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Developmental neuronal remodeling is required for shaping the precise connectivity
of the mature nervous system. Remodeling involves pruning of exuberant neural
connections, often followed by regrowth of adult-specific ones, as a strategy to refine
neural circuits. Errors in remodeling are associated with neurodevelopmental disorders
such as schizophrenia and autism. Despite its fundamental nature, our understanding
of the mechanisms governing neuronal remodeling is far from complete. Specifically,
how precise spatiotemporal control of remodeling and rewiring is achieved is largely
unknown. In recent years, cell adhesion molecules (CAMs), and other cell surface and
secreted proteins of various families, have been implicated in processes of neurite
pruning and wiring specificity during circuit reassembly. Here, we review some of the
known as well as speculated roles of CAMs in these processes, highlighting recent
advances in uncovering spatiotemporal aspects of regulation. Our focus is on the fruit
fly Drosophila, which is emerging as a powerful model in the field, due to the extensive,
well-characterized and stereotypic remodeling events occurring throughout its nervous
system during metamorphosis, combined with the wide and constantly growing toolkit
to identify CAM binding and resulting cellular interactions in vivo. We believe that its many
advantages pose Drosophila as a leading candidate for future breakthroughs in the field
of neuronal remodeling in general, and spatiotemporal control by CAMs specifically.
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INTRODUCTION

Following their initial establishment, developing neural circuits are further refined by a
combination of degenerative and regenerative events. Collectively known as developmental
neuronal remodeling, such processes are essential for shaping the connectivity of functional
circuits, and represent a conserved strategy occurring throughout the animal kingdom and across
the peripheral and central nervous systems. Remodeling varies in scale, from retraction of single
synapses, up to degeneration of long stretches of axons or dendrites, often with remarkable
spatiotemporal precision. Regressive steps are generally followed by progressive ones including
stabilization and even reformation of new, adult-specific connections (Luo and O’Leary, 2005;
Riccomagno and Kolodkin, 2015; Schuldiner and Yaron, 2015; Yaniv and Schuldiner, 2016). Defects
in the normal progression of remodeling have been implicated in various neurodevelopmental and
neuropsychiatric conditions, such as schizophrenia, autism spectrum disorder and Alzheimer’s
disease (Cocchi et al., 2016; Hong et al., 2016; Sekar et al., 2016; Thomas et al., 2016).
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Despite constant progress, the molecular mechanisms underlying
remodeling, and specifically its spatiotemporal control, remain
poorly understood.

In recent years, it is becoming increasingly evident that
neuronal remodeling is not solely governed by intrinsic
genetic programs and cell-autonomous mechanisms (reviewed
in Riccomagno and Kolodkin, 2015; Schuldiner and Yaron,
2015; Rumpf et al., 2019), but is also highly dependent on
interactions with the environment – whether other neurons,
non-neuronal cells or the extracellular matrix (Meltzer and
Schuldiner, 2020). Moreover, recent studies have highlighted the
importance of orchestrated circuit remodeling, in which different
neuronal types in a given network simultaneously remodel in
an interdependent manner (Mayseless et al., 2018; Lee and
Doe, 2021). Due to their location on plasma membranes, cell
adhesion molecules (CAMs) are prime candidates to mediate
cell–cell interactions during coordinated circuit assembly and
remodeling. Indeed, during initial steps of circuit formation, such
as axon pathfinding and fasciculation, the role of CAMs, and
other cell surface and secreted proteins (CSSPs), is relatively
established (e.g., Dickson, 2002; Pollerberg et al., 2013). However,
much less is known about the function of CAMs in regulating
the spatiotemporal precision of developmental remodeling.
Arguably, circuit reassembly during remodeling, occurring at
late developmental stages, in larger neurons and for specific
neuronal components, provides an excellent opportunity to
deduce about similar mechanisms of initial circuit formation,
which is less experimentally accessible at least in part due to its
spatiotemporally “dense” nature.

