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SUMMARY
Precise synaptic connectivity is a prerequisite for the function of neural circuits, yet individual neurons, taken
out of their developmental context, readily form unspecific synapses. How does the genome encode brain
wiring in light of this apparent contradiction? Synaptic specificity is the outcome of a long series of develop-
mental processes and mechanisms before, during and after synapse formation. How much promiscuity is
permissible or necessary at the moment of synaptic partner choice depends on the extent to which prior
development restricts available partners or subsequent development corrects initially made synapses. Syn-
aptic promiscuity at the moment of choice can thereby play important roles in the development of precise
connectivity, but also facilitate developmental flexibility and robustness. In this review, we assess the exper-
imental evidence for the prevalence and roles of promiscuous synapse formation during brain development.
Many well-established experimental approaches are based on developmental genetic perturbation and an
assessment of synaptic connectivity only in the adult; this canmake it difficult to pinpoint when a given defect
or mechanism occurred. In many cases, such studies reveal mechanisms that restrict partner availability
already prior to synapse formation. Subsequently, at the moment of choice, factors including synaptic com-
petency, interaction dynamics andmolecular recognition further restrict synaptic partners. The discussion of
the development of synaptic specificity through the lens of synaptic promiscuity suggests an algorithmic pro-
cess based on neurons capable of promiscuous synapse formation that are continuously prevented from
making the wrong choices, with no single mechanism or developmental time point sufficient to explain the
outcome.
Introduction
The genome encodes developmental programs that produce

remarkably precise synaptic connectivity of intricate neural cir-

cuits. Yet, taken out of the context of these developmental pro-

grams, many neurons have been shown to form synapses with

alternative partners, including with themselves1–6. Similarly, dur-

ing normal development, some degree of synaptic promiscuity is

apparent at distinct developmental stages; for example, in the

case of activity-dependent (or other competitive) pruning pro-

cesses, initially exuberant synapse formation is a developmental

requirement for the correct outcome7–13. The notion of promis-

cuous synapse formation is not at odds with precise outcomes.

Instead, it offers the opportunity to explain precision in the

context of developmental plasticity and robustness to pertur-

bation14.

Synaptic specificity describes a developmental outcome: the

precision of connectivity in the adult nervous system. The devel-

opmental program that leads to this outcome can be subdivided

into, first, developmental growth processes prior to synapse for-

mation, second, the actual moment of initial synaptic partner

choice and, third, developmental growth processes that follow

synapse formation (Figure 1A). Along this developmental timeline,

synaptic promiscuity can only be defined for the moment of

choice, i.e. when more or less promiscuous synapse formation

actually occurs. Developmental processes prior to synapse for-

mation ensure that only certain pre- and postsynaptic partners

get to see each other at themoment of choice, a processwe refer
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to as pre-specification; development after the moment of choice

can either stabilize and strengthen or weaken and remove synap-

ses in a process we refer to as post-specification (Figure 1A).

Feedback and cross-activation between the three steps can

blur their separation and create non-linearities, e.g. when post-

specification mechanisms activate earlier developmental pro-

grams. In addition, there are neuron-specific variations of how

thedevelopmental steps transitionand interact to lead to synaptic

specificity in the outcome, as recently highlighted in a comparison

of the development of different neural circuits in vertebrates15.

Neuronal development before and after the developmental

time window of synapse formation greatly influences the speci-

ficity of the outcome. In fact, most studies on the development

of brain wiring fall into these two categories, while the actual

moment of choice is more difficult to study. Synaptic partner

choice is often depicted as a particularly exquisite develop-

mental period, when only highly specific partners are accepted

out of a pool of all available partners at the time and place the

choice is made. For most developing neurons, the pool of avail-

able partners at the moment of choice, and the degree to which

the choice is promiscuous, remain unknown. The limiting case of

‘total promiscuity’, i.e. the ability of a given neuron to form syn-

apseswith any other neuron, is unlikely given examples of known

molecular interactions that specify or bias synapse formation.

At the other end of the spectrum, precise molecular key-and-

lock mechanisms for all synapses represent the antithesis to

promiscuous synapse formation: if the key does not fit the
Authors. Published by Elsevier Inc.
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Figure 1. Synaptic specificity is the
outcome of development before, during and
after the moment of synaptic partner
choice.
(A) The developmental timeline for synaptic
specificity in the outcome includes pre-specifica-
tion, the moment of synaptic partner choice, and
post-specification. As described in the text, pro-
cesses can overlap and cross-activate each other.
(B) At the moment of choice, more or less pro-
miscuous synapse formation as the limiting cases
of total promiscuity (any two neurons can form a
synapse if given the opportunity) and no pro-
miscuity (some molecular or other specification
mechanism ensures that exclusively the correct
two partners can form a synapse). Both limiting
cases are very unlikely based on experimental
evidence, indicating that the level of promiscuity is
a quantitative property at the moment of synapse
formation.
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lock, a synapse should not form. This is also unlikely, given the

known ability, and often developmental necessity, to form syn-

apses with variable partners. Hence, synaptic partner choice is

a developmental process that must settle somewhere between

these two limiting cases (Figure 1B).

Each of the three developmental periods, pre-specification,

the moment of choice and post-specification, contribute quanti-

tatively, and neither alone suffices to explain specificity in the

outcome. From the perspective of the outcome, only a highly se-

lective subset out of all possible synaptic connections are real-

ized. Each developmental process and mechanism can be

viewed as a quantitative restriction, a stepwise sieving and se-

lecting, that sculpts the final connectome (Figure 2). In this re-

view, we therefore focus on assessing experimental evidence

for when a given process or mechanism occurs in time. The ma-

jority of experimental evidence is based on perturbation experi-

ments (e.g. gene manipulation), for which this assessment re-

quires one to account for the experimental timing of two

aspects: first, when a given perturbation occurs; second, when

changes are measured, i.e. the readout. Perturbation at early

developmental stages likely has a cascading effect that second-

arily affects subsequent development, including the moment of

choice and subsequent post-specification (Figure 3). Hence,

pinpointing the precise moment of a perturbation is necessary

to distinguish primary from secondary effects. Secondly, the

later the readout, the more difficult it is to pinpoint when and

how during development changes occurred (Figure 3). For

example, assessing adult outcomes after developmental pertur-

bation experiments is common practice, but makes it difficult to

know whether a given process or mechanism actually occurred

before, during or after themoment of choice. This assessment, in

turn, affects to what extent synapse formation may have

occurred more or less promiscuously.

