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Central neurons develop and maintain molecularly

distinct synaptic specializations for excitatory and

inhibitory transmitters, often only microns apart on

their dendritic arbor. Progress towards understanding

the molecular basis of synaptogenesis has come from

several recent studies using a coculture system of non-

neuronal cells expressing molecules that generate

presynaptic or postsynaptic ‘hemi-synapses’ on con-

tacting neurons. Together with molecular properties of

these protein families, such studies have yielded

interesting clues to how glutamatergic and GABAergic

synapses are assembled. Other clues come from

heterochronic cultures, manipulations of activity in

subsets of neurons in a network, and of course many

in vivo studies. Taking into account these data, we

consider here how basic parameters of synapses –

competence, placement, composition, size and long-

evity – might be determined.
Introduction

Synaptogenesis involves a complex series of events,
spanning neuronal differentiation, cell–cell contact and
localized induction of presynaptic and postsynaptic
differentiation. Synaptic specificity is determined by
the developmental status of both partner cells, by
neuronal and glial cues that influence competence for
synaptogenesis, by long-range and local axon and
dendrite guidance cues, by cell-adhesion molecules that
mediate contact, and by local presentation of differen-
tiation-inducing molecules. Although activity is a major
force in sculpting circuitry during development [1] and
regulates synaptic composition and strength [2–4], it is
not essential for the basic assembly of synapses.
Synapses form normally when neurotransmitter release
is chronically blocked using clostridial neurotoxins or
genetic methods [5–7]. We focus here on molecular cues
involved in the later stages of synaptogenesis, once
appropriate axons and dendrites are brought into
proximity. Studies of several major synaptogenic mol-
ecules identified for glutamatergic and/or GABAergic
synapses are summarized in Table 1, and partial
molecular linkages are shown in Figure 1 [8–10]. We
also focus on aspects of recent studies that particularly
illuminate how basic parameters of synapses are shaped.
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For this review, we consider a ‘synapse’ to mean a
functional synapse (noting that other more limited
definitions of synapses, based on structure or molecular
composition, can be useful in many circumstances)
(Box 1). We use ‘hemi-presynapse’ or ‘presynaptic differ-
entiation’ to refer to clusters of release-competent synaptic
vesicles, and ‘hemi-postsynapse’ or ‘postsynaptic differen-
tiation’ to refer to clusters of surface neurotransmitter
receptors and associated signaling and scaffolding mol-
ecules. These hemi-synaptic elements can be combined in
a bona fide synapse or induced in isolated axons or
dendrites by individual synaptogenic molecules (Figure 2).
Competence

Neurons acquire the ability to form synapses as part of a
developmental maturation process. Intrinsic limitations
in competence to form synapses have been demonstrated
in cell culture studies, where a difference in experience
of two days can be crucial. For example, hippocampal
neurons from embryonic day (E)18 rats form functional
synapses in culture but, under the same conditions, E16
neurons form morphological synapses that are largely
presynaptically silent, regardless of how long they are
maintained in culture [11]. Thus, E16 neurons can be
considered as lacking in competence to form fully
functional synapses. In other heterochronic culture
experiments, axons and dendrites were found to mature
at different rates. Axons of E18 neurons can form
presynaptic specializations within one day in vitro,
whereas the target dendrites require three days
in vitro to promote such presynaptic development in
contacting axons [12].

