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Abstract. Synaptic target recognition is a complex nesis. We present a theoretical framework for under-
molecular event. In a differentiating presynaptic termi- standing synaptic target recognition and discuss the
nal, relatively ‘rare’ molecules first detect the cell features of its molecular components and their integra-
identity of the synaptic target. Subsequently, many tion, drawing on the rapid progress made in recent
‘common’ molecules continue the process of synaptoge- studies.
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The success of neural networking in a developing brain
depends on the ability of individual neurons to recog-
nize appropriate synaptic partners. This neural recogni-
tion, known more specifically as ‘synaptic target
recognition,’ represents a unique case of cell recognition
with a specific consequence, the initiation of a synapse.
A number of new papers are dedicated to this topic
each year, rapidly expanding the molecular vocabulary
necessary to understand synaptic target recognition.
These urge an updated theoretical framework by which
such new knowledge may be organized.
In this review, we discuss several key studies and also
outline a theoretical framework that integrates them.
We hope this framework will help further our compre-
hensive understanding of the molecular integration un-
derlying the basis for neural networking.

Molecular components of synaptic target recognition

Since Roger Sperry [1] inspired neurobiologists nearly
three decades ago with his ‘chemoaffinity’ theory, nu-
merous studies have supported the view that the secrets
of neural networking in the brain can ultimately be
explained in terms of specific genes and their regulation

[2–8]. Many of the molecular players, unknown to
Sperry and his contemporaries, are now known and
continue to be identified.
There is good evidence that each synaptic partner has a
relatively independent capacity to proceed with its own
differentiation process. For example, agrin, a ‘synapse
organizer’ molecule secreted from vertebrate motoneu-
ron terminals, is sufficient for clustering neurotransmit-
ter receptors on the postsynaptic membrane even after
presynaptic terminals are removed [9–11]. Meanwhile,
the presynaptic motoneuron terminals in Drosophila
embryos can develop even when myoblasts are pre-
vented from forming muscles [12]. It is possible, there-
fore, to separate molecular events at developing
synapses either as presynaptic or postsynaptic. Since a
number of recent reviews have concentrated mainly on
postsynaptic differentiation and neurotransmitter recep-
tor clustering [9–11, 13], we will focus on the presynap-
tic molecular integration during transformation of
growth cones to presynaptic terminals.
At the presynaptic site, synaptic targeting involves a
relatively complex molecular event that combines at
least two sets of molecular integration (fig. 1). First,
when an axon encounters the cues provided by its
target, specific target recognition receptors on its sur-
face will be activated (fig. 1A). It is important to note
that the majority of cellular encounters between an
axon and its surroundings that occur during its out-* Corresponding author.
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growth do not result in synapse initiation. This implies
that relatively ‘rare’ molecules, positioned in specific
sets of axons, are involved in each case of target recog-

nition. Second, once initiated, axon terminals quickly
engage a more or less ‘common’ set of molecules (fig.
1B), which then begin to recruit other presynaptic

Fig. 1.
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proteins such as neurotransmitter vesicles, vesicle re-
lease/recycle molecules, ion channels and various subsy-
naptic adapter proteins (fig. 1C) [14, 15]. These
molecules are widely shared by many axons, and to-
gether convert motile growth cones into morphologi-
cally homogeneous presynaptic structures.
As a result, in each synaptic targeting event, both ‘rare’
and ‘common’ molecules are used by the axon terminal,
with the former mainly to ensure cell specificity and the
latter mostly to facilitate reliable development of synap-
tic connection. One can classify the participating
molecules as ‘rare’ or ‘common’ based on both their
appearance and functions.

