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Establishment and Maintenance of Neural Circuit

Architecture
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The ability to sense the world, process information, and navigate the environment depends on the assembly and continuous
function of neural circuits in the brain. Within the past two decades, new technologies have rapidly advanced our under-
standing of how neural circuits are wired during development and how they are stably maintained, often for years. Electron
microscopy reconstructions of model organism connectomes have provided a map of the stereotyped (and variable) connec-
tions in the brain; advanced light microscopy techniques have enabled direct observation of the cellular dynamics that under-
lie circuit construction and maintenance; transcriptomic and proteomic surveys of both developing and mature neurons have
provided insights into the molecular and genetic programs governing circuit establishment and maintenance; and advanced
genetic techniques have allowed for high-throughput discovery of wiring regulators. These tools have empowered scientists to
rapidly generate and test hypotheses about how circuits establish and maintain connectivity. Thus, the set of principles gov-
erning circuit formation and maintenance have been expanded. These principles are discussed in this review.

Introduction

The steps from when a neuron is born to when it becomes func-
tionally embedded within a circuit have been defined, even if the
relevant molecular mechanisms often remain unclear. These
steps include extending processes through a complex extracellu-
lar environment, terminating in the proper location, identifying
the correct partner neurons, and establishing synapses within a
specific subcellular domain of those neurons. In this review, we
focus on how neurons establish and maintain synapses with the
correct cellular and subcellular specificity and refer the reader to
other reviews on the preceding steps (Dickson, 2002; Kolodkin
and Tessier-Lavigne, 2011; Chédotal, 2019).

How do neurons establish specific wiring patterns?

Full or partial electron microscopy reconstructions of model or-
ganism connectomes have provided a reference to identify neu-
rons that are synaptically connected, the number of synapses
between connected neurons, and the structural variability of
those synaptic connections within and between animals (White
et al., 1986; Kasthuri et al., 2015; Schneider-Mizell et al., 2016;
Gerhard et al,, 2017; Hildebrand et al., 2017; Mark et al., 2019;
Scheffer, 2020; Valdes-Aleman et al., 2020; Witvliet et al., 2020).
From these studies, it is clear that neurons form synapses with
only a subset of adjacent neurons. The specificity with which one
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neuron forms synapses with another neuron is referred to as cel-
lular synaptic specificity (Fig. 1A). This specificity implies the ex-
istence of partner-derived cues that promote the formation of
specific connections and preclude connections with others.
Below we summarize key mechanisms that promote the estab-
lishment of synaptic specificity.

Cell-surface cues establish synaptic specificity

One hypothesis established >100 years ago is the chemoaffinity
hypothesis (Langley, 1895; Sperry, 1963), which posits that neu-
rons are endowed with unique molecular tags that enable them
to recognize and to be recognized by their appropriate synaptic
partners. The hypothesis was published in 1895 by John Langley,
who observed that individual spinal cord neurons in the cat in-
nervate specific peripheral organs. After severing the neurons
and allowing them to regenerate, the neurons managed to form
synapses with their original partners. These findings were later
replicated and expanded on by Roger Sperry in the retinotectal
system of amphibians. After severing the optic nerve and observ-
ing the return of normal vision (Sperry, 1943, 1944), Sperry con-
cluded, “that the cells and fibers of the brain and cord must carry
some kind of individual identification tags” (Sperry, 1963).

The chemoaffinity hypothesis put forth by Langley and
Sperry generates several predictions about the molecules that
could serve as partner-derived cues: (1) the molecules are
expressed at the time of synapse formation; (2) the molecules are
expressed in complementary patterns within presynaptic and
postsynaptic neurons; (3) nonsynaptic partners express less
compatible molecules; and (4) removal or ectopic addition of
the molecule should result in circuit miswiring (Fig. 2). Since
Langley’s and Sperry’s original studies, molecules that fit
some or all of these criteria have been identified across a va-
riety of model organisms (Table 1). Many of these molecules
are broadly classified as cell adhesion molecules (CAMs).
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Figure 1.  Distinction between cellular and subcellular synaptic specificity. A, Neurons can
preferentially form synapses with subsets of other neurons. B, Neurons can preferentially
form synapses at specific subcellular locations.

Subcellular Synaptic
Specificity

CAMs are transmembrane proteins that have homophilic or
heterophilic interactions to promote cell-cell adhesion or
cell-cell signaling (Williams et al., 2010; de Wit and Ghosh,
2016).

Recent work in Drosophila tested the extent to which cell-sur-
face cues versus location determine synaptic specificity, while
also highlighting the power of electron microscopy to assay ex-
perimental manipulations of synapse number and connectivity
(Valdes-Aleman et al, 2020). The axons of a specific class of
larval sensory neuron were mistargeted from a medial to a lateral
position of the neuropil through the misexpression of a receptor
for a midline-expressed repulsive guidance cue. Valdes-Aleman
et al. (2020) asked whether the mistargeted axons would retain
synaptic specificity in their ectopic location. The mistargeted
neurons and all postsynaptic partners were reconstructed using
electron microscopy. Surprisingly, the dendrites of postsynaptic
partner neurons extended into the ectopic territory and success-
fully located the sensory axons. The mistargeted neurons indeed
retained the same cellular synaptic specificity (Valdes-Aleman et
al., 2020). These findings provide evidence that partner-derived
cues, rather than physical proximity, determines synaptic partner
matching in this context.