Mechanisms promoting synaptogenic competence
involve both intrinsic programs of differentiation and
exposure to neuron-target-derived and glia-derived
factors. As in the example of E16 hippocampal neurons
in culture, functional synapses can be induced by
addition of neurotrophins [11]. Brain-derived neuro-
trophic factor (BDNF) promotes formation of functional
synapses through multiple but distinct mechanisms for
glutamatergic and GABAergic synapses. For hippocam-
pal and neocortical neurons, BDNF alters properties of
both synapse types and also selectively promotes
interneuron axon and dendrite growth and glutamic
acid decarboxylase (GAD) gene expression [11,13–16].
Other factors that might be considered to promote
synaptogenic competence include neuron-target-derived
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Table 1. Major secreted or cell adhesion proteins implicated in genesis of glutamatergic and GABAergic synapsesa

Synaptogenic
protein
[Refs]

Key binding
partner

Family members
and related
proteins

Effect of bath addition,
coculture, bead presentation
or overexpression in neurons

Effect of targeted deletion in vivo, or of knock-down or
dominant-negative forms in culture

Wnt7a
[18]

Frizzled O16 Wnts
10 Frizzleds

Addition induced axon
morphological change and
synaptic vesicle clustering

Wnt7aK/K transiently reduced complexity and synapsin I
content of glomerular rosettes between cerebellar mossy
fibers at P8–P9 but not RP10

FGF22
[21]

FGFR2 O20 FGFRs
4 FGFs

Addition induced axon
branching and presynaptic
specializations

FGFR2K/K reduced number and size of synapsin aggre-
gates in the cerebellar granule layer
FGFR2 soluble blocking reagents reduced number and size
of synaptophysin-YFP aggregates in the cerebellar granule
layer

TSPs 1 and 2
[22]

Several
possible

5 TSPs Addition to glia-free culture
induced postsynaptically
silent synapses

(TSP1,2)K/K reduced numbers of SV2 puncta and opposed
SAP102–bassoon puncta in cortex

N-cadherin
[65,138,139]

N-cadherin 5 Classical
cadherins
12 Atypical
cadherins
O52
Protocadherins

Overexpression had no effect
on spine morphology or
density in culture

Dominant-negative form reduced numbers of synapsin,
FM-dye, GAD and PSD95 puncta more effectively at 1 week
than at 3 weeks in hippocampal culture
b-CateninK/K reduced presynaptic content of non-docked
vesicles and response to prolonged repetitive low-
frequency stimulation at hippocampal CA1 synapses;
increased length of synaptophysin–GFP but not bassoon
or PSD95–GFP puncta in hippocampal culture
a-N-cateninK/K increased dendritic protrusion length and
motility

Neuroligins
[41,55,59–61]

Neurexins 4 Neuroligins Coculture or beads induced
local glutamatergic and
GABAergic presynaptic
specializations
Overexpression increased
presynaptic input
Moderate-level expression
increased functional
synapses

RNAi knock-down of Nlg-1,2,3 in hippocampal culture
reduced numbers of spines, VGlut1, GluR1 and VGAT
puncta, and reduced mPSC amplitude and frequency;
presumed mIPSC reduced most
Mislocalized overexpression of Nlg-2 in hippocampal
culture reduced number and size of gephyrin, GABAAR,
PSD95 and NMDAR puncta, and reduced mIPSC and
mEPSC frequency and amplitude

b-Neurexin1
[60,62,66]

Neuroligins 3b-Neurexins
3a-Neurexins
Extensive
alternative
splicing

Coculture or beads induced
local glutamatergic and
GABAergic postsynaptic
specializations (clustering of
PSD95, NMDAR, gephyrin
and GABAAR)

(a-Neurexin-1, -2, -3)K/K (without disruption of b-neurex-
ins) reduced numbers of GABAergic but not glutamatergic
synapses, reduced N-type Ca2C channel function, reduced
spontaneous transmitter release, and greatly reduced
evoked transmission in neonatal brainstem and cultured
cortical slices

SynCAM1
[29,140]

SynCAMs 4 SynCAMs
4 Nectins

Coculture induced local
glutamatergic presynaptic
specializations

Dominant-negative construct against SynCAMs and neur-
exins reduced number and size of FM-dye puncta in
hippocampal culture

Overexpression increased
functional synaptic inputs

Ephrin-B1
[71,74,116,141]