Prior to themoment of synaptic partner choice: creating
neighborhoods and adjacencies
The more restrictive the neighborhood at the moment of choice,

such that only a few axonal and dendritic processes are actually

adjacent to each other, the more promiscuous synapse
formation is possible without losing specificity (Figure 2A). If

development prior to synapse formation has already achieved

exclusive adjacencies between presumptive partners, then

even an inherently promiscuous synapse formation process at

the moment of choice will still only lead to synapses between

exclusively adjacent partners. This idea of adjacency as a pre-

dictor for synaptic partnerships is sometimes referred to as Pe-

ters’ rule based on a study by Peters and Feldman in 197616,17.

More recently, the idea has been explored with the aid of

developmental electron microscopy reconstructions of several

developmental stages of the Caenorhabditis elegans nervous

system18–20. In effect, the reconstructions reveal not only con-

nectomes, i.e. information about synaptic connectivity, but

also contactomes, i.e. information about adjacencies between

different neurons as a result of prior development. A recent anal-

ysis of contactomes at different developmental stages indeed

indicated a high predictability of synaptic connectivity based

on adjacency21, an idea that was originally proposed based on

the very firstC. elegans connectome in 198522,23. For ameaning-

ful analysis, connectivity needs to be related to the develop-

mental contactome at the moment of choice, while adult recon-

structions are unlikely to represent developmental adjacencies

from past synapse formation and therefore often reveal no

obvious relationship between adjacency and connectivity24–29.

Similar to the recent C. elegans work, stronger correlations and

support for Peters’ rule were previously found when analyzing

axo-dendritic overlap during synapse formation in the cortex of

juvenile mice (P11–17)30–33. Yet, the quantitative role of adja-

cency in bringing together synaptic partners likely differs

amongst neurons. The recent C. elegans connectome analysis

included different neuron types and supported such neuron-

specific quantitative contributions to adjacency21,34. Of note,

C. elegans synapses are of the ‘en passant’ type, i.e. they form

along adjacent neuronal fibres, as opposed to the terminal syn-

apses most commonly depicted in text books and schematics

(e.g. Figure 2). Tracts of neuronal fibres create bundles with large

adjacent surfaces and thus neighborhoods that increase the

probability of synaptic partnerships when synapses form en

passant22,35. Far from being specific to the worm, en passant
Current Biology 34, R102–R116, February 5, 2024 R103



P
re

-s
pe

ci
fic

at
io

n
M

om
en

t o
f c

ho
ic

e
P

os
t-

sp
ec

ifi
ca

tio
n

A

B

C

Current Biology

Figure 2. Stepwise sieving out of incorrect
partners as a conceptual model for the
successive restriction of synaptic
partnerships during development.
(A) Pre-specification: development leading up to
the moment of choice creates a local neighbour-
hood (encircled region) and selective adjacencies
between neurons in this neighbourhood. Within
this neighbourhood, all possible connections
between five types of pre-synapses and five types
of post-synapses (white, black, red, green, blue)
are depicted. (B) Restriction at the moment of
synaptic partner choice: at least three sieving
mechanisms collaborate to restrict the choice:
synaptic competency (represented by sieving out
all connections between red/blue/green pre-syn-
apses and black/white post-synapses), molecular
recognition (represented by sieving out all con-
nections between black/white pre-synapses and
red/blue/green post-synapses) and interaction
dynamics (represented by sieving out all connec-
tions where pre- and post-synapses have the
same color). (C) Post-specification includes all
developmental mechanisms following initial syn-
apse formation that further restrict specificity,
most prominently pruning (fine tuning; repre-
sented by sieving out multiples of any specific
connection type). The output state of post-speci-
fication represents synaptic specificity in the
outcome, i.e. all possible synaptic partnerships
that were not actively prevented (sieved out) dur-
ing preceding development.
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synapses can be found across phyla36–38. The ability to form syn-

apses along the entire length of axo-dendritic fibers implies that

synapse formation is not restricted to a specific subcellular re-

gion, whereas terminal synapses represent a limiting case of

locally restricted synaptic competency. The subcellular restric-

tion of competency to form a synaptic contact may be under-

stood as one of the ‘sieving’ mechanisms at the moment of

choice, as discussed below (Figure 2B).

Molecular mechanisms that ensure adjacency prior to

synapse formation

Mechanisms that generate adjacency during development prior

to synapse formation arguably include most of early neuronal

development, including differentiation, migration, and axonal

and dendritic morphogenesis — all of which have been reviewed

in depth elsewhere7,39–43. While thus a wide range of cell biolog-

ical and molecular mechanisms ultimately contributes to the

development of adjacencies, a particular focus has long been

the molecular and cellular recognition of axonal and dendritic

processes, i.e. the prospective synaptic partners. Disruption of

such recognition mechanisms frequently affects synaptic spec-

ificity in the outcome, yet the developmental roles can occur long
R104 Current Biology 34, R102–R116, February 5, 2024
before the moment of choice (Figure 3B).

For example, Drosophila Down Syn-

drome Cell Adhesion Molecule (DSCAM)

has the remarkable property that a single

gene locus can generate thousands of

selectively, homophilically interacting

proteins, suggestive of a solution to a

choice amongst many potential part-

ners44. However, an enormous body of

work revealed developmental roles prior
to synapse formation, in particular the mechanism of dendrite

spreading through self-avoidance; an individual neuron’s unique

‘self’ can be defined by a probabilistic expression of DSCAM

isoforms that are unique to that neuron45,46. Hence, DSCAM ex-

emplifies an instance of molecular recognition that does not

constitute intercellular recognition, but instead an intracellular

morphogenesis mechanism. This and other roles of DSCAM

(and Protocadherins in vertebrates) occur long before synapse

formation but, like a plethora of other axonal and dendritic

patterning processes, clearly influence the neighborhood and

adjacencies a neuron finds itself in at the moment of choice

(Figure 3B).