High-throughput methods have been leveraged to expand the
palette of CAMs that promote cellular synaptic specificity. For
example, recent work in Drosophila has defined an extracellular
“interactome” of 202 CAMs, including immunoglobulin (IgSF)
proteins, leucine-rich repeat proteins, and fibronectin Type III
proteins (Ozkan et al,, 2013). To test the extracellular binding
affinities among these proteins, a novel bait-and-prey assay was
developed. After testing over 20,000 pairwise interactions with
this assay, 106 unique interactions were identified, of which
~80% had not previously been reported. Among these novel
interactions were those between IgSF proteins from two unchar-
acterized protein families, the Dprs (Defective in Proboscis
extension Response) and DIPs (Dpr-Interacting Proteins)
(Nakamura et al., 2002; Ozkan et al., 2013; Carrillo et al., 2015).
In vitro, the extracellular domains of the 21 Dprs and 11 DIPs
largely bind in a heterophilic manner. A single Dpr preferentially
binds between one and four DIPs, and a single DIP can bind
between two and nine Dprs (Ozkan et al., 2013; Carrillo et al,,
2015; Cosmanescu et al., 2018; Sergeeva et al., 2020). Given the
specificity of their extracellular interactions in vitro, it has been
hypothesized that Dprs/DIPs act to identify and promote selec-
tive interactions between synaptic partners.
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These hypotheses have recently been experimentally tested.
For example, DIP-B mRNA and protein were found to be
uniquely expressed in L4 lamina neurons in the visual system
(Tan et al., 2015; C. Xu et al., 2019). Next, to examine whether
DIP- 3 is necessary for L4 to synapse with its known partner L2
in the proximal lamina, dip-8 was knocked down in L4 neurons.
L4-L2 synapses still formed in the proximal lamina, but there
were also ectopic synapses in the distal lamina. This suggested
that DIP-B is not required for synapse formation, but instead
may have a role in promoting synaptic specificity by limiting the
preferred postsynaptic partners of L4. To test if DIPs are suffi-
cient to specify synaptic partnerships, DIP-B or DIP-y were
misexpressed in nonpartner lamina neurons. This resulted in
novel, aberrant connectivity. Similar results have been observed
at the larval neuromuscular junction (Ashley et al., 2019; Cheng
et al,, 2019). Therefore, DIP expression is not necessary for syn-
apse formation per se, but rather biases the connectivity prefer-
ence of a neuron (C. Xu et al, 2019), leading to synaptic
specificity.

The discovery and functional characterization of the DIPs
and Dprs highlight how high-throughput techniques have been
leveraged to refine our understanding of how cellular synaptic
specificity is established. While we chose to focus our attention
on the DIPs and Dprs, many other CAMs promote cellular syn-
aptic specificity (Fig. 3A), through a variety of mechanisms
(Sanes and Yamagata, 2009; Sanes and Zipursky, 2020). It is im-
portant to note that CAMs can serve different functions (e.g.,
axon targeting, partner matching, synapse maintenance) (Table 1)
depending on the context (Barish et al., 2018). Some of the mol-
ecules that promote cellular synaptic specificity may also be
required for subcellular synaptic specificity (discussed below)
(Fig. 1B), and vice versa, but in many cases this distinction will
require future experiments. Therefore, special care must be
given interpreting phenotypes and assigning functions to
potential synaptic specificity molecules.

Secreted signaling molecules establish subcellular synaptic
specificity

An important component of neural circuit function is the subcel-
lular location of a synapse on a neuron. Functional and modeling
studies suggest that subcellular synapse location is critical for
neuronal computations, including the timing of action potential
generation, dendritic integration, and coincidence detection
(Miles et al., 1996; Hao et al., 2009; Pouille et al., 2013; Bloss et
al,, 2016; Tobin et al., 2017; L. Wang et al., 2020). In many cases,
neurons selectively form synapses at specific subcellular locations
along their partners, referred to here as subcellular synaptic spec-
ificity (Fig. 1B). For example, in the mouse cortex and cerebel-
lum, excitatory neurons are innervated at specific locations by
different inhibitory interneuron subtypes (Ango et al, 2004;
Huang, 2006; Favuzzi et al., 2019; Tai et al.,, 2019). Despite the
functional importance of subcellular synaptic targeting, the pre-
cise mechanisms that establish subcellular synaptic specificity are
still being uncovered.