Here, we explore recent advances in uncovering how CAMs
and other CSSPs shape neuronal remodeling – including both
neurite pruning and subsequent regrowth – in the fruit fly,
Drosophila melanogaster (notably, for the sake of simplicity,
the term “CAMs” is loosely used hereafter, as in some
cases it refers to CSSPs of families generally known to be
associated with adhesion, even when an adhesive role was
not directly established). Of course, focusing on Drosophila
does not underestimate the significant contributions of research
in mammalian models, mostly to understanding the roles of
CAMs in synapse retraction/stabilization (reviewed in Duncan
et al., 2021). However, we believe that Drosophila holds
major advantages that position it as an ideal model for
substantial progress in the field. First, as a holometabolous insect,
its entire nervous system is dramatically and stereotypically
reorganized during metamorphosis. Indeed, many of its central
and peripheral circuits undergo remodeling, and these are
often well-characterized in terms of anatomy, development,
and function (Yu and Schuldiner, 2014; Yaniv and Schuldiner,
2016). Second, and more importantly, Drosophila offers a
particularly wide, and continuously expanding, arsenal of
cutting-edge tools and techniques. Most pronounced is the
ability to genetically access and perturb almost every neuronal
type, but more recent advances in genomic tools, and in
delineating protein interaction networks (“interactomes”; e.g.,
Ozkan et al., 2013), combined with the virtually complete
EM-based connectome data of the fly brain (Scheffer et al.,
2020), are now providing solid ground for delving into the

mechanisms underlying neuronal remodeling and (re)wiring at
up to subcellular resolution. Finally, relevant genes and pathways
are largely conserved, and many important mammalian neuronal
CSSPs have orthologs, or were even originally discovered, in
Drosophila. Furthermore, neurodevelopmental processes, such as
the molecular mechanisms of axon guidance and target selection,
as well as neural organizational principles, such as the logical
flow in the olfactory system, show striking similarity between flies
and mammals (Komiyama and Luo, 2006; Reichert, 2009; Gonda
et al., 2020; Li F. et al., 2020; Malin and Desplan, 2021). Thus,
insights and principles obtained in Drosophila are likely to be
relevant to similar processes in higher organisms.

TRANSCRIPTION OF CELL ADHESION
MOLECULES IS HIGHLY DYNAMIC
DURING DEVELOPMENT

Cell adhesion molecules that are required in specific locations
at distinct time-windows could potentially have different or
even deleterious effects if expressed in ectopic locations or
developmental stages. Thus, precise CAM expression, in the
right place and time, must be tightly regulated. Recent advances
in high-throughput RNA-sequencing technologies provided the
opportunity to map the transcriptional profiles of developing
neurons (Alyagor et al., 2018; McLaughlin et al., 2021; Ozel et al.,
2021; Xie et al., 2021; Janssens et al., 2022), thus revealing the
temporally dynamic expression of CAMs and other CSSPs.

The Drosophila mushroom body (MB) is a well-characterized
circuit in the fly brain that is comprised of three types of intrinsic
neurons, known as Kenyon cells (KCs), which are sequentially
born from the same neuroblasts. The first-born KCs – called
γ-KCs – undergo stereotypic remodeling during metamorphosis,
in which they prune their dendrites completely, and their
bifurcated axons up to their branchpoint. Later during the pupal
stage, γ-KCs regrow their dendrites, and their axons to form
adult-specific projections (Lee et al., 1999; Yaniv and Schuldiner,
2016; Figure 1). γ-KCs were recently sequenced at unprecedented
temporal resolution, including every 3 hours during early pupal
development (Alyagor et al., 2018). This γ-KC transcriptional
atlas revealed the extremely dynamic nature of gene expression
in general, and CAMs/CSSPs specifically, along development.
In fact, the transcriptional landscape of adult γ-KCs resembles
the landscape of other adult neurons more than that of γ-KCs
during pupal development. A follow-up study, which focused
on the genetic program of γ-axon regrowth, highlighted the
dynamic expression of Immunoglobulin Superfamily (IgSF)
proteins (Bornstein et al., 2021). Moreover, IgSFs were enriched
among genes whose expression changed upon inhibition of
regrowth. Among IgSFs, the expression of proteins of the
Defective in proboscis extension response (Dpr) family was
especially striking, as 16 out of the 21 family members are
expressed in γ-KCs in temporally dynamic patterns. Dpr12, for
example, is downregulated at the onset of metamorphosis (prior
to pruning) but is later gradually upregulated, in a timeframe
suitable for γ axon regrowth. Indeed, while Dpr12 was found to
be redundant for axon pruning, it is critical for the subsequent
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FIGURE 1 | Cell adhesion molecules participate in spatiotemporal control of neuronal remodeling. Schematic illustration of the known and speculated roles of CAMs
during pruning and regrowth of the γ-Kenyon cells (KCs) in the mushroom body (MB) and peripheral sensory Class 4 (C4) da neurons. CB, cell body; den, dendrites;
ped, axon peduncle; v and m, vertical and medial axonal branches, respectively.