In contrast to the indirect influences of morphogenesis on

neighborhoods and adjacencies, intercellular recognition can

directly promote adjacencies of prospective synaptic partners;

however, many such mechanisms do so without being required

for the process of synapse formation itself. For example, the in-

teracting cell adhesion molecules Dpr11 and DIP-g in the

Drosophila visual system are in fact expressed on pre- and post-

synaptic partner neurons, respectively. Yet, their mechanism of

action requires axo-dendritic interactions to provide a survival
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Figure 3. Developmental consequences of genetically induced
defects at different times in the developmental decision tree.
(A) Genetic perturbation of a mechanism specific to the moment of choice
(marked by semi-transparent red rectangle) may affect subsequent develop-
mental processes minimally (blue line) or have a cascading effect to change all
subsequent developmental processes (red lines). Assessment of the synaptic
specificity phenotype in the outcomemay not easily distinguish between these
possibilities. (B) Genetic perturbation of a mechanism prior to synapse for-
mation is likely to have a cascading effect on both the moment of choice as
well as subsequent development. Assessment of the synaptic specificity
defect in the outcome may reveal little about the primary defect at the
beginning of the cascading developmental changes. (C) Perturbation of a
single gene often causes multiple hits throughout the developmental decision
tree, leading to compound cascading developmental changes that alter syn-
aptic specificity in the outcome.
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signal long before synapse formation47–49. By providing a selec-

tive survival signal for the correct future synaptic partner, this

molecular mechanism can plausibly be described as ‘matching’

two partners; however, it does so by creating adjacency prior to

synapse formation. Yet, wild-type Dpr11-positive presynaptic

neurons are capable of forming synapses with non-matched,
neighboring ‘incorrect’ partners as shown in careful EM recon-

structions49. Such rare, non-canonical synapses are common

based on recent connectomes in diverse species19,50–52. Impor-

tantly, loss of either Dpr11 or DIP-g does not alter synapse

numbers53,54, but instead leads to the recruitment of other,

‘non-canonical’ synaptic partners54. Hence, restricted availabil-

ity ensures a level of pre-specification that excludes most incor-

rect partners. The more availability is restricted, the more synap-

tic promiscuity may be permissible7.

Combinatorial molecular codes that affect developmental pro-

cesses prior to the moment of choice have been suggested for

several classes of cell surface proteins13,55. In the vertebrate

retina and motor system, several Cadherins (a greater than

100-member superfamily) have been thoroughly characterized

for combinatorial expression and function. For example, cell

type-specific expression of Cadherins 8 and 9 in different bipolar

cells of the retina function in restricting axonal arborizations in

specific layers56. Similarly, retinal ganglion cell dendrites inner-

vate specific layers in a manner dependent on specific Cadher-

ins57. While these studies demonstrate the effects of axonal

anddendritic developmental defects on adult synaptic specificity

and circuit function, these effects likely occur prior to themoment

of choice. Similar roles of a Cadherin code inmotor neuron differ-

entiation and the development of dendritic orientation have been

characterized58. Finally, Cadherins are also known as trans-syn-

aptically interacting proteins with roles in synaptic function and

maintenance59. The many roles of Cadherins, from cell migration

to synaptic maintenance, have highlighted their highly diverse

functions and critical importance for synaptic specificity in the

outcome but also have made it particularly difficult to pinpoint

precise moments of action (Figure 3C)55,60.

Synaptic promiscuity revealed by ablation experiments

The selected examples discussed above highlight only a few of

the mechanisms that create adjacency prior to the moment of

choice, while their loss or manipulation can create adjacencies

that would not normally occur during development. The extent

to which neurons are able to form synapses in a new context re-

veals to what extent a neuron is not prevented from making syn-

apses with non-canonical partners and is thus a measure of syn-

aptic promiscuity. Ablation experiments are a classic means to

test this idea. For example, in the mouse retina the amacrine

cell A17 is specific to the rod pathway; it consequently forms

highly specific synaptic connections with rod bipolar cells, while

only very rarely making synapses with cone bipolar cells. How-

ever, ablation of the preferred synaptic partner changes the

developmental context, i.e. adjacencies, and A17 readily forms

numerous synapses with cone bipolar cells61. This observation

mirrors earlier findings where rod bipolar cells form ectopic syn-

apses with cones in the absence of rods62 and cone bipolar cells

form ectopic synapses with rods in the absence of cones63. Note

that in the rod bipolar cell ablation experiment the A17 neurons

do not form synapses with potentially available amacrine or gan-

glion cell processes61. The ‘secondary’ preference for cone bi-

polar cells may be a direct consequence of the newly arranged

neighborhood, butmay also reflect subsequent restrictivemech-

anisms including interaction kinetics and time windows of syn-

aptic competency, as discussed below. In either case, these

experiments reveal a remarkable resilience of the synapse for-

mation process per se. By contrast, disruption of the function
Current Biology 34, R102–R116, February 5, 2024 R105
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of the trans-synaptic adhesion protein LRRTM4 leads to defects

in the formation of A17 synapses with rod bipolar axon terminals.

While this function is essential for the morphological and molec-

ular organization of synapses, it is not clear whether it also serves

a role in distinguishing between possible synaptic partners

based on selective adhesion64. Hence, the molecular mecha-

nisms for synapse induction and formation may be distinct

from the process that creates the adjacencies.

In zebrafish, lateralis afferent axons form synaptic connections

exclusively with hair cells of identical polarity. Ablation of most

lateralis neurons leads to less competition between the remain-

ing cells and the axons innervate and form functional synapses

with hair cells of both polarities65. Ablation in the larval stage, af-

ter connections with the correct hair cells of identical polarity

have already been established, leads to a rewiring of the remain-

ing axons with the now vacant hair cells independent of polarity.

Remarkably, these non-canonical synapses are pruned again if

new lateralis axons are regrown 72 hours after they were ablated

and as they seemingly competitively regrow into the same

space65. Since the neurons are not principally prevented from

forming ectopic synapses with non-canonical partners, the

competitive growth likely creates the adjacencies that facilitate

synapse formation between canonical partners.

In Drosophila, the genetic ablation of amacrine-like Dm8 cells

leads their main presynaptic partners, R7 photoreceptor neu-

rons, to form many synapses with non-canonical but clearly

available partners54. This includes cell types including Mi1,

Mi4, C2, C3, Mi8 and Tm1, none of which are canonical synaptic

partners of R7 in the available connectome24. As in the cases of

lateralis afferent axons in zebrafish or A17 in the mouse retina,

this type of promiscuity likely results from new adjacencies

created in the absence of the ablated cells, i.e. when other neu-

rons become available in the spaces normally occupied by the

ablated cells.