Studies in invertebrates have highlighted the importance of
secreted signaling molecules in establishing subcellular synaptic
specificity (Fig. 3B,C). For example, in the Drosophila ventral
nerve cord (analogous to the vertebrate spinal cord), the segmen-
tally repeated A08a interneuron has two spatially distinct dendri-
tic arbors: one positioned medially and the other laterally. Many
presynaptic neurons synapse with just the medial or lateral den-
drite, but never both (Sales et al., 2019). Interestingly, the A021
and A31x neurons specifically target the lateral dendrite, but
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sion) should result in circuit miswiring.

Table 1. Mechanisms of circuit establishment and maintenance

Mechanism Role Proteins

References

Neuronal cell surface
interactions

Circuit maintenance

Secreted signaling Circuit establishment Netrin, Wnt, Cbln, Semaphorin
Circuit maintenance  ZIG

Neuronal activity Circuit establishment  Olfactory receptors

Circuit maintenance ~ GABA

Glia-neuron interaction ~ Circuit establishment
Circuit maintenance
Growth restriction Circuit maintenance
Structural reinforcement  Circuit maintenance

EGL-15/FGF receptor, CIMA-1
TaoK
ECM, Integrins, Ankyrin, Cytoskeleton

Circuit establishment  Teneurins, L1-CAM, DIPs/Dprs, Semaphorin/plexin, SYG,
(adherins, Protocadherins, Sidekicks, Kirrels, Leucine-rich
repeats, LAR, Dystroglycan, Neurexin/Neuroligin

L1-CAM, LAR, Fasll, Dystroglycan, Netrin-G ligand, SynCAM

CHL1, Glypican, Ephrin, Neurexin/Neuroligin

Nose et al., 1997; Lee et al., 2001; Yamagata et al., 2002; Shen and
Bargmann, 2003; Ango et al., 2004; Shen et al., 2004; Prakash et al.,
2005; Dean and Dresbach, 2006; Serizawa et al., 2006; Chen and
Clandinin, 2008; Kurusu et al., 2008; Yamagata and Sanes, 2008;
Woo et al., 2009; DeNardo et al., 2012; Hong et al., 2012; Mosca et
al., 2012; Antinucci et al., 2013; Enneking et al., 2013; Mizumoto and
Shen, 2013; Schwabe et al., 2013; Soto et al., 2013; Ashrafi et al.,
2014; Duan et al., 2014; Kuwako et al., 2014; Liithy et al., 2014;
Krishnaswamy et al., 2015; Martin et al., 2015; Friih et al., 2016;
Mountoufaris et al., 2017; X. Xie et al., 2017; Berns et al., 2018;
Ashley et al., 2019; Cheng et al., 2019; Courgeon and Desplan, 2019;
Menon et al., 2019; Tai et al., 2019; Vaddadi et al., 2019; Q. Xie et
al., 2019; S. Xu et al., 2018; C. Xu et al., 2019

Schuster et al., 1996; Dunah et al., 2005; Robbins et al., 2010; Zonta et
al., 2011; Enneking et al., 2013; Friih et al., 2016; Soto et al., 2018;
Tai et al., 2019

Colon-Ramos et al., 2007; Klassen and Shen, 2007; Poon et al., 2008;
Telley et al., 2016; Favuzzi et al., 2019

Aurelio et al., 2002; Bénard et al., 2009

Yu et al., 2004; Kerschensteiner et al., 2009; Prieto-Godino et al., 2012;
Inoue et al., 2018; Anton-Bolaios et al., 2019; Nakashima et al.,
2019; Valdes-Aleman et al., 2020

Verhage et al., 2000; Yu et al., 2004; Schubert et al., 2013

Ango et al., 2008; Allen et al., 2012; Ackerman et al., 2020; A. Q.
Nguyen et al., 2020

Shao et al., 2013

Tenedini et al., 2019

Orlando et al., 2012; de Vivo et al., 2013; Enneking et al., 2013

their projections arise contralaterally and they simply bypass the
medial dendrite (Sales et al., 2019). Similarly, the dbd sensory
neuron projects ipsilaterally from the periphery and bypasses the
lateral dendrite to specifically synapse with the medial A08a
arbor (Schneider-Mizell et al., 2016; Sales et al., 2019). To deter-
mine how the dbd axon precisely targets the medial A08a dendri-
tic arbor, Sales et al. (2019) generated two hypotheses: either (1)
secreted guidance cues directly steer the dbd axon to the medial
arbor, precluding any interaction with the lateral arbor or (2) the
two A08a dendritic arbors express distinct CAMs that make dbd
competent to synapse onto the medial, but not the lateral,

dendritic arbor. The first hypothesis predicts that if dbd were
redirected to the lateral arbor, it would form synapses at that
location, whereas according to the second hypothesis, synapse
formation would not occur because of incompatible cell-surface
interactions. The authors shifted the dbd axon laterally by over-
expressing the netrin receptor Unc-5. Netrin is secreted from the
midline, and when it binds the Unc-5 receptor, a repulsive signal
is transmitted to the developing neurite (Keleman and Dickson,
2001). This manipulation positioned the dbd axon terminal adja-
cent to the A08a lateral arbor. In this new subcellular location,
dbd formed functional synapses with the A08a lateral arbor, as
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Mechanisms that promote the establishment of synaptic specificity. A, Cell surface cues can promote the proper matching of presynaptic and postsynaptic partners. B, Secreted

cues can specify the subcellular location of presynapses. Adapted from Klassen and Shen (2007). C, Secreted cues can specify the subcellular location of postsynaptic sites. Adapted from Sales
etal. (2019). D, Patterns of spontaneous neuronal activity influence the organization of OSNs into discrete glomeruli. Adapted from Nakashima et al. (2019).