EphBs 5 A-ephrins
3 B-ephrins
9 EphA receptors
5 EphB receptors

Addition of clustered B-
ephrins induced clustering of
EphB and NMDAR, and
enhanced spine
morphogenesis

Ephrin-B2K/K had no effect on number of synapses or
NMDAR content in hippocampal CA1 region
EphB2K/K reduced NMDAR content and NMDAR-
mediated currents but had no effect on spine density in
hippocampus
(EphB-1, -2, -3)K/K reduced number and size of spines and
PSD area in hippocampal CA3region; increased length of
dendritic protrusions, caused loss of spine heads and
reduced NMDAR and AMPAR content in hippocampal
culture

NARP
[67–69]

AMPA
receptors

NP1, NPR Coculture induced local
AMPAR clustering and cell-
type-specific NMDAR
clustering
Overexpression increased
cell-type-specific
glutamatergic
synaptogenesis

Dominant-negative form reduced number of AMPAR and
synaptophysin clusters but not gephyrin of GAD clusters in
spinal cord culture; reduced number of AMPAR and
NMDAR clusters on hippocampal interneurons but not
pyramidal neurons

aAbbreviations: AMPAR, AMPA receptor; FGF, fibroblast growth factor; FGFR, fibroblast growth factor receptor; GABAAR, GABAA receptor; mEPSC, miniature excitatory

postsynaptic current; mIPSC, miniature inhibitory postsynaptic current; mPSC, miniature postsynaptic current; NARP, neuronal activity-regulated pentraxin; NMDAR,

NMDA receptor; NPR, neuronal pentraxin receptor; P, postnatal day; TSPs, thombospondins; VGAT, vesicular GABA transporter; VGlut1, vesicular glutamate transporter1;

YFP, yellow fluorescent protein.
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factors such as Wnts [17,18] and fibroblast growth
factors (FGFs) [19–21] and glia-derived factors such as
thrombospondins [22] and cholesterol [23]. These factors
were identified as promoters of synaptogenesis when
added to cultured neuron media, and in most cases were
further supported by in vivo knockout analyses. These
factors do not necessarily exert their effects directly at
the developing synapse. The target-derived factors could
diffuse some distance to promote localized axon branch-
ing and varicosity formation, in addition to changes in
gene expression. These priming factors might promote
synaptogenesis in a temporal rather than spatial
www.sciencedirect.com
window, acting as permissive factors rather than local
instructive factors controlling exactly which synapses
form where. Manipulations of priming factor expression
in subsets of neurons or glia will be required to test how
widespread or localized are the actions of these
synaptogenic molecules.
Placement

Matching cellular partners

For synapse assembly to occur, the plasma membranes
of the appropriate presynaptic and postsynaptic cells
must be brought into contact. Members of the cadherin
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and immunoglobulin (Ig) superfamilies are thought to
mediate this function. Cadherin expression patterns
and some function-blocking studies support the idea
that cadherins have a key role in mediating selective
adhesion leading to formation of synapses between the
appropriate partners [24,25]. In Drosophila, single-cell
mosaic analyses revealed that N-cadherin is required in
both individual photoreceptor neurons and their targets
to mediate appropriate synaptic contacts [26,27].
Although many defects resulting from perturbation of
cadherins might be explained by altered axon and
dendrite targeting (e.g. when axons fail to reach their
targets), these single-cell analyses of the roles of
cadherins in both presynaptic and postsynaptic partners
strengthen the idea that cadherins directly mediate
axon–target adhesion leading to synaptogenesis. How-
ever, in this system at least, different classical cadherin
isoforms do not instruct partner choice [27]. Whether
partner choice is determined by temporal regulation of
N-cadherin function, by other molecules, or by a
different and perhaps competitive patterning mechan-
ism is not yet clear.