Synaptic promiscuity revealed by altered

morphogenesis in vivo and in vitro
Experimental changes of developmental adjacencies can also

be induced by altering morphological availability or rerouting

axons into ectopic brain regions. For example, increasing or

decreasing dendritic ‘claws’ of Drosophila Kenyon cells leads

to more or less types of projection neurons forming synapses

with the Kenyon cells, respectively66. In zebrafish, the optoge-

netically controlled rerouting of axons beyond molecular and

cellular boundaries does not prevent synapse formation in the

ectopic target regions3. Drosophila photoreceptor axon termi-

nals readily form synapses in incorrect neuropil layers after ge-

netic manipulations67,68, and axons rerouted to ectopic visual5

or olfactory4 brain regions surprisingly form morphologically

normal tetrad synapses, i.e. single synapses with four distinct,

albeit necessarily incorrect, partners. In fact, mutant analyses

on some of the best candidates for trans-synaptic contact spec-

ification at the moment of choice in Drosophila do not cause loss

of synapses, but instead ectopic synapse formation else-

where53,69–71, as discussed in detail in the following section on

the moment of choice.

Arguably the most dramatic changes to developmental adja-

cencies occur to neurons outside of their developmental

context in culture. For example, co-cultures of neurons that

would not normally interact with each other in vivo readily
R106 Current Biology 34, R102–R116, February 5, 2024
form synapses in culture (e.g. pontine nucleus neurons and

Purkinje cells)72. Finally, primary cultured neurons taken out

of their developmental context readily form synapses with

themselves, so-called autapses1,2. Such autapses only form

rarely in the developing brain, suggesting that normal develop-

ment prevents a neuron from meeting itself in the first place.

Conversely, no active molecular mechanism is needed to pre-

vent synapse formation between two neurons that never get

to interact during normal brain development. These studies

further suggest that the intrinsic drive of many neurons to

form synapses is such that, if the right partner is not available,

they will do it with a wrong partner, and, if a wrong partner can’t

be found, they do it with themselves13,73.

To what extent the generation of adjacencies through preced-

ing development is sufficient to ensure the specificity of subse-

quent synapse formation is unclear in most cases. An assess-

ment of just how much pre-sorting can allow promiscuous

synapse formation requires a detailed characterization of the

developmental system just prior to synapse formation. For

example, during Drosophila visual map formation the axonal

sorting mechanisms ensure local neighborhoods of such preci-

sion that mostly, and maybe only, ‘correct’ synaptic partners

are adjacent during subsequent synapse formation74–76. How-

ever, to what extent synaptic partner choice in this system is truly

promiscuous or biased by differential interaction dynamics, time

windows of synaptic competence, or molecular recognition still

remains unknown. In most cases, further restrictions at the

moment of choice contribute to the specificity of synaptic part-

nerships observed in the outcome.

The moment of synaptic partner choice
The preceding section suggests that most neurons in the devel-

oping brain will have a restricted choice, but a choice nonethe-

less, in their local neighborhoods at the time of synapse forma-

tion. Based on experimental evidence discussed in this

section, this choice is influenced by at least three factors: molec-

ular recognition, kinetic and geometric restriction (i.e. influences

on howmuch two neurons get to interact in time and space), and

synaptic competence (the ability to form a synapse at all, e.g.

based on the presence of molecular machinery). Of these three

mechanisms to restrict synapse formation at the moment of

choice, molecular recognition has been studied extensively,

while synaptic competency and interaction kinetics remain un-

known for most neurons during brain development. In this

context, the term ‘molecular recognition’ is meant to describe

specific intercellular interactions through cell surface proteins

on the membranes of two different cells55,77. This powerful

idea dates back to the influential chemoaffinity hypothesis, as

envisioned by Roger Sperry73,78,79. By contrast, kinetic and geo-

metric restriction and synaptic competence are less intuitively

linked to a single class of molecules and likely require a collabo-

ration of more than onemolecular mechanism12,80. For example,

kinetic restriction may require the temporary stabilization or

slowdown of continuously extending and retracting filopodia

through an interplay of cytoskeletal and membrane regulators

in order to allow synapse formation. Similarly, synaptic compe-

tence may be influenced by the translation, transport and reten-

tion of pre- or postsynaptic building materials of various kinds.

All three factors may quantitatively contribute to sieving out



Lamina

Distal
layer

Proximal
layer

L4 L2
Medulla

M3
layer

M8
layer

Dm12

Region of normal
synapse formation Ectopic branches Ectopic synapses

Lobula plate

Lop3
layer

Lop4
layer

LLPC3

Side II -

Beat VI

DIP-� -

Dpr6/10

Beat II - Side IV
DIP-� - Dpr x?

T4d/T5d
A B C

Current Biology

Figure 4. Outcomes of perturbation experiments of interacting cell adhesion molecules in synaptically connected neurons in theDrosophila
visual system.
In all examples, the molecular pairs are expressed specifically in neurons that form synapses in a distinct layer with subcellular specificity, yet loss of the inter-
cellular interaction does not lead to a loss of synapses where they normally occur (blue regions) but instead to ectopic synapses in a nearby region (red regions;
ectopic branches and ectopic synapses also marked in red). See text for possible mechanistic explanations. (A) Genetic perturbation of the Beat II–Side IV
interaction or DIP-b causes synaptic specificity defects between the interneurons L2 and L4 in the Drosophila lamina. In both cases, synapses in the proximal
layer of the lamina are still present, while ectopic synapses form in the distal lamina. (B) Genetic perturbation of the DIP-a–Dpr6/10 interaction does not lead to a
loss of synapses in medulla layer M3 but to ectopic branching and synapse formation in M8 where Dm12 neurons do not normally branch or form synapses.
(C) Genetic perturbation of the Side II–Beat VI interaction does not lead to a loss of synapses between T4d/T5d and LLPC3 neurons in the lobula plate layer 4 but
to ectopic branching and synapse formation in the neighboring lobula plate layer 3.
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incorrect partners at the moment of choice (Figure 2B), and may

share molecular mechanisms, as discussed below.

Lessons from intercellular molecular recognition

The recent discovery of several families of heterophilically inter-

acting cell adhesion molecules that are specifically expressed in

synaptic partner neurons in Drosophila offers the promise to

assess the contribution of molecular recognition between neu-

rons. These families of cell surface proteins include the Dpr/

DIP proteins48,81,82 and the Sidestep (Side)/Beaten Path (Beat)

proteins81,83. The families of 21 Dpr and 11 DIP proteins form in-

teracting pairs with some degeneracy (e.g. seven different Dpr

proteins bind to DIP-b) and interacting pairs localize to many

pre- and postsynaptic partner neurons with remarkable speci-

ficity48,82. Functional analyses of individual members of these

proteins have so far uncovered a variety of phenotypes, from de-

fects in cell survival to branching to synapse numbers48,53,71. The

families of 14 Beat and 8 Side proteins form a similar heterophilic

extracellular interaction network with remarkably complemen-

tary expression patterns on synaptic partner neurons81,83,84.