observed through optogenetic activation of dbd and simultane-
ous recording of A08a Ca®™" responses (Sales et al., 2019).
Therefore, in this system, the first hypothesis is supported:
secreted guidance cues steer the dbd axon to the A08a medial
dendritic arbor, leading to subcellular specificity.

Secreted cues also direct the local clustering of presynaptic
sites at specific subcellular locations in Caenorhabditis elegans
neurons (Fig. 3B) (Colon-Ramos et al., 2007; Klassen and Shen,
2007; Poon et al., 2008). For example, the DA9 neuron in C. elegans
forms en passant synapses with dorsal muscles and motor neurons
along the anterior-posterior axis in the tail. Just posterior to where
it forms these en passant synapses, the DA9 axon is devoid of pre-
synaptic sites (Klassen and Shen, 2007). How are synapses confined
to one specific region of the axon? Wnt/LIN-44 is secreted from
hypodermal cells in the tip of the tail (Herman et al., 1995), and in
mutants lacking wnt/lin-44 or its receptor, fz/lin-17, DA9 synapses
expanded into the asynaptic region. Both the number and in-
tensity of synaptic puncta remained the same between wnt/
lin-44 mutants and WT animals; the only observed change in
wnt/lin-44 mutants was a posterior shift in synapse position.
Using a fluorescently tagged Fz/LIN-17, it was discovered that
this receptor normally localizes exclusively to the asynaptic
region of the DA9 axon; but in wnt/lin-44 mutants, Fz/LIN-17
was diffusely distributed along the DA9 axon. To test whether
Wnt/LIN-44 is instructive for specifying the location of Fz/
LIN-17 clustering and thus DA9 synapses, wnt/lin-44 was ectopi-
cally expressed in a more anterior portion of the tail. This resulted
in an anterior shift of both Fz/LIN-17 expression and DA9 synap-
ses. These results suggest Wnt/LIN-44 promotes the clustering of
Fz/LIN-17, and then Fz/LIN-17 locally inhibits presynapse cluster-
ing (Klassen and Shen, 2007). Therefore, the placement of presyn-
aptic sites can be determined through secreted signals, and
sculpted by inhibitory cues.

In other model systems, compartmentalized expression of
CAMs combines with locally secreted cues to promote subcellu-
lar synapse specificity. For example, the Purkinje neurons of the
cerebellum receive inputs from inhibitory basket cells at the axon
initial segment (AIS) (Huang, 2006). The presynaptic basket cells
express the NRPI receptor, whereas the postsynaptic Purkinje
cells express both the secreted signal SEMA3A and the CAM
Neurofascin-186 (NF186). SEMA3A was found to be locally
secreted from the Purkinje soma, transducing an attractive signal
in the basket cell through the NRP1 receptor (Telley et al., 2016).
Additionally, immunofluorescence showed that NF186 is present

in a gradient on the Purkinje cell surface: highest at the AIS and
lowest at the top of the soma (Ango et al., 2004). The trans-syn-
aptic interaction between Purkinje NF186 and basket cell NRP1
ultimately results in synapse formation at the AIS (Telley et al.,
2016). Thus, the targeting of the basket cell axon is initially
refined by the locally secreted SEMA3A but is ultimately deter-
mined by trans-synaptic CAM interactions (Telley et al., 2016).

Recent RNA-seq approaches continue to expand our knowl-
edge of molecular mechanisms that generate subcellular synaptic
specificity. Favuzzi et al. (2019) asked whether distinct molecular
programs could explain the observed subcellular targeting prefer-
ences among the interneurons that innervate cortical pyramidal
neurons. At the time of synapse formation, they performed RNA-
seq on three populations of interneurons: SST™ cells, PV ™" basket
cells, and chandelier cells. These three cell types innervate the den-
drites, soma, and AIS of pyramidal cells, respectively. Differentially
expressed gene subsets were identified for each interneuron sub-
type. The most differentially enriched gene for each group was fur-
ther characterized for its role in promoting subcellular synaptic
specificity. Cbln4, a member of the Clq secreted protein family,
was enriched in SST™ cells; Lgi2, a secreted leucine-rich repeat pro-
tein, was enriched in PV " basket cells; and Fgf13, an intracellular
protein, was enriched in chandelier cells. Knockdown of each of
these genes in their respective interneuron subtype resulted in a
decrease in the number of synapses onto pyramidal cells. This
result demonstrated that these genes are required for synapse for-
mation, but do they instruct the ultimate subcellular location of
synapses onto pyramidal cells? Indeed, overexpression of Cbln4 in
all three interneuron subtypes triggered ectopic synapse formation
onto the dendritic domain alone (Favuzzi et al., 2019). This work
raises many intriguing questions about how these identified mole-
cules mediate subcellular synaptic specificity. Is there regional het-
erogeneity in the molecules used by interneurons across the brain
to target specific subcellular regions of postsynaptic cells? How do
CBLN4 and LGI2, which are both secreted proteins (Yuzaki, 2010;
Kegel et al., 2013), signal back to the interneuron to indicate where
to target? What molecules do they interact with on the pyramidal
cell to mediate specificity?