phase of γ-KC remodeling – in which axons regrow to occupy the
full extent of the γ-lobe (Bornstein et al., 2021). Thus, this study
demonstrates how temporally resolved transcriptional datasets
can be translated to analyses of protein function (see also later).
Interestingly, several other Dprs are upregulated in time points
that precede γ-axon pruning (Alyagor et al., 2018), suggesting
members of the Dpr family play yet undiscovered roles in the
pruning process, and not only during axon regrowth.

Other studies focused on revealing the transcriptomes of
developing neurons in the Drosophila olfactory sensory circuit.
In this system, olfactory sensory neurons (OSNs) expressing
the same odorant receptor converge onto one of ∼50 discrete
glomeruli in the antennal lobe – a structure analogous to
the mammalian olfactory bulb – where they synapse with a
single class of projection neurons in each glomerulus (PNs,
which correlate to mammalian mitral cells and relay sensory
information to higher brain centers). It was previously shown
that embryonic-born PNs participate in both the larval and adult
olfactory circuits, in which they innervate different glomeruli.
Developmental studies indicate that during metamorphosis, PNs
undergo local pruning of their dendritic and axonal terminal
branches, followed by re-extension of adult projections. In
contrast, larval-born PNs, which constitute the majority of PN
types, only participate in the adult circuitry and do not remodel

(Jefferis et al., 2002; Marin et al., 2005). CAMs of different
families were shown to play key roles in determining wiring
specificity in antennal lobe, by confining and segregating PN
dendritic fields within specific glomeruli, as well as dictating
PN-ORN synaptic matching (Hong and Luo, 2014). Recently,
single-cell RNA sequencing of PNs was performed at four
developmental stages (early/mid/late pupae and adult; Xie et al.,
2021). Among the genes that were differentially expressed in all
stages, CSSPs and transcription factors were the two most over-
represented groups of proteins. CSSPs included many molecules
that were previously implicated in neural wiring, such as Dprs,
Dscam and Fasciclins. Interestingly, in the early pupal stage, PNs
formed two distinct clusters, with the smaller cluster representing
embryonically born PNs. Thus, the fact that these neurons
undergo remodeling indeed reflects in significant transcriptomic
changes, but how this correlates with CSSP expression is yet to
be analyzed. Another recent study, which profiled the single-
cell transcriptome of developing OSNs (McLaughlin et al., 2021),
also revealed over-representation of CSSPs. Comparison of the
PN/OSN datasets highlighted CSSPs that are broadly expressed
in both, while others that are enriched in either OSNs or
PNs. Uncovering PN/OSN ligand/receptor candidates should
promote understanding not only of how their precise matching
is achieved, but also of how OSNs facilitate refinement of PN
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dendrites following their glomeruli occupation, as was recently
demonstrated by time-lapse imaging (Li et al., 2021).

Taken together, genomic and genetic studies in developing
fly neurons imply that the full spectrum of functions played by
CAMs/CSSPs during neural circuit pruning and (re)wiring are
just beginning to be unraveled.

THE MEMBRANAL AVAILABILITY OF
CELL ADHESION MOLECULES IS
SPATIOTEMPORALLY REGULATED
DURING REMODELING

Following transcription, the abundance and binding availability
of CAMs on plasma membranes can be further regulated
via cellular processes that affect delivery to the membrane
(such as trafficking and exocytosis), stabilization within the
membrane (such as interactions with the cytoskeleton) and,
finally, removal from the membrane (such as endocytosis and
degradation; Figure 2). Here we will describe some regulated
alterations in membranal CAM expression that were shown
to underlie spatiotemporal specificity of neurite pruning and
circuit reformation.