The most prominent and intuitive hypothesis for a role of

Dpr/DIP and Side/Beat interactions at the moment of choice

posits the specific induction of synapses at the time and place

where the intercellular interaction takes place. However, loss of

specific Dprs or DIPs has been shown to affect developmental

processes prior to the moment of choice, e.g. cell survival in

the case of Dpr11/DIP-g as discussed above, or DIP-a and its

interaction partners Dpr6 and Dpr1053. Yet, recent studies have

begun to tease out putative roles at the moment of choice sup-

porting a nuanced version of the first hypothesis. While loss of

synapses at the place thesemolecules could induce synapse for-

mation is not typically observed, ectopic synapses typically form

nearby, often in a directly adjacent region (Figure 4). For example,

loss of DIP-b in visual interneuron L4 does not lead to a loss of

synapses at the place of normal DIP-b localization, but instead

to ectopic synapse formation in an adjacent region where DIP-b

is not normally localized (Figure 4A)71. Similarly, loss of Side-IV
in L2, which forms reciprocal synapses with L4, does not lead

to a loss of synapseswhere Side-IV could induce synapse forma-

tion, but instead to ectopic synapse formation in the same distal

region where both Side-IV andDIP-b are not normally localized in

L4 (Figure 4A)69. Likewise, loss of the DIP-a–Dpr6/10 interaction

between Dm12 and its synaptic partner neurons in the medulla

does not prevent synapse formation in medulla layer 3 where

branches normally occur but leads to ectopic branching and

synapse formation in layer 8 where neuronal branches are not

normally localized (Figure 4B)53. Finally, Side-II is expressed in

T4d/T5d neurons of themotion vision network and the interacting

Beat-VI in the synaptic partner LLPC3 neurons (Figure 4C).

Continuing the theme, loss of Side-II or Beat-VI does not prevent

synapse formation between T4d/T5d and LLPC3, but instead

leads to ectopic synapse formation in the adjacent region where

these neurons normally do not form synapses (lobula plate layer

3). In summary, lossofDpr/DIPorSide/Beat interactionsdoesnot

typically lead to a reduction of synapses at the place where they

are normally localized but commonly causes ectopic synapse

formation in an adjacent region.

In yet other examples, loss of members of the Dpr/DIP and

Side/Beat families does not cause any obvious synapse forma-

tion defect in or nearby the regions where they are specifically

expressed; for example, the same Side-IV/Beat-II interactions

that are implicated in ectopic synapse formation in L4 neurons

as discussed above mark another pair of synaptically connected

neurons, T4c/T5c and LLPC2 in the lobula plate, where loss of

either gene appears to not cause any obvious defect70. The hy-

pothesis of locally specific synapse induction triggered by an

intercellular interaction is not straight-forwardly consistent with

these observations. The lack of reduced synapse formation is

often interpreted as molecular redundancy, based on the multi-

ple interacting cell adhesionmolecules found in these interacting

pairs by transcriptomics analyses84,85. However, why adjacent

regions exhibit ectopic synapse formation while the synapse for-

mation at the place of the lost intercellular molecular interaction
Current Biology 34, R102–R116, February 5, 2024 R107
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is largely unaffected still requires an explanation. Here, the

preferred interpretation in several studies is a ‘biasing’ of syn-

apse formation at the place where the intercellular interaction

normally occurs. According to this idea, following the loss of

an intercellular molecular interaction, a ‘second best’ interaction

at the ectopic location may take over70,71. However, just like the

primary choice, a ‘second best‘ choice is likely influenced by a

composite of molecular recognition, interaction kinetics and syn-

aptic competency; hence, to account for the phenotypes

described above may require a conceptual and mechanistic un-

derstanding that includes these different contributors at the

moment of choice.

Integration of molecular recognition, synaptic

competency and interaction kinetics

A hypothesis integrating molecular recognition with synaptic

competency has been proposed in a recent preprint on the

role of Side-IV in L4 neurons discussed above: intracellularly,

Side-IV may recruit the synaptic seeding factor Syd-1 and

thereby ensures synapse formation at a specific place. Loss of

Side-IV may thus release Syd-1 and possibly other synapse

building machinery to other axonal regions where synapse for-

mation can now occur ectopically71. This is also consistent

with the observation that ectopic L4 synapses in the DIP-b

mutant are along the axon, not the dendrites, even though

the dendrites are morphologically altered in the mutant

(Figure 4A)71. The idea of an intracellular competition for synaptic

seeding factors was first proposed for R7 photoreceptor axon

terminals in Drosophila86. For these neurons, live observation

at the moment of choice suggests the formation of one synapse

at a time based on competition for synaptic seeding factors as a

limiting resource. A side effect of this mechanism is a ‘counting’

of the number of synapses over time, ensuring a certain number

of synapses are made in the developmental time available86.

Loss of R7’s main postsynaptic partner Dm8 (in the dpr11 or

DIP-g mutant as discussed above) does not affect this mecha-

nism of serial synapse formation and hence leads to the same

number of synapses, albeit with non-canonical postsynaptic

partners54. Interestingly, a similar synapse constancy has been

observed for several of the molecular recognition mutants

described above; e.g. the total number of synapses formed by

T4d/T5d (in the side-II mutant) or Dm12 (in the DIP-a mutant)

remain relatively constant despite the addition of synapses in

an ectopic layer (Figure 4B,C)53,70.

Both the ectopic synapse formation in an adjacent region and

the stability of overall synapse numbers could be explained by a

mechanismwhere the surface receptor recruits intracellular (pre-

synaptic) building material that is only available as a limiting

resource. In this model, the cell surface receptors increase the

specificity of where synapses form by recruiting synaptic build-

ing material to a region where adjacency with a favoured synap-

tic partner has been created through its intercellular interaction.

For this mechanism to work, the two functions — creating adja-

cency through intercellular adhesion and intracellular recruit-

ment of synaptic building material — could be separated in

time, as the creation of adjacency can occur both prior to as

well as at the moment of choice.