Neuronal activity establishes synaptic specificity

Neuronal activity is an important mechanism by which circuitry
is established, refined, and maintained. While some circuits can
develop in the absence of activity (Di Cristo et al, 2004;
Hiesinger et al., 2006; Klassen and Shen, 2007), spontaneous
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(McLaughlin et al., 2003; Anton-Bolanos et al., 2019; Wan et al.,
2019; Akin and Zipursky, 2020) and sensory-evoked activity
(Shatz and Stryker, 1978; LeVay et al., 1980) helps to organize
circuits in other contexts, often within a critical period of devel-
opment (LeVay et al, 1980; Jarecki and Keshishian, 1995;
McLaughlin et al., 2003; Ackerman et al., 2020). Developmental
neuronal activity is typically regarded as a process that refines
the connectivity of established circuits. While this may be the
case in some instances (Changeux and Danchin, 1976; Kapfer
et al., 2002; McLaughlin et al,, 2003; Valdes-Aleman et al,
2020), evidence has also emerged in recent years that neuronal
activity induces patterns of gene expression that instruct the
initial organization of circuit connectivity (Serizawa et al., 2006;
Inoue et al., 2018; Nakashima et al., 2019).

The link between spontaneous activity and circuit establishment
has been well studied in the mouse olfactory bulb, where primary
olfactory sensory neurons (OSNs) expressing identical olfactory
receptors converge onto the same glomeruli. The segregation of
OSN axons into discrete glomeruli is an activity-dependent process
(F. Wang et al.,, 1998; Yu et al., 2004), in which activity in OSNs trig-
gers the expression of axon sorting molecules (Serizawa et al., 2006;
Williams et al,, 2010; Inoue et al,, 2018). However, it was unclear
until recently how activity could lead to the expression of different
molecules in different sets of OSN axons. Nakashima et al. (2019)
found that three subclasses of OSNs exhibited distinct patterns of
spontaneous activity (i.e., tonic, short burst, and prolonged burst
firing) during development. These activity patterns regulated
expression levels of three different CAMs, which in turn pro-
mote glomerular organization (Fig. 3D). The authors distin-
guished between the Hebbian rule of “neurons that fire
together, wire together,” and their proposed model in which
neurons that have similar spontaneous firing patterns wire
together (Nakashima et al., 2019). As there are >1000 OSN
subtypes in the mouse, it will be important to learn whether
each subtype uses similar rules to establish proper glomeru-
lar targeting. In other words, are there >1000 distinct activ-
ity patterns that result in unique combinations of axon
sorting molecule expression? Or does axon sorting arise
from graded differences in spontaneous activity patterns,
and thus expression levels of the identified CAMs?

How are neural circuits maintained?

The continuous function of the nervous system relies on the integ-
rity of the circuits established during development. Indeed, the
hallmark of many neurodegenerative diseases is a loss of synapses
resulting in the destabilization of axons or dendrites (Terry et al.,
1991; Scheff et al., 2006; Lin and Koleske, 2010; Hong et al., 2016;
Mariano et al., 2018; Sauerbeck et al., 2020). Understanding how
the architecture of the nervous system is maintained might there-
fore aid in the development of therapeutics that prevent or restore
synapse loss in disease states. Efforts to characterize the molecular
landscape of developing versus mature neurons demonstrate that
the regulators of wiring that are present in development are largely
downregulated in established circuits (H. Li et al., 2017; Favuzzi et
al., 2019; J. Li et al., 2020). Therefore, a distinct set of molecular
programs is likely required to maintain circuit architecture. Here,
we summarize recent literature that examines how synaptic speci-
ficity, synapse location, and synapse stability are maintained.