Reducing the membranal abundance of CAMs is a key step
in the remodeling of Drosophila sensory dendritic arborization
(da) neurons, which extend highly branched dendrites along
the body wall. Proper dendritic coverage during the initial
elaboration of da dendrites requires self-avoidance and tiling
mechanisms which are both mediated by CAMs (including
Dscam and integrins; Matthews et al., 2007; Han et al., 2012;
Kim et al., 2012). During metamorphosis, da neurons of
two classes (I and IV) prune their larval dendritic arbors
by local fragmentation, while their axons remain intact, and
later regrow adult-specific dendritic arbors (Yu and Schuldiner,
2014; Figure 1). Downregulation of Neuroglian (Nrg), the sole
homolog of L1-type CAMs in Drosophila, was found to be
required for dendrite pruning of class IV da neurons (Zhang et al.,
2014; Figure 1). Nrg downregulation occurs via endocytosis,
as evident by its redistribution from the plasma membrane to
endosomal compartments at the onset of pruning. Accordingly,
overexpression of Nrg within da neurons is sufficient to inhibit
their pruning, while its loss leads to precocious pruning (i.e., at
an earlier time point). This indicates that the temporal specificity
of dendrite pruning is dictated, at least in part, by precise timing
of Nrg internalization. Interestingly, while Nrg is expressed, and
internalized to endosomes, in both axons and dendrites, its loss
selectively affects dendrites, and does not “force” ectopic pruning
of axons. Therefore, the mechanism underlying compartment-
specific pruning, and whether and how it relates to Nrg, remains
unclear. Perhaps Nrg downregulation renders da neurons more
susceptible to pruning by reducing their adhesion – most likely
to the epidermis – and another, Nrg-independent mechanism
protects axons from a similar fate. Since its identification, many
additional regulators of Nrg endocytosis-mediated pruning have
been uncovered, including members of the secretory pathway,
protein trafficking, and endo-lysosomal degradation (Wang et al.,

2017, 2018; Zong et al., 2018; Kramer et al., 2019; Rui et al.,
2020). However, while this machinery must be tightly regulated
in time to ensure stereotypic pruning of da dendrites, how this
is achieved is unclear. Notably, the binding partner of Nrg in
this context, and the potential cellular interactions it mediates,
remain to be identified. It is thus possible that spatiotemporal
cues for pruning are contributed by the interacting cells, such
as epidermal cells, which are known to engulf pruned debris,
or glia, shown to be tightly associated with da dendrites near
their proximal severing sites (Han et al., 2011). Interestingly, Nrg-
mediated interactions were also shown to be required for synaptic
stability in the developing fly neuromuscular junction (NMJ),
as Nrg loss results in increased synapse pruning (Enneking
et al., 2013). Furthermore, Nrg was implicated in the remodeling
of the Drosophila Giant Fiber (GF) circuitry, which exhibits
pruning of extraneous axonal branches during the pupal stage
(Borgen et al., 2017). In this system, Nrg was shown to be
retrogradely transported from GF terminals in an Amyloid
Precursor Protein-like (APPL)-dependent manner (Kudumala
et al., 2017; Penserga et al., 2019). APPL mutants exhibit pruning
defects of GF transient branches, thus implying a potential role
for Nrg in GF pruning, although this was not directly tested.
Interestingly, mammalian L1-type CAMs, including NrCAM
and CHL1, were implicated in adolescent spine pruning in
mouse genetic models. However, unlike with Drosophila Nrg,
NrCAM/CHL1 absence actually results in increased spine density
(i.e., decreased pruning), as their interactions induce intracellular
signals that eventually lead to spine collapse (Demyanenko
et al., 2014; Mohan et al., 2019a,b). The underlying cause of
these seemingly opposite outcomes, perhaps stemming from
differences in the balance between adhesive and signaling
functions, is yet to be resolved.