Recruitment of intracellular synaptic building material repre-

sents a local regulation of synaptic competency with subcellular

specificity; if synaptic building material is not available, e.g.
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because the neuron has not yet reached this developmental

stage, then adjacency, molecular recognition and favourable ki-

netics do not lead to synapse formation. While a local increase of

synaptic competency can explain ectopic synapse formation

and synapse constancy in loss of function mutants, the missing

link in this picture is the actual induction of synapse formation. In

the case of Side-IV in L2 neurons, such a link has been proposed

to be another cell surface receptor: loss of the immunoglobulin

superfamily protein Kirre, in contrast to Side-IV or DIP-b, actually

leads to a loss of reciprocal L4–L2 synapses87 and the Kirre pro-

tein directly interacts with Side-IV as co-receptor in L269. Kirre is

a member of a smaller family of cell surface proteins that have

been suggested to act both before and at the moment of

choice88. Hence, a cell surface receptor that both creates inter-

cellular adjacency with a synaptic partner and recruits intracel-

lular building material may partner with a co-receptor that is

required for actual synapse induction. Recruitment of a co-re-

ceptor might also explain why overexpression of several of the

DIPs and Sides in particular have been shown to be sufficient

for ectopic synapse formation53,69,71. Irrespective of whether

the details of this mechanism are correct, these data suggest a

molecular mechanistic separation of three functions prior to

and at the moment of choice: creating intercellular adjacency,

increasing local synaptic competency by recruiting intracellular

synaptic building material, and induction of synapse formation.

In particular, the mechanisms creating adjacency need not be

executed by the samemolecule or at the same time as themech-

anism of synapse induction.

The idea of a requirement of two presynaptic receptors to con-

trol synapse numbers has recently been discussed as a form of

coincidence detection in the formation of synapses by mouse

hippocampal CA1-region pyramidal neurons89. Here, two pre-

synaptic ligands (teneurins and fibronectin leucine-rich repeat

transmembrane proteins [FLRTs]) have been shown to simulta-

neously bind to different postsynaptic latrophilins in different

dendritic regions. The developmental and cell biological mecha-

nism ensuring this exquisite subcellular localization does not

seem to be an intrinsic property of the pyramidal neuron since

in culture latrophilin-2 and latrophilin-3 localization are anatomi-

cally mixed; i.e. the subcellular separation requires the in vivo

developmental context. One possibility is that the subcellularly

restricted latrophilin localization domains develop in interaction

with arriving axons that will subsequently provide synaptic input

in vivo.

Critically, and in contrast to the Dpr/DIP and Side/Beat inter-

actions in flies discussed above, loss of latrophilin-290 or latro-

philin-389 leads to a significant loss of synapses in the regions

where they are localized. Yet, earlier roles of teneurin–

latrophilin interactions may create adjacencies prior to synapse

formation91–99. For example, heterophilic teneurin-3/latrophilin-

2-mediated repulsion and teneurin-3 homophilic attraction affect

axon targeting in the hippocampus preceding synapse forma-

tion. Teneurin-3-expressing proximal CA1 neurons project to

the distal subiculum where teneruin-3 expression is high, while

avoiding the proximal subiculum where the teneurin-3 is low

and latrophilin-2 expression is high93,94,98; conversely, latrophi-

lin-2-expressing distal CA1 neurons project to the proximal sub-

iculum where latrophilin-2 expression is high93,94. In zebrafish,

teneurin-3 is required for axonal targeting of retinal ganglion
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cells, potentially via stabilizing branches that contact neighbour-

ing teneurin-3-expressing cells96,97. Similarly, in the Drosophila

antennal lobe, homophilic teneurin interactions have been

suggested to regulate targeting of projection neurons to specific

glomeruli. Subsequent synapse formation of projection neurons

in an ectopic target region still occurred, suggesting a mecha-

nistic separation of the development of adjacency and promis-

cuous synapse formation, as discussed above for multiple

examples95. The axonal versus target (i.e. pre- versus postsyn-

aptic) localization of these receptors has recently received

some scrutiny, with evidence that teneurin-3 for example may

function exclusively as a presynaptic receptor in the mouse cor-

tex100, challenging some of the interpretation based on homo-

philic intercellular interactions discussed above.

Heterophilic teneurin interactions had previously been pro-

posed to function at themoment of choice for synapse formation

in theDrosophila central and peripheral nervous system101,102. In

the Drosophila antennal lobe, loss of teneurin-a leds to reduced

synapse numbers102. At the larval Drosophila neuromuscular

junction, loss of heterophilic teneurin interactions led to defects

of muscle 3 innervation, yet synapses did form in the nearby

muscle 4101. In both systems pre-synaptic fine-structure was

aberrant, suggesting that at least in theses contexts teneurins

may contribute to synaptic competency. Since analyses in these

studies were based on outcomes, it is further possible that

synapses are initially formed but subsequently failed to be

maintained.

In the mouse retina, many outcome-based studies similarly

support roles of intercellular interactions that may shape synap-

tic specificity based on roles before, during or after synapse for-

mation. A particularly striking example is the preferential pairing

of highly specific pre- and postsynaptic neurons (the VG3 ama-

crine cell and W3B retinal ganglion cell subtypes) based on the

function of the homophilic attractive cell adhesionmolecule side-

kick2103. A 10-fold increase of specific synapses between these

two cell types (amongst many other nearby neuron types) is lost

in the adult in the absence of sidekick2. Since the phenotype has

only been analyzed in the adult outcome, however, it remains

possible that Sidekick2’s function involves the establishment

of adjacencies prior to synapse formation or selective mainte-

nance thereafter. Moreover, at the moment of choice, different

modes of action are conceivable; for example, interaction dy-

namics like the extension and retraction speed of synaptogenic

filopodia can restrict synapse formation, as discussed below for

the example of fly photoreceptor neurons86,104. Indeed, the sin-

gle Drosophila sidekick homolog has been shown to directly

regulate extension and retraction dynamics in another tissue

morphogenesis context based on cytoskeletal regulation105.

Live observation in the developing mouse retina at the moment

of choice would be required to test these possibilities.

In contrast to sidekick2’s proposed homophilic attractive role

in themouse retina, the recent characterization of FLRT2 interac-

tion with the UNC5 receptor revealed the intriguing mechanism

of dendrite elimination upon intercellular interaction; loss of this

mechanism leads to persistent arbors, which promptly leads to

synapse formation with non-canonical partner neurons — again

supporting the notion of a molecular separation between the

mechanisms that create adjacencies and synapse formation

itself106. Numerous other molecular intercellular interactions
have been characterized based on synaptic specificity in the

outcome of retina development. For example, Cadherin-6 is ex-

pressed by distinct retinal ganglion cells and their partner neu-

rons during the period of target innervation; loss of Cadherin-6

leads to ectopic projections107. It remains unclear to what extent

the stop signal for axonal growth is directly related to synapse

formation. These studies highlight key roles of numerous cell sur-

face proteins for synaptic specificity in the outcome that may

well include a role at the moment of choice, yet do not exclude

roles before or after (Figure 3). A more comprehensive review

of cell adhesion-basedmechanisms in retina circuitry is available

elsewhere108.