Maintenance of synaptic specificity during animal growth

Advances in imaging technology and multidimensional image
reconstruction have enabled rapid and repeated imaging across
biological scales: from single synaptic proteins to whole-animal
connectomes. From these advances, we see that the architecture
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of the nervous system is remarkably stable during postembryonic
development. In Drosophila, the morphology and connectivity of
neurons in a nociceptive circuit are consistent between first and
third instar (Schneider-Mizell et al., 2016; Gerhard et al., 2017),
during which the size of the neurons and number of synapses
between synaptic partners are proportionally scaled to the ani-
mal’s increased body size. The proportion of synaptic inputs
from each presynaptic partner onto a given neuron is also con-
sistent across development, suggesting that there are mecha-
nisms to ensure reliable circuit output (Gerhard et al., 2017). A
similar study was recently undertaken in C. elegans. The brains
of 8 isogenic animals were imaged by serial-section electron mi-
croscopy at successive stages of development, and their connec-
tomes were reconstructed. While considerable nonuniform
changes in synapse addition took place during maturation, the
shape and positioning of the majority of neurites established at
birth remained consistent through adulthood. Roughly ~70%
of synapses in the adult brain were part of stable connections
that maintained proportional strength from birth to adulthood
(Witvliet et al., 2020). During such a dynamic process, how are
specific connections between neurons maintained? It appears
maintenance of synaptic specificity is enabled by both cell-au-
tonomous and nonautonomous mechanisms.

The Drosophila larva is a tractable model for studying circuit
maintenance during animal growth. From first to third instar,
the body surface area increases 100-fold. During this time, neu-
rons increase in size and synapse number while maintaining
their overall topology (Parrish et al., 2009; Gerhard et al., 2017).
Class IV da (C4da) sensory neurons synapse with A08n inter-
neurons to mediate responses to noxious temperature and touch
stimuli (Tracey et al., 2003; Hwang et al., 2007; Hu et al., 2017).
Both light and electron microscopy studies of C4da-A08n con-
nections show that the number of C4da synapses onto A08n lin-
early increases during larval growth; however, the proportion
of C4da synapses targeting A08n is constant (Tenedini et al.,
2019). Tao kinase was identified in a reverse genetic screen for
molecular regulators that maintain cellular synaptic specificity.
When knocked down in A08n using RNAi, A08n dendrites had
more postsynaptic puncta and formed ectopic synapses with
another class of sensory neuron, C3da. Conversely, overactiva-
tion of Tao resulted in a reduction in A08n dendritic volume
and postsynapse number. Together, these results suggest that
the maintenance of synaptic specificity during growth is par-
tially accomplished through the restriction of dendrite over-
growth and synapse addition (Fig. 4A). Tao likely accomplishes
this function through the negative regulation of dendritic cytos-
keletal stability; loss of Tao expression was shown elsewhere to
elevate the proportion of stable microtubules and levels of F-
actin in the dendrite (Hu et al., 2020). Additionally, the human
ortholog TaoK2 was able to substitute for Drosophila Tao func-
tion, suggesting that there is conservation between the fly and
human Tao functional protein domains (Tenedini et al., 2019;
Hu et al., 2020).

As discussed above, the subcellular placement of synapses is
an important feature of circuit function and likewise must be
maintained during animal growth. Maintenance of synaptic
placement during growth has been termed “synaptic allometry.”
Synaptic allometry requires not only the maintenance of synapse
positioning, but also the prevention of ectopic synapse accumu-
lation (Fan et al, 2020). In C. elegans, coordinated signaling
across multiple cell types underlies presynaptic allometry in a
subset of neurons called AIY. The AIY neurons in the worm
form synapses with different partners at stereotyped locations
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along their axons (Colén-Ramos et al.,

2007). The locations of these synapses are

established in the embryo and maintained A
in the adult (White et al., 1986; Colén-

Ramos et al,, 2007; Shao et al., 2013).

CIMA-1, part of the SLC17 family of sol-

ute transporters, was identified in a for-

ward genetic screen for regulators of ATY

synaptic allometry. CIMA-1 was found to

be expressed in epidermal cells of the

adult. In cima-1 mutants, AIY presynapse

position was normal in the newly hatched

larva, but in adults, AIY presynapses were

posteriorly displaced and ectopic presy-

napses formed in an area of the axon typi-

cally devoid of synapses (Shao et al,

2013). The ectopic synapses were not

opposed to the main AIY postsynaptic

partner neuron, RIA. Therefore, CIMA-1

is required for maintaining AIY presy- c
napse subcellular position and potentially

restricting inappropriate contacts from

larval stages into the adult.

Interestngly, CIMA-1 exerts its effect .

on synapse maintenance by modifying

the position of glial cells. A subset of glial

cells (ventral cephalic sheath cells) occu-

Restrained growth

Heckman and Doe e Establishment and Maintenance of Neural Circuits
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pies the space between the AIY synaptic pre- k O e® :
zone and the CIMA-1-expressing epi- synapse S
dermis (Whne et al., 1986). In cima-I S ou —
mutants, glial processes extend aberrantly
and contact the AIY asynaptic zone. This Synaptic ECM