Downregulation of membranal CAM levels is also crucial
during MB remodeling, in which γ axons must be defasciculated
at the onset of metamorphosis to prune (Bornstein et al.,
2015; Figure 1). This destabilization is achieved via c-Jun
N-terminal Kinase (JNK)-mediated reduction in the membranal
levels of the IgSF CAM Fascilin II (FasII), the ortholog of
the mammalian neural cell adhesion molecule (NCAM). While
trafficking was ruled out as the major regulator of FasII
membranal levels, whether FasII downregulation also occurs via
endocytosis, or by an alternative destabilizing mechanism, is
unknown. Mutating JNK, or overexpressing FasII, is sufficient
to inhibit pruning of γ axons, but not dendrites. Moreover,
overexpressing other CAMs has a similar effect, suggesting
that increased axo-axonal adhesion, in general, prevents normal
progression of pruning. Manipulations of JNK or FasII are the
first case of selective regulation of axon vs. dendrite pruning.
Interestingly, endogenous FasII is indeed only expressed in
γ axons and excluded form dendrites and cell bodies, which
could, in theory, account for the observed phenotype of JNK
mutants. However, even strong transgenic FasII overexpression,
which was also localized to dendrites, did not inhibit dendrite
pruning (Bornstein et al., 2015). Thus, the differential subcellular
distribution of endogenous FasII within γ-KCs cannot alone
account for the axon-specific pruning defect, and the full
mechanism underlying its different effects on dendrites and
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FIGURE 2 | Cell adhesion molecules are spatiotemporally regulated, and are associated with poorly characterized signaling mechanisms, during neuronal
remodeling.

axons remains undetermined. One option is that it stems
from anatomical constraints, since γ dendrites are not tightly
fasciculated as the axons. However, one cannot rule out the
contribution of additional factors, such as potential involvement
of other cell populations (neurons or glia) that occupy the
axonal but not dendritic area, or vice versa. Notably, the fact
that γ-axon pruning accurately stops at the axonal branchpoint
and does not extend into the axonal peduncle (Figure 1)
also remains unexplained. The involvement of neighboring
cells, and/or another CAM type that maintains its membranal
expression in the peduncle, are interesting directions for
future investigation.

Another mechanism for plasma-membrane stabilization could
be via trans-interactions with neighboring cells. The MB
circuitry includes, in addition to KCs, input neurons (mostly
PNs), output neurons (MBONs), and modulatory neurons
that are mostly dopaminergic (DANs). MBONs and DANs
innervate the KC lobes in a compartmentalized fashion thus
dividing the MB lobes to discrete and functionally relevant
sub-axonal zones (Tanaka et al., 2008; Aso et al., 2014;
Figure 1). Finer examination of the Dpr12 regrowth phenotype
(see previous section) revealed a specific lack of the γ4/5
zones. Dprs form an elaborate network of interactions –
presumed to be adhesive in nature – with Dpr interacting
proteins (DIPs; Carrillo et al., 2015; Cosmanescu et al., 2018).
Indeed, Dpr12 was found to interact with DIP- , expressed
in a sub-population of DANs (Bornstein et al., 2021), to
mediate γ4/5 zone formation. GFP-fusion proteins indicate
that both DIP- and Dpr12 are localized to the γ4/5 zones.
Remarkably, misexpressing DIP- in DANs that target the
γ3 zone leads to ectopic localization of Dpr12 in the γ3
zone within γ-KCs. Conversely, loss of DIP- resulted in
diffuse Dpr12 mislocalization (Bornstein et al., 2021). This
suggests that the subcellular membranal localization of Dpr12
along the γ-KC axon is instructed and/or stabilized by its
transneuronal interactions with DIP- in neighboring DANs.
Similar mechanisms for differential subcellular distribution along

the membrane might also be employed by other CAMs and in
other neurodevelopmental contexts.

Finally, once on the plasma membrane, binding availability is
another potential layer for regulation. Interestingly, the growing
body of transcriptomics and proteomics datasets of developing
neurons highlight cases in which known CAMs and their
interacting proteins are expressed within the same neurons. For
example, in the γ-KCs, cognate Dpr/DIP pairs are expressed in
overlapping temporal patterns (Bornstein et al., 2021), suggesting
that they co-exist on the same membrane. Co-expression,
and potentially consequent binding in cis, might inhibit trans
interactions with adjacent cells, a phenomenon known as cis-
inhibition. Alternatively, cis binding can induce an intracellular
signaling response, i.e., cis-activation. Cis-interactions were
reported for several CSSPs, including Notch and its receptors,
Ephrins/Eph receptors and Semaphorins/Plexins (del Alamo
et al., 2011; Nandagopal et al., 2019; Rozbesky et al., 2020;
Cecchini and Cornelison, 2021), and are important for
developmental processes such as tissue patterning. Whether cis-
interactions occur and play a role in neuronal remodeling is
currently unknown and warrants further investigations.