Molecular mechanisms of synapse induction do not

straight-forwardly predict synaptic partnerships

A synaptogenic interaction between two potential partner neu-

rons at the moment of choice is a necessarily local occurrence

that initiates synapse formation, i.e. synapse induction, between

two membranous protrusions or surfaces7. The anatomical sep-

aration of latrophilin-2 and latrophilin-3 domains within the same

neuron’s dendrites showcased how subcellular specificity on the

dendrites of the same cell can aid synapse formation with spe-

cific partners in restricted domains. In Drosophila mechanosen-

sory axons, the subcellular restriction of an intracellular signalling

factor has been shown to be necessary and sufficient to mark a

subcellular region for synapse formation109. Here, subcellularly

restricted localization of the membrane-anchored phosphatase

Prl1 distinguishes parts of axonal branches where it is proposed

as part of a synaptogenic signalling cascade. How Prl1 accumu-

lates at the right time and place is not clear, and possible mech-

anisms include targeted protein trafficking, protein retention, or

local translation109.

Amongst the best characterized synaptogenic cell surface

proteins are the Neurexins and LAR-type receptor phospha-

tases. Members of the Neurexin family of cell surface proteins

have prominently been discussed as a molecular code for the

formation of specific types of synapses110,111. The ability of

Neurexins to create many different splice variants has been

intricately linked to the idea of the specificity of synapse devel-

opment, but here the term ‘synaptic specificity’ does not refer

to ‘partner choice’ but rather to the specificity of synaptic prop-

erties, e.g. the transmitter system. Correspondingly, Neurexins

have most clearly been shown to play key roles in the instruc-

tive specification of synaptic properties, whereas a role in

bringing together specific partner neurons remains less

clear111–113. LAR receptors are similarly well characterized

and implicated in both axonal targeting and synapse formation

across species114–118. Remarkably, Neurexins and LAR recep-

tors bind a large number of postsynaptic adhesion molecules to

form diverse intercellular complexes and have been argued

to account for the majority of trans-synaptic interactions in

mice118.

Many possible interaction partners are less suggestive of a

specific neuronal partnership code, but would be well-suited

for robust synapse induction in light of a possible decoupling

of the creation of adjacencies and synapse formation. Indeed,

both LARs and Neurexins are strongly synaptogenic119,120. Sur-

prisingly, however, neither LARs nor Neurexins appear to be

generally required for synapse formation, supporting the notion

of molecular redundancies121,122. Not even loss of three
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neurexins or all three LARs in mice appears to reduce synapse

numbers, whereas only a conditional sixtuple-knockout of these

LARs and Neurexins leads to an at least 50% reduction of syn-

apse numbers between Purkinje cells and deep cerebellar

nuclei118. Clearly, synapse formation per se is exquisitely robust

to perturbation, even if the specification of properties or partners

is less so. An integrative view of the diverse functions executed

by intercellular molecular recognition posits that many parallel

trans-synaptic signals together mediate different functions,

including synapse induction and properties119.

In Drosophila, LAR functions as a pre-synaptic receptor on

the tips of synaptogenic filopodia at the moment of synaptic

partner choice of R7 photoreceptor axons86. This unequivocal

mapping of the role of LAR to the very moment of choice is

based on a live imaging analysis of the dynamics of synapto-

genic axon terminal filopodia inside the intact developing

Drosophila brain86,123. Loss of lar leads to a significant reduc-

tion of the formation of synaptogenic filopodia, and a quantita-

tively corresponding reduction in adult synapse numbers. Curi-

ously, the most obvious defects in the adult outcome are R7

layer-specific targeting defects, which initially suggested a

role of LAR earlier in development114,117. The live observations

at the moment of choice indicate that the failure to stabilize is

likely due to the primary defect in synapse formation86. The

intercellular interaction partner of LAR on presynaptic filopodia

has not been found, but a candidate interacting cell surface

protein has recently been characterized124. On the presynaptic

side, LAR directly recruits the synaptic seeding factor Liprin-a,

as originally characterized in C. elegans125. Live observations of

synaptogenic R7 filopodia in intact Drosophila brains support

Liprin-a’s role as a synaptic seeding factor downstream of

the LAR receptor: in contrast to the lar mutant, synaptogenic fi-

lopodia do form in liprin-a or syd-1 mutant axon terminals, but

the filopodia in both mutants fail to stabilize as presynaptic

structures86. These findings in the R7 photoreceptor again

highlight the links between three contributors to the moment

of choice (Figure 2B): molecular recognition, interaction kinetics

and synaptic competency. Phenotypes associated with the

loss of lar are consistent with the loss of a molecular recogni-

tion event at the beginning of the synapse formation process,

while those associated with loss of both liprin-a or syd-1 are

consistent with a loss of synaptic competency.

Finally, interaction kinetics of R7 in Drosophila can be manip-

ulated with developmental temperature54 or cell biologically

through up- or downregulation of autophagy104. Autophagy is

a ubiquitous membrane degradation mechanism that was previ-

ously shown to be required for normal synapse development in

C. elegans126 and for the removal of excess synaptic spines in

mice127. In Drosophila R7 axon terminals, loss of autophagy sta-

bilizes synaptogenic filopodia, leading to excess synapse forma-

tion with non-canonical partners104. A comprehensive review of

the roles of filopodia before and during the moment of choice is

available elsewhere128. We interpret these findings as a mecha-

nism of combinatorial, collaborative restriction when and where

synapse induction can occur: just like developmental adja-

cencies restrict which neurons get to interact, so can interaction

kinetics, synaptic competency andmolecular recognition further

restrict productive synaptogenetic events at the moment of

choice (Figure 2B).
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After the (initial) moment of synaptic partner choice
Throughout brain development, synapse formation occurs over

extended periods in cell type-specific time windows. Initial syn-

apse formation may be followed by more synapse formation,

stabilization, or pruning before synaptic specificity in the

outcome is achieved. Hence, after the first moment of choice,

the separation into mechanisms that occur ‘before, during or

after’ blurs. For example, following initial synapse formation,

further axonal or dendritic growth may depend on successive

and iterative steps of renewed rounds of synapse formation

and branching, as observed in synaptotropic growth129,130.