Evidence also implicates Ig superfamily members,
including neural cell-adhesion molecules (NCAMs), nec-
tins, synaptic cell-adhesion molecules (SynCAMs), Side-
kicks and neurofascin, in mediating synaptic target
recognition [10]. Nectins and SynCAMs (also known as
Necls) are closely related, exhibit homophilic and hetero-
philic interactions and, like cadherins, function at
multiple classes of cell–cell junctions including synapses
[28,29]. Sidekick-1 and sidekick-2, two large trans-
membrane proteins containing multiple Ig and fibronec-
tin-type-III domains and a PDZ-domain-binding site,
exclusively mediate homophilic interactions and promote
lamina-specific connectivity in chick retina [30]. A striking
example of the role of Ig-domain proteins in mediating
synaptic specificity comes from Caenorhabditis elegans.
Binding of the transmembrane Ig superfamily protein
SYG-1 on HSNL motoneurons to SYG-2 on vulval
epithelial guidepost cells is necessary for correct place-
ment of the motoneuron synapses [31,32]. The guidepost
cells are thought to function as transient postsynaptic
partners. Such a mechanism involving non-neuronal
partners greatly increases the potential diversity of
molecules involved in synapse placement.

Based on studies of the Drosophila neuromuscular
system [33], we might expect synaptic target recognition
to involve combinatorial codes of attractive and repulsive
cues from several gene families. Neurexins and their
binding partners neuroligins are another family of
neuron-specific surface molecules that might bring
together the correct cellular partners [34] (Dean and
Dresbach, in this issue). Although recent focus has been
on their role in recruiting synaptic components, as will be
discussed later, neurexins and neuroligins can also
mediate cell adhesion [35]. Furthermore, based on the
thousands of possible splice variants [36], it has been
suggested that neurexins could contribute to specifying
synaptic circuitry [34]. For many of these mammalian
synaptic adhesion molecules, inducible cell-specific
www.sciencedirect.com
knockouts combined with single-cell analyses might be
necessary to define their precise role in shaping circuitry.

Determining synapse spacing

To some degree, spacing between synapses is controlled by
axon and dendrite guidance, which define potential
contact sites. Based on differences in axon tortuosity and
branch layout relative to the positions of postsynaptic
partners, fine-scale axon guidance seems to be more
important in determining synaptic partnerships for
GABAergic interneurons than for pyramidal cells in the
neocortex [37]. Several lines of evidence also argue for
intrinsic control of inter-synapse spacing within both
axons and dendrites. Mean inter-varicosity distance
varies among cell types (e.g. 3.7 mm for axons of CA3
hippocampal cells projecting to CA1, and 5.2 mm for
cerebellar parallel fibers [38]). This relatively large
spacing between presynaptic sites could be explained by
the development of non-synaptogenic regions devoid of
key synaptogenic molecules, bordering each presynaptic
specialization. This could occur by active mechanisms or
more simply by passive sequestration of limited resources
over the length of an axon. Imaging studies in culture
suggest that mobile units of recycling vesicles are
abundant in developing axons [39,40], but the abundance
of molecules with the ability to recruit vesicles to the
membrane is not known. Further studies determining the
distribution of synaptogenic recruiting molecules such as
neurexins [41] and SynCAM [29] during axon maturation,
and testing whether their overexpression might reduce
synapse spacing, could be useful. The induced hemi-
synapse preparations could also be useful for determining
whether increasing hemi-presynapse density locally
results in reduced inter-synapse spacing in other regions
of an axon. In vivo, spacing patterns over small axon
distances are consistent with a random distribution of
synapses [38,42], but spacing can exhibit greater varia-
bility including proximodistal gradients over larger
distances [43], indicating additional mechanisms
of control.