. e . ©  Vesicle
aberrant glial positioning correlates with
the establishment of ectopic AIY presy- - é_‘lﬁi” 8 Receptor
napses. To test whether glial cell contact is lament

required for ectopic synapse accumulation
in AIY, glial cells were genetically ablated
in a cima-1 mutant background. As a result,
ALY presynapses no longer extended into the
AIY asynaptic zone. Through a secondary o,

suppressor screen, the FGF receptor EGL-15

(5A) was found to be required in epidermal

cells for distortion of glial morphology and

thus ectopic synapse formation. Only the extracellular adhesive do-
main of EGL-15(5A) was required to suppress ectopic glial exten-
sion and ectopic synapse formation. In cima-1 mutants, EGL-15
(5A) levels were upregulated fivefold, indicating that CIMA-1 nor-
mally antagonizes EGL. These results suggest a model in which glia
maintain the location of presynapses during growth (Fig. 4B), and
this is enabled by reducing glia-epidermis adhesion. CIMA-1
reduces glia-epidermis adhesion, allowing glia location to be main-
tained, perhaps by preventing the retrograde extension of glial proc-
esses as animal length increases (Breau et al., 2017). As a result of
maintaining glial position, the AIY synaptic pattern is retained
(Shao et al., 2013). This study highlights how nonautonomous cues
regulate synapse subcellular localization during the postembryonic
phase of growth.

The mechanisms highlighted in this section restrain ectopic
synapse addition. Dendritic expansion is negatively regulated to
maintain cellular synaptic specificity, and non-neuronal cells
help to affix the location of presynapses from embryonic stages
to adulthood. In the following section, we examine how individ-
ual synapses are positively reinforced.

Figure 4.

Mechanisms that promote neural circuit maintenance. A, Synaptic partnerships and circuit topology are
retained through restricting dendritic overgrowth. B, Synapse location is maintained through the positioning of glia-neuron
contacts. Adapted from Shao et al. (2013). €, Maintenance of synapse stability is facilitated by the cooperation of ECM-
CAM-intracellular scaffold-cytoskeletal interactions. D, Silencing of neuronal activity can result in degeneration or neuron

Maintenance of synaptic stability

In mammals, dendritic spines are protrusions from the main
dendritic shaft, and are the postsynaptic sites of excitatory syn-
apses. Juvenile mice exhibit continual addition and retraction
of individual dendritic spines and presynaptic terminals. As
these animals enter adulthood, the rate of synapse turnover
decreases (Gan et al., 2003; Zuo et al., 2005), with 70% of corti-
cal dendritic spines persisting at least 18 months (Zuo et al.,
2005). In humans, the density of synapses is stable until
advanced age (Huttenlocher, 1979). Thus, individual synapses
may persist in the human brain for decades. Once a synapse is
established, how does it persist?

The decrease in dendritic spine motility in adult animals
coincides with the maturation of the extracellular matrix (ECM)
(Frischknecht and Gundelfinger, 2012), a meshwork of glycopro-
teins and proteoglycans. Studies in the hippocampus and visual
cortex have shown that ECM degradation in these areas causes
increased spine addition and retraction, formation of filopodial
protrusions, and dynamic changes in the size of the spine head
(Oray et al, 2004; Orlando et al, 2012; de Vivo et al., 2013).
Moreover, when ECM was degraded, Orlando et al. (2012) noted
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an increase in the clustering and activation of integrins, trans-
membrane proteins that have established roles in sensing
changes to ECM (Park and Goda, 2016). When integrin activa-
tion was neutralized with an antagonistic antibody treatment,
dendritic spine motility was blocked. Thus, in this system, ECM
may inhibit integrin activation to stabilize dendritic spines
(Orlando et al., 2012).

Synapse stability is also dependent on cell-cell adhesion to
maintain the close apposition of presynaptic and postsynaptic
compartments. Although many of the molecules that establish
synaptic specificity are downregulated after circuit establishment
(H. Li et al,, 2017; Favuzzi et al,, 2019; J. Li et al., 2020), subsets
of CAMs are required to maintain synaptic stability (Robbins et
al,, 2010; Lin and Koleske, 2010; Soto et al., 2018). One example
is LICAM, part of the L1 family of IgSF cell surface molecules.
L1CAM is required in the mouse cortex to establish and main-
tain synapses between presynaptic chandelier cells and postsy-
naptic pyramidal neurons. As stated earlier, chandelier cells form
inhibitory synapses at the AIS of pyramidal neurons. In an RNAi
screen for CAM regulators of synapse formation, Tai et al.
(2019) found that knockdown of LICAM in pyramidal neurons
during the time of synapse formation greatly reduced the num-
ber of chandelier synapses onto pyramidal neurons. They next
asked whether LICAM is required to maintain synapses. Using a
tamoxifen-inducible Cre system, they induced expression of
L1CAM RNAI in adult mice (P28) and assayed for synapse loss
12d later (P40). They found both the number of synapses and
chandelier contacts onto pyramidal cell neurons were reduced
(Tai et al, 2019). In Drosophila, the LICAM homolog
Neuroglian (Nrg) is also required to establish synaptic contact
between neurons in the CNS, and to maintain synapse stability
between motor neurons and muscles at the neuromuscular junc-
tion (Enneking et al., 2013).