Here, new synapses lead to further branch growth to create

new adjacencies in an iterative process. Conversely, destabiliza-

tion of initially formed synapses and branches can be critical to

achieve specificity in the outcome.

Synaptic pruning is one of the most studied processes to in-

crease synaptic specificity after initial synapse formation8,9,131.

In particular, activity-dependent ’fine tuning’ of synaptic

connectivity through coincidence-detection of spontaneous ac-

tivity is often considered as a distinct developmental period

following molecular specification mechanisms10,132,133. How-

ever, spontaneous activity that precedes sensory input is

principally as much a part of genetically encoded development

as other probabilistic, competitive developmental patterning

processes13,73.

Neurotransmission at newly formed synapses can play critical

roles for subsequent circuit development134,135. For example,

disruption of GABA release from amacrine cells in the mamma-

lian retina affects GABA receptor clustering on the cell bodies,

but not the dendrites, of postsynaptic ganglion cells134. Similarly,

GABAergic neurotransmission has been shown to affect cortical

development through balancing excitation and inhibition in

developing networks136.

Patterned spontaneous activity in developing neurons often

occurs in waves following initial synapse formation and

throughout the time synapses continue to form in the brains

of diverse organisms10,137–140. In the mouse visual system, a

major period of synapse formation occurs after birth but before

eye opening, i.e. prior to sensory input. Remarkably, the spatial

propagation of spontaneous retinal waves resembles the optic

flow perceived by the mature animal during forward self-mo-

tion141. Earlier spontaneous activity already occurs in the

mouse embryo, where it aids the assembly of thalamic and

cortical sensory networks142. At birth, somatosensory and vi-

sual circuits that are initially intermingled in the superior collicu-

lus segregate in a process that requires retinal activity143.

Reduced cholinergic retinal waves in the first postnatal week

lead to defects in direction-selective maps such that selectivity

to horizontal motion is absent while selectivity to vertical motion

remains144. In all these cases, correlated activity is considered

a signal for selective synapse (and often branch) stabilization,

while synapses that do not receive such a survival signal may

be pruned. Conceptually, the activity-dependent process

thereby represents another level of restriction to curb the inter-

nal drive of neurons to form synapses more promiscuously than

the specificity observed in the outcome (Figure 2C). However,

spontaneous activity may also serve other, non-Hebbian roles,

as has been suggested for the remarkable patterned activity of

neurons in the developing fly brain137,145. Here, brain-wide, yet
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cell type-specific patterns of spontaneous activity seem to

be triggered by a small population of neurons, but the precise

roles that these patterns may play for individual neuronal

development remain an exciting, largely unanswered open

question146.

Neuronal activity-dependent developmental mechanisms

may directly feed back to molecular mechanisms that typically

occur prior to or at the moment of choice. Odorant receptor neu-

rons in mice express specific sets of cell surface proteins in a

process that is regulated by neuronal activity; patterns of spon-

taneous activity are not spatially organized, but reflect odorant

receptor cell types and have been proposed to directly alter

the localization of cell surface proteins implicated in axon target-

ing choices147. In the mouse cortex, even earlier cell type spec-

ification may rely on neuronal activity; recent work revealed that,

remarkably, late sensory input-dependent activity aids in the

specification of some glutamatergic cell types in upper cortical

layers in mice, i.e. a developmental process long before synapse

formation148. Such mechanisms highlight how each subsequent

developmental step before, during and after the initial moments

of synaptic partner choice can feed back and cross-activate

developmental programs. These programs and their underlying

mechanisms thus function in transient, unique contexts in order

to produce the synaptic specificity observed in the outcome.

Concluding remarks
Synaptic specificity, not synaptic promiscuity, is the focus of the

study of brain development. The former is an assessment of an

outcome, while the latter is a developmental process that occurs

at the moment of synaptic partner choice and only makes sense

in the context of prior and subsequent development. Arguably,

selection of mutations at all developmental levels facilitates

(re-)programming of brain wiring14,73. We speculate that promis-

cuous synapse formation may well reflect an ancestral state. Of

course, molecular interactions between cells are critical for all

developing multicellular structures, but the positioning and ‘con-

nectivity’ of cells necessarily build on an evolutionary and devel-

opmental history that encompasses, but is not restricted to,

intercellular recognition. Already the earliest neural nets devel-

oped in local neighbourhoods and with cell-specific properties

of interaction dynamics and competency149. From there, evolu-

tionary selection of any mutation in any gene that affected the

restriction of promiscuous synapse formation at any level from

pre- to post-specification may have allowed for ever more

complicated network architectures.

Our review of recent and classic experimental evidence high-

lights how promiscuity at the moment of choice is not only

permissible, but often required during algorithmic growth in or-

der to produce synaptic specificity in the outcome. In particular,

synaptic promiscuity allows for developmental plasticity, in-

creases robustness of brain wiring to perturbation and facilitates

evolutionary adaptation. In reviewing experimental evidence in

this light, some observations seem to hold with considerable

generality.

Firstly, synaptic promiscuity, together with other molecular or

cellular mechanisms contributing to specificity in the outcome,

only make sense in the unique developmental contexts in which

they occur. At the moment of choice, the creation of adjacency,

ensuring synaptic competency and synapse induction are
typically executed by separate molecular mechanisms that are

closely interlinked and provide context for each other. No single

molecular mechanism at the moment of synaptic partner choice

can explain synaptic specificity in the outcomewithout an under-

standing of the quantitative contributions summarily described

as ‘context’.

Secondly, adjacency is opportunity. Given their intrinsic drive

to form synapses, bringing together the right neurons at the right

time and place is part and parcel of the development of brain wir-

ing. But like other molecular and cellular mechanisms, adja-

cency, too, must be considered a quantitative contributor in

the developmental time line of brain development.

Thirdly, neurons have a remarkably robust intrinsic drive to

form synapses if not actively prevented from doing so. In the

context of development, restriction of wrong choices may thus

often be more important than attractively making the right

choices. This especially makes sense from a perspective of

evolutionary and developmental robustness, as fail-safe behav-

iors need not be separately encoded.

Maybe the development of brain wiring is best understood as a

continuous process of trying to prevent neurons frommaking the

wrong choices. Each consecutive step during development re-

stricts the choices, up- and downwards from the moment two

partners form a synapse, especially if the choice of the moment

is rather promiscuous.
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