An important question regarding synaptic target

recognition

Realization of the scale of molecular diversity and inte-
gration during synaptic target recognition raises an
important question. We have relatively little informa-
tion about how the ‘rare’ molecules that detect the cell
identity of the target and the ‘common’ molecules that
initiate synaptogenesis are interfaced within each axon
terminal. Surface receptors and sub-membrane molecu-
lar pathways are potential sites of signal integration
within axon terminals, but the details of such molecular
integrations remain undefined.
On a purely theoretical basis, one could argue that
molecular integration is the only way through which
massive neural evolution has ever been possible. While
the number of synapses increases by nearly 1015 from
the relatively simple nervous system of Caenorhabditis
elegans to that of human, the number of genes in their
respective genomes merely quadruples at most. There-
fore, it seems reasonable to speculate that the addition
of such an astonishing number of synapses in the hu-
man brain, and their seemingly uncompromised synap-
tic specificity [16], is accomplished not by the addition

of new genetic raw materials but by the creative utiliza-
tion of rather limited genetic resources.
Historically, there was a period during which develop-
mental neurobiologists concentrated their attention on
the molecules in the ‘rare’ category. Several genetic
screens have been designed to isolate mutations that
cause synaptic targeting errors in specific sets of neu-
rons [17, 18]. In complementary studies that utilize the
endogenous molecular expression patterns as entry
points, the roles of genes expressed in specific subsets of
neurons and/or their synaptic targets have been exam-
ined systematically [19–21].
However, the crucial question remains as to how these
‘rare’ molecules are coupled to a general machinery of
synaptogenesis [5]. Some recent studies are beginning to
provide insights into the question of what happens after
initial target identification.

A theoretical framework for synaptic target recognition

We propose a theoretical framework in which synaptic
target recognition as a whole is envisioned as a process
that links two distinct molecular events of ‘identifying’
the synaptic target and ‘locking in’ the synaptic part-
ners. We believe that constructing such a framework of
thinking is especially useful because it will produce
specific predictions regarding complex molecular inte-
gration which can be tested or applied to existing
knowledge (table 1). The specific predictions are as
follows.
First, the two classes of synaptic target recognition
molecules likely exhibit different expression patterns.
The ‘rare’ molecules, responsible for the first stage of
synaptic target recognition, will be present only in a
limited number of cells (fig. 1A). This is in contrast to
the ‘common’ molecules that will be widely shared by
many, if not all, neurons (fig. 1B). In addition, the
presence of the ‘rare’ molecules will be required only

Figure 1. Molecular integration during synaptic target recognition. The main role of ‘rare’ molecules is to ‘identify’ the synaptic target
(A), whereas that of ‘common’ molecules is to ‘lock in’ the synaptic partners (B) and subsequently recruit other presynaptic proteins
necessary for maturation of the presynaptic structures (C). (A) First, synaptic target recognition will be triggered by relatively ‘rare’
growth cone receptor molecules. These ‘rare’ molecules are expressed uniquely on individual axon growth cones and are responsible for
‘identifying’ their synaptic target cells. The interactions between these ‘rare’ receptors and their corresponding ligands may be
homophilic or heterophilic, and may also involve matching certain combinations of ‘rare’ molecules. (B) Next, a set of ‘common’
molecules will be quickly engaged within the axon growth cone that has experienced activation of its ‘rare’ molecules. These ‘common’
molecules are widely shared by many axons and are capable of self-clustering at the axon membrane. The two diagrams depict two
alternative scenarios through which activation of ‘rare’ molecules may be interfaced to the ‘common’ molecules (1) Binding of ‘rare’
receptors to corresponding ligands will bring other target-derived molecules (e.g., extracellular-matrix-bound molecules) within easy
access to the ‘common’ molecules on the growth cone. This will lead to extracellularly induced recruitment of these and other
presynaptic proteins. (2) Alternatively, binding of ‘rare’ receptors will stimulate their cytoplasmic catalytic activities, which will then
alter the phosphorylation status of certain membrane-associated ‘common’ proteins (here shown as single molecular entities, although
they may involve molecular complexes). This will result in intracellularly induced recruitment of these and other presynaptic proteins.
(C) Subsequently, the rapid recruitment of a set of ‘common’ molecules will cause an avalanche of molecular complexing among other
presynaptic proteins such as neurotransmitter vesicles, vesicle release/recycle molecules, ion channels, and various subsynaptic adapter
proteins. The ‘rare’ molecules may be downregulated by this stage.
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during the very first stage of presynaptic differentiation,
while the ‘common’ molecules may continue to play
their subsequent roles even after the ‘rare’ molecules are
downregulated. The subcellular localization of the ‘rare’
and ‘common’ molecules may differ somewhat. Due to
their direct interaction with extrinsic cues, the ‘rare’
molecules are expected to be either transmembrane or
membrane bound (fig. 1A). In contrast, the ‘common’
molecules could include both transmembrane and intra-
cellular signaling molecules that are closely associated
with the cell surface events triggered by the ‘rare’
molecules (fig. 1B).
Second, the phenotypes expected from genetic deletion
of the genes of each class of molecules are distinct. The
loss of a ‘rare’ molecule would lead to defects in only a
specific set of neurons that normally express the gene.
When ‘common’ molecules shared by many neurons are
deleted, however, the phenotype may or may not be
subtle but will likely involve many neurons. Further-
more, while genetic manipulations of a ‘rare’ molecule
are expected to result in rather specific phenotypes
because other growth cone receptors responsive to their
specific ligands are still intact, the deletion of a ‘com-
mon’ molecule could produce variable synaptogenesis
defects among many neurons.