SIGNALING PATHWAYS ASSOCIATED
WITH CELL ADHESION MOLECULES
DURING REMODELING ARE
INCOMPLETELY UNDERSTOOD

A major unresolved question in the context of CAMs in neuronal
remodeling is how does signaling fit into the picture? Beyond
their roles in forming and stabilizing cell–cell adhesive structures,
CAMs often propagate signal transduction, regulating crucial
cellular responses such as cytoskeletal dynamics, cell polarity,
and transcription activation (e.g., Cavallaro and Dejana, 2011).
Various findings strongly imply that CAM-triggered signaling
events are also central to neuronal remodeling in Drosophila, but
their precise nature is mostly obscure (Figure 2).
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Fascilin II downregulation was shown to be required
for pruning of γ-KCs, but the mechanism by which JNK
negatively regulates its membranal stability/residence is unclear.
Interestingly, the c-terminal PDZ binding sequence of FasII –
known to mediate interactions with cytoplasmic PDZ-containing
scaffold proteins – was found to be crucial for the JNK-FasII
regulation (Bornstein et al., 2015). While it was shown that JNK
is unlikely to directly phosphorylate FasII, it is possible that
it phosphorylates the PDZ-containing protein, but its identity
remains to be revealed. NCAM, the mammalian ortholog of FasII,
was shown to be important for pruning of excess perisomatic
synapses during postnatal development of the prefrontal cortex.
In this case, the suggested mechanism involves a complex
interplay with Ephrins/Eph receptors and signaling by Rho-
associated protein kinase (Brennaman et al., 2013; Sullivan et al.,
2016). It remains to be determined if similar molecular players
in Drosophila participate in FasII-mediated signaling during
MB axon pruning.

Cell adhesion molecule-associated signaling seems to also be
important in later steps of MB remodeling, during axon regrowth
and circuit reformation. If Dpr12/DIP- interactions are adhesive
in nature, why do axons stop in their absence? Furthermore, in
replacement experiments, while the DIP-α-Dpr6/10 interaction
was sufficient to compensate for the absence of Dpr12-DIP- ,
replacing their interaction by the adhesive interactions of FasII
was not (Bornstein et al., 2021). This suggests that matching
pairs of the Dpr/DIP network, regardless of their specific identity,
exert their function via signaling mechanisms that are beyond
mere adhesion. Since Dpr/DIPs are either GPI-anchored or
contain small intracellular domains (Cheng et al., 2019a), it is
likely that co-receptors are involved in mediating downstream
signaling, but the identity of these, at the moment, is a complete
mystery. Elucidating the mechanisms of Dpr/DIP interactions
can potentially also shed light on interactions mediated by
their mammalian orthologs – the five members of the IgLON
family (Cheng et al., 2019b), which are also implicated in
neurodevelopment, and are associated with neuropsychiatric
disorders (Karis et al., 2018; Fearnley et al., 2021).

Similarly, within the developing fly NMJ, loss of Nrg results
in increased synapse retraction that cannot be compensated
by overexpression of FasII (which has known roles in synapse
stabilization; Packard et al., 2003), implying specific Nrg-
mediated signaling. In this case, the Ankyrin-binding domain of
Nrg is crucial for its function in synaptic stability, suggesting a
spectrin/cytoskeleton-related mechanism (Enneking et al., 2013;
Weber et al., 2019). Notably, recruitment of Ankyrins to the
cytoplasmic domains of L1-type CAMs as a mechanism to
stabilize synapses is conserved in mammals (Duncan et al.,
2021). A similar mechanism might also be associated with the
function of Nrg in pruning of da dendrites. In general, while
disassembly of the cytoskeleton is well-established as an early step
of pruning in both invertebrate and vertebrate neurons (Watts
et al., 2003; Brill et al., 2016; Rumpf et al., 2019), the significance
of CAM-cytoskeleton associations in this context are yet to be
fully elucidated.

Modified assays for in vivo proximity-labeling were recently
applied in Drosophila pupae for cell-surface proteomic profiling
of developing PNs (Li J. et al., 2020). Similar assays could be

employed in developing flies to reveal novel binding partners
of specific proteins, by directly fusing the biotinylating enzyme
to the endogenous protein of interest. Such assays, combined
with the availability of multiple binary systems to simultaneously
perturb and/or visualize distinct cell populations, should facilitate
future identification and functional analysis of co-receptors and
downstream effectors of signaling pathways associated with
CAMs during remodeling.