Intracellularly, synapse stability requires the linkage between
CAMs and the cytoskeleton. CAMs are linked to the cytoskeleton
through a network of scaffolding proteins. For example, LICAM
and Nrg bind intracellularly to the Ankyrin scaffold protein.
Ankyrin provides a link between CAMs and the submembranous
cytoskeleton (Smith and Penzes, 2018). Accordingly, at the neu-
romuscular junction of Drosophila ank2 mutants, microtubule
bundles within motor neurons are severely disorganized. CAMs
are depleted and no longer stably associated with the synaptic
membrane, leading to the retraction of synapses (Koch et al,
2008; Pielage et al., 2008; Enneking et al., 2013). Ankyrins also
promote the clustering of CAMs and synaptic machinery at the
AIS in vertebrate neurons (Smith and Penzes, 2018), and re-
moval of either Ankyrin or B-spectrin results in a decrease in
synaptic inputs onto the AIS (Ango et al., 2004; Tai et al., 2019).

ECM, cell-cell adhesion, intracellular scaffold proteins, and
the cytoskeleton provide a rigid support network that allows
the perdurance of individual synapses (Fig. 4C). While con-
tinuous brain function requires that circuit integrity be
maintained, certain cognitive abilities, such as learning and
memory, require that the brain retain the capacity to
undergo structural circuit modifications. In the hippocam-
pus, the region of the brain that processes new memories,
synapses exhibit a relatively high degree of dynamicity com-
pared with other brain regions (Pfeiffer et al., 2018). There is
evidence from hippocampus and other brain regions to sug-
gest that processes that directly oppose ECM and CAM sta-
bility allow flexible modification of synaptic structures (Oray
et al., 2004; Frischknecht et al., 2009; Robbins et al., 2010;
P.T. Nguyen et al., 2020). Future work will be necessary to
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understand the mechanisms underlying the regional hetero-
geneity of synapse stability, as well as how synapse destabiliz-
ing and stabilizing mechanisms are dynamically regulated
during memory acquisition and retainment.

Neuronal activity is also important for maintaining synaptic
connections (Fig. 4D). In studies where all neurons were chroni-
cally silenced during development, circuitry appeared to develop
normally but ultimately resulted in axon degeneration (Verhage
et al., 2000). Using a more refined approach, Yu et al. (2004) con-
ditionally silenced a subpopulation of OSNs after olfactory glo-
meruli were established. In the following days, OSN axons
migrated away from their initial glomerular target, and OSN
cell numbers subsequently diminished (Yu et al., 2004). In C.
elegans, axon branching defects have also been observed in
sensory-deprived animals late in development (Peckol et al.,
1999); thus, activity is possibly an evolutionarily conserved
homeostatic mechanism for maintaining circuit organiza-
tion. Further investigation is needed to determine what mo-
lecular programs are downstream of neuronal activity to
reinforce existing connections.

Conclusions and future areas of study

Many neurons in the brain exhibit an exquisite precision in the
formation of synaptic partnerships, as well as in the subcellular
targeting of their synapses. The collective evidence from model
systems fueled by improvements in methodologies suggests that
cell surface molecules not only promote the matching of synaptic
partners but also denote the subcellular placement of synapses.
Secreted signaling molecules can refine the targeting of axons to
specific subcellular domains of postsynaptic partners, as well as
dictate the location of presynaptic sites. Both positive and nega-
tive cues sculpt the placement of synapses in certain subcellular
compartments and exclude them in others. Finally, neuronal ac-
tivity can play an instructive role in the establishment and main-
tenance of synaptic specificity.

There has also been excellent progress in understanding how
neural circuit architecture is established and maintained. During
the establishment phase, neurons are guided not just to regional
domains by axon guidance cues, but also to specific subcellular
locations of postsynaptic neurons. Once at their ultimate destina-
tion, many neurons are consistently able to synapse with a spe-
cific subset of neurons, despite the presence of many additional
potential partners. Since Langley and Sperry first postulated the
notion of chemoaffinity tags, studies have identified many cell-
surface molecules that specify connectivity. Expanding on the
chemoaffinity hypothesis, we have seen that secreted cues, inter-
actions between neurons and glia, and neuronal activity are also
critical for the precise organization of circuits. After circuit estab-
lishment has taken place, there are mechanisms that maintain
individual synapses, synapse locations, and cellular synaptic
specificity. New players, as well as some that are involved in syn-
apse establishment, provide rigid support to presynaptic and
postsynaptic structures.

While our understanding of how the architecture of the nerv-
ous system is established and maintained has certainly expanded,
there are still a host of questions to be answered. In this review,
we chose to focus on mechanisms underlying the wiring of
highly deterministic circuits, but there are also examples of cir-
cuits with variable and stochastic wiring patterns (Chou et al,,
2010; Caron et al,, 2013; Linneweber et al.,, 2020; Witvliet et al.,
2020). What are the rules used to wire up these circuits, and how
are they different from more deterministic circuits? Importantly,
how can we leverage principles of circuit establishment and
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maintenance to prevent or restore synapse loss in disease? The
pathways described in this review could serve as entry points for
the development of therapies for this purpose.
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