The role of ‘rare’ molecules is to ‘identify’ the synaptic

target

Studies from the last few years provide many examples
of molecules that seem to fit the expected profiles of the
two functional classes of molecules according to the
theoretical framework described above. Here, we merely
highlight the main conclusions concerning molecules in
the ‘rare’ category, as reviews have appeared elsewhere
that summarize these studies in detail [2–5, 22–24].
First, negative recognition is as important as positive
recognition. A well-known case for locally provided
cues from non-target cells that exert inhibitory influ-
ences on specific sets of axons comes from the Eph
family of receptors in vertebrate retinotectal systems
[25–27]. Though their identities are not yet known, the
growth cone receptors for muscle-derived semaphorins,

netrins, and Toll in the Drosophila neuromuscular sys-
tem have also been proposed to mediate negative recog-
nition of non-target muscles by specific subsets of
motoneuron axons [28–31]. Retraction of axon growth
cones caused by the cells or regions that are outside the
appropriate synaptic targets is now considered to be a
major mechanism by which synaptic targeting accuracy
can be dramatically improved.
Second, for synaptic matching of the highest cellular
resolution, positive recognition between an individual
axon and its synaptic target is necessary. One means by
which positive recognition is achieved is through a
homophilic molecular match between the synaptic part-
ners. This is probably the most succinct version of the
‘chemoaffinity’ theory [1]. Based on their rare, as well as
synaptically matched, expression patterns, a number of
neuronal cell surface molecules of diverse gene families
have been implicated in establishing synaptic specificity.
They include the immunoglobulin superfamily cell ad-
hesion molecules (IgCAMs), Toll-like receptors (TLRs),
cadherins, connexins, and neurexins [3, 5–8, 32–36]. As
discussed in a recent review [4], currently the best
demonstrations for homophilic recognition have been
fasciclin III (IgCAM) and connectin (TLR) in the
Drosophila neuromuscular system [19, 37–40].
Additionally, heterophilic molecular matching is also
very likely. The vertebrate odorant receptors that con-
stitute a large family of genes expressed heterogeneously
by the olfactory neurons appear to contribute to id-
iosyncratic target recognition by individual olfactory
axons [41, 42]. The ligands for these receptors during
synaptic target recognition are not yet known.
The results show that a diverse population of proteins is
utilized in different fashions to define the specificity of
synaptic partners. Although the proteins are different in
structure, their activations give rise consistently to a
common synaptic apparatus.

The role of ‘common’ molecules is to ‘lock in’ the

synaptic partners

Very little is known about how activation events medi-
ated by these ‘rare’ cell surface molecules lead to re-

Table 1. Predictions for the two functional classes of molecules that are integrated during synaptic target recognition.