DISCUSSION

Despite the fundamental significance of neuronal remodeling
for the proper formation of mature neural circuits, our
understanding of the mechanisms that regulate it is limited.
Developments in the Drosophila toolkit facilitate gradual
unraveling of the roles played by CAMs and other CSSPs during
distinct remodeling processes, and highlight their potential
contributions to timely execution, spatial precision and wiring
specificity. Naturally, many open questions remain to be resolved
before we can reach a comprehensive understanding of the
various functions of CAMs during developmental remodeling.

A fascinating aspect in the field, which is only beginning
to be unraveled, is the concurrent remodeling of different
neuronal types within the same circuit. While CAMs are
excellent candidates to coordinate such processes, their functions
in this context are largely unknown. In the Drosophila MB,
γ-KCs and the GABAergic anterior paired lateral (APL) neuron
were shown to undergo developmental remodeling in the
same timeframe. Moreover, cell-autonomous inhibition of γ-KC
pruning disrupts APL pruning. This coordination relies on
γ-KC activity, and Calcium/Calmodulin signaling within the
APL neuron. Interestingly, artificially increasing γ-KC-to-APL
adhesion by ectopically expressing FasII is sufficient to inhibit
pruning of both neuronal types (Mayseless et al., 2018). Whether
and how CAMs provide the spatiotemporal cues triggering
orchestrated remodeling of neuronal circuits, and the regulatory
interplay between CAM expression and neuronal activity in this
specific context, are yet to be resolved. Drosophila is an ideal
model to address such issues, due to its well-characterized circuits
and the genetic handle to almost all cell types.

Another aspect that may revolutionize our understanding of
neural network assembly is deciphering “adhesion codes” that
underlie synaptic (re)wiring of complex and stereotypic circuits.
In the MB, Dpr12 and DIP- mediate formation of the γ4/5
axonal zones during γ-KC regrowth (Bornstein et al., 2021), but
they are just one pair out the many “Dpr-ome” members that
are dynamically expressed in developing γ-KCs (Alyagor et al.,
2018; Bornstein et al., 2021), while many DIPs are differentially
expressed in DANs and MBONs (Croset et al., 2018; Aso et al.,
2019). Thus, it is tempting to speculate that other Dpr/DIP
combinations instruct the formation the remaining MB axonal
zones, by encoding the match between DANs, MBONs, and KCs.
Dpr/DIPs were demonstrated to mediate synaptic specificity in
targeting of motoneurons to muscle fibers in the developing
NMJ, for specific layer targeting in the visual system, and for
positioning of OSNs to specific glomeruli in the olfactory system
(e.g., Barish et al., 2018; Xu et al., 2018; Ashley et al., 2019;
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Menon et al., 2019). It therefore seems that similar molecular
principles are employed for targeting of neurites to specific cell
types/layers/structures during circuit assembly, and for specifying
sub-axonal compartmentalization during circuit reassembly.
Thus, studying the signaling mechanisms of Dpr/DIPs during
MB circuit reassembly – occurring late in development in a
genetically and visually accessible environment – provides an
opportunity to also understand their function during initial
circuit assembly in other neuronal systems. Moreover, Due to
extensive biochemical and structural work (Cosmanescu et al.,
2018; Sergeeva et al., 2020), the Dpr/DIP families also hold
the promise to dissect how affinity variations between binding
partners translate into their function during distinct steps of
remodeling. Redundancy seems to be a complicating factor, as
many of the Dpr/DIPs, as well as other IgSF CAMs (such as
Beat/Sides; Li et al., 2017), can bind multiple partners. Circuit
(re)formation in various Drosophila neuropils offers an excellent
system to overcome redundancy because of the full connectome
data, available single cell transcriptomic datasets, and, in the era
of CRISPR, genetic ability to perturb the function of multiple
genes within a single cell. The zoned structure of the MB is
especially intriguing as it can be correlated with layered structures
in mammals such as the cerebellum (Li F. et al., 2020).

Due to its awesome genetic power and the wide array of
biochemical and imaging techniques, we strongly anticipate
breakthroughs in our undertesting of the roles of CAMs
in spatiotemporal control of remodeling to arise from
Drosophila. These are likely to transform our approach to
similar mechanisms of neuronal remodeling and (re)wiring
in other systems and organisms, in both physiological and
pathological contexts.
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