signal quantification as in (C), for constructs with
UTRs, reveals no significant (n.s.) (Mann-Whitney test) difference in the
presence or absence of endogenously expressed Prl-1. This construct is
expressed at much higher levels than the construct without UTRs [see
(B)]; however, that is not reflected here, as relative values are displayed.
See also fig. S21 for quantification of the membrane marker CD8.Cherry in
wild-type and prl-1−/− animals. (E) Schematic illustrating the formation of
heterotrimers between Prl-1 expressed from the endogenous locus and
HA-tagged Prl-1 expressed from the transgene without UTRs, leading to
the enrichment of HA.Prl-1 in the contralateral branch (left). In the absence
of endogenous Prl-1, HA.Prl-1 expressed from the transgene without UTRs
is not enriched in the contralateral branch (middle). HA.Prl-1 expressed
from a transgene with UTRs, however, is still enriched in the contralateral
branch even in the absence of endogenous Prl-1 (right), although it also
accumulates in the anterior branch, possibly because of overexpression of
the protein. (F) Quantification of contralateral projection arbor territory
reveals that the loss of arbors cannot be rescued by a prl-1 transgene
without UTRs (see also fig. S16). **P < 0.01, Mann-Whitney test.
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targeted manipulation of PI(4,5)P2 levels by
overexpression of the PI(4)P 5-kinase Skittles in
mechanosensory axons phenocopies the loss of
Prl-1 (Fig. 4, A to C). Fourth, reducing the level of
accessible PI(4,5)P2 by expressing a PI(4,5)P2-
specific binding domain (PLCdPH.GFP) can sup-
press the Prl-1 synapse formation defects (Fig. 4,
F toH). All these experiments are consistent with
the model that Prl-1 targets the phosphatidyli-
nositol 4,5-bisphosphate levels in presynaptic axon
segments. However, we cannot rule out that Prl-1
only indirectly leads to the dephosphorylation of
PI(4,5)P2 through an as yet unknown target in
neurons. Nevertheless, this study shows that dis-
tinct lipid or phosphoinositide domains in de-
veloping axons and their likely dynamic changes
contribute to the spatial specificity of CNS syn-
apse formation.
Although the enrichment of Prl-1 protein and

activity in a distinct axon branch defines this
compartmentalization, it is unclear whether the
localized enrichment is due to protein traffick-
ing, protein retention, or local translation. We
consider local translation a particularly attractive
scenario because our data showed that the UTR
sequences of prl-1 mRNA are functionally re-
quired. Moreover, the InR pathway, which is
affected by Prl-1, itself is a potent regulator of
translation (37). The identification of regulatory
UTR sequences in the prl-1 mRNA that direct
axon branch–specific protein localization will
be a decisive tool for future studies to define
the responsible cellular mechanisms.
Vertebrate phosphatases Prl-1 to -3 affect cell

division or growth, as well as the metastasis of
tumor cells (17, 38, 39). Analogous to the expres-
sion of Drosophila Prl-1, the expression of ver-
tebrate Prl-3 in cancer cell lines is regulated at
the translational level through the RNA binding
protein PCBP1 and a GC-rich motif in the 5′UTR
of the prl-3 mRNA (40). However, roles for Prl
proteins in CNS development have not been re-
ported. Prl-1, Prl-2, and Prl-3 are broadly expressed
in the vertebrate CNS [Allen Brain Atlas (41)]. Prl
phosphatases are therefore poised to function
in vertebrate brain development with effects
similar to those we have shown in this study on
the assembly of neuronal circuits and synapses
in Drosophila.
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