Consequences when deletedExpression pattern Proposed roleClass Example candidate

sites phenotypesaxons affectedtiming

‘identify’ theat first contact specific targetingspecific axons Fas III, EPH, Toll,specific axons‘Rare’
errorsmolecules connectinsynaptic target

‘Common’ Late-bloomer, RTKs,first contact and ‘lock in’ themany axons synaptogenesismany axons
synaptic partnersdefectsmolecules onward RTPs, Fas II,

cadherins, integrins
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cruitment of the ‘common’ molecules of synaptogenesis.
The situation is challenging since these ‘rare’ molecules
apparently share no common features in their cytoplas-
mic structures [5, 6]. A key to resolving this puzzle may
lie in the unique functional features of some members of
the ‘common’ molecules. Before discussing why we
think certain of these molecules are best suited to ‘lock
in’ the process of synaptogenesis, we will first review the
specific cases of ‘common’ molecules.
Two main features predicted from the two-stage model
of synaptic target recognition are (i) that the ‘common’
interface molecules will be expressed by many axons,
and (ii) their loss will lead to defects in synaptogenesis
initiation by many axons (table 1). One such molecule is
Late-bloomer, a tetraspanin expressed by all Drosophila
motoneuron axons at the time of motoneuron-muscle
interactions [43]. When Late-bloomer is genetically
deleted, the motor axons still reach their respective
targets but fail to initiate presynaptic differentiation in
time. The extracellular domains of Late-bloomer are
relatively small and are therefore not very likely to
mediate initial interactions with target-provided cues.
Furthermore, the phenotype of a null mutation in the
Late-bloomer gene is not permanent and, given extra
time, many motor axons appear to complete synaptoge-
nesis. This suggests that other members of a hypotheti-
cal presynaptic complex may still function, although
less efficiently. These observations are consistent with
the idea that Late-bloomer and related proteins play the
roles of a ‘common’ molecule.
Several other neural cell surface molecules are also good
candidates for potent ‘common’ interface molecules
that ‘lock in’ synaptogenesis initiation. The trk family
of receptor tyrosine kinases (RTKs), receptor tyrosine
phosphatases (RTPs), fasciclin II (IgCAM), cadherins,
and integrins are all present in many axons [44–50].
Furthermore, fasciclin II, cadherins, and integrins are
known to be enriched at the developing presynaptic
terminals in a variety of animal systems [24, 48, 51–54].
The available data suggest that the loss of RTPs or
integrins affects synaptogenesis initiation by many mo-
toneurons in Drosophila embryos [55, 56]. Unfortu-
nately, the phenotypic analyses of the loss of these
molecules are still incomplete because these molecules
have a number of other earlier functions including axon
pathfinding before reaching the targets [47, 57].
What makes the cadherins and integrins particularly
unique is the fact that they can feed into a number of
different local cytoplasmic signaling cascades. For ex-
ample, cadherins, through association with catenins,
initiate cytoskeletal rearrangement [53, 58–60], while
integrins complex with a number of cytoplasmic
adapter/signaling molecules and exert a wide range of
influences over cytoskeletal and cytoplasmic signaling
[61–63].

While specific molecular partners of cadherins or inte-
grins at synapse initiation have not been determined,
ultrastructural studies in the Drosophila neuromuscular
system have revealed that selective molecular complex-
ing may be occurring during synaptic target recognition
[E. Suzuki, D. Rose and A. Chiba, unpublished data].
Numerous spots of close membrane apposition that
resemble focal adhesions are found between normal
synaptic partners. Both sides of these presumptive focal
adhesions accumulate electron-dense materials. Here
the gap between the membranes becomes smaller (down
to approximately 10 nm) compared to the ordinary
situation among non-target partners (20–40 nm). Such
electron-dense structures often result from accumula-
tion of integrins, cadherins, and their associated
molecules [64–66]. The selective cell adhesions appear
to precede other signs of synaptogenesis initiation such
as retraction of filopodia, accumulation of synaptic
vesicle proteins, and electrophysiological evidence of
evoked potentials. These observations suggest that re-
cruitment of a specific set of molecules upon the initial
contact of the synaptic partner cells is a common fea-
ture shared widely among neurons.

Possible scenarios with certain ‘common’ molecules

How could the cadherins, integrins, or other function-
ally similar molecules of the ‘common’ category, link
directly or indirectly to a variety of ‘rare’ molecules and
ultimately converge their activation onto a common
molecular pathway of synaptogenesis? The answer may
be found in the inherent natures of such cell surface
molecules which will likely be well conserved across
animal species.
Figure 1B depicts how certain of the ‘common’
molecules present a particularly interesting feature.
Common to cadherins and integrins is that they can be
activated by a number of different factors from outside
and inside the cell. Integrins can be activated either by
extrinsic ligands such as laminin and L1 [61–63] or
intrinsic phosphorylation signals [51, 63, 67, 68]. They
are therefore capable of interfacing either outside-in or
inside-out signaling events [69, 70]. It is also an attrac-
tive possibility that activation of some of the RTKs or
RTPs induces secondary integrin activation [44, 71]. As
a consequence, any local event that promotes contact
between integrins and their ligands or phosphorylation
of FAK and other similar integrin-associated cytoplas-
mic proteins can potentially cause the same avalanche
of molecular complexing at the axon membrane [68, 72].
For example, the former could result from an axon
encountering a target cell that bears matching ho-
mophilic or heterophilic cell adhesion molecules (fig.
1B1), while the latter might occur when an axon runs
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into target-provided cues that activate RTKs expressed
by the axon (fig. 1B2). Slightly more limited, similar
scenarios have been proposed for cadherins in their
coordination with catenins [53, 58, 73].
We may therefore view these neural surface molecules
as something analogous to a ‘power amplifier’ in a hi-fi
stereo system. Different input devices such as a CD
player, FM radio and cassette tape deck are connected
to a common adapter which in turn feeds the amplified
signals to the speakers. We suggest that successful inter-
facing between activation of structurally diverse ‘rare’
molecules to pan-neuronal process of synaptogenesis
relies crucially on the inherent natures of some of the
‘common’ neural surface molecules, such as the cad-
herins, integrins, and possibly Late-bloomer, that can
respond widely and sensitively to a number of local
signaling events.

Concluding remarks

Within the recent papers on the topic of synaptic target
recognition is an increased appreciation that the molec-
ular events governing establishment of specific synapses
are relatively complex. We have summarized the major
conclusions from recent years and provide a theoretical
framework through which the current and future data
may be reconstructed. It is hoped that the theoretical
framework of a two-stage molecular integration out-
lined here will help us achieve comprehensive under-
standing of synaptic target recognition, one of the
fundamental topics in developmental neurobiology.
We have proposed that synaptic target recognition may
be viewed as a process of integrating two distinct molec-
ular events, that of ‘identifying’ the synaptic target by
the ‘rare’ molecules and that of ‘locking in’ the synaptic
partners by the ‘common’ molecules. A major unre-
solved question concerns the integration mechanism
itself. While it remains a possibility that a family of
genes that share a unique cytoplasmic domain possesses
the specific function of linking diverse extracellular
recognitions to the common synaptogenesis pathway,
the current evidence seems to point to an alternative
scenario. There may exist a group of commonly shared
cell surface molecules whose principal task during
synaptic target recognition is to converge the activation
signals of the ‘rare’ receptors onto a common cytoplas-
mic pathway of presynaptic differentiation.
The field of synaptic target recognition has been matur-
ing rapidly in recent years. While new molecular players
continue to be identified, more emphasis must now be
placed on understanding how these molecules are inte-
grated. We anticipate new and exciting revelations of
the intricacy of molecular integration during neural
network formation.
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