Spacing between postsynaptic elements is generally
much less than that between presynaptic elements, with
densities reaching up to 17 spine synapses per mm for
Purkinje dendrites [44]. Spacing can be minimal between
synapses that are chemically alike or chemically distinct,
suggesting much less control of synapse spacing by
dendrites than by axons. However, live imaging studies
in culture reveal periods of addition and removal of
glutamatergic postsynaptic sites that are synchronized
among several dendrites within a cell but not synchro-
nized among cells, therefore suggesting regulation of
synapse spacing by a cellular sensor [45]. In addition,
considerable differences in density of excitatory and
inhibitory synapses along dendrites and in the form of
excitatory synapses exist among cell types and among
dendrite regions within one cell [46,47]. For example, CA1
radiatum thick primary dendrites exhibit a striking
proximal-to-distal gradient with increasing excitatory
synapse density and decreasing inhibitory synapse den-
sity [47]. Such a gradient is not observed on thin dendrites
in the same region, suggesting some degree of intrinsic
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Figure 1. Molecular components of glutamatergic (a) and GABAergic (b) synapses. Only some of the components are shown, emphasizing cleft and transmembrane proteins

and their interacting partners. Solid lines indicate reported protein–protein interactions; broken lines indicate presumed indirect interactions. For references, see main text.
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control by the postsynaptic neurons. Perhaps such
gradients in synapse density arise in part from demon-
strated gradients of the hyperpolarization-activated cat-
ion current Ih or of KA KC currents, which both mediate
local excitability [48], or from gradients of functional cell-
adhesion molecules, which might be generated by a
common mechanism.
Box 1. Working definitions of a synapse

The ideal assay for building a functional synapse is one that tests

both presynaptic and postsynaptic function, such as local input

stimulation resulting in a local dendritic potential change. However,

such assays are not yet possible at the single-synapse level for

most CNS synapses. Thus, other working definitions of synapses

must be considered. Ultrastructural features consisting of presyn-

aptic vesicles apposed to a postsynaptic density via a uniform cleft

mark a synapse [133]. Apposition of immunoreactivity for molecular

components (i.e. clusters of postsynaptic receptors or scaffolding

proteins apposed to synaptic vesicle proteins) also marks a

synapse. Ultrastructurally or molecularly defined synapses might

be presynaptically or postsynaptically silent. Less conventional

assays are particularly important when studying early development

[134] because synapses might acquire their fully mature properties

over time.

www.sciencedirect.com
Targeting synapses to subcellular domains

The phenomenon of targeting inputs to specific subcellular
domains is best exemplified by distinct classes of inter-
neurons that preferentially form inhibitory synapses on
dendritic spines, the dendritic shaft, the soma or the axon
initial segment (AIS) [49]. Recent experiments suggest that
molecular cues have a crucial role in this process. The
A working definition of a hemi-synapse is essential when testing the

ability of candidate synaptogenic molecules to induce presynaptic or

postsynaptic differentiation in isolated axons or dendrites (Figure 2). The

same ultrastructural features and combinations of molecular markers can

beused as for thecorresponding half of a conventional synapse [55,60]. In

addition, isolated presynaptic function can be probed by activity-

stimulated uptake andreleaseof FM dyes [29,55,57]. Isolated postsynaptic

functionismoredifficult toassay,butcouldbeprobedbyprecisemapping

of transmitter response [135]. An interesting twist using the coculture

system is the generation of miniature postsynaptic current (mPSC)-like

events from induced presynaptic specializations by engineering the non-

neuronal cell to respond to transmitter [29,136]. It might be interesting to

try the converse – that is, to see whether induced postsynaptic

specializations can be assayed functionally by engineering transmitter

release from the contacting non-neuronal cell [137].

http://www.sciencedirect.com
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Figure 2. Hemi-synapse induction by neuroligins or neurexins presented to isolated axons or dendrites on the surface of fibroblasts. (a) Fibroblasts (F) expressing neuroligins

induce clusters of presynaptic components, including GAD, at contact sites with axons of cultured neurons (N). These induced clusters of GAD (arrowheads) lack the normal

postsynaptic proteins such as gephyrin, in contrast to endogenous synapses (arrow). (b) Fibroblasts (F) expressing neurexins induce clusters of postsynaptic components,

including the GABAA receptor g2 subunit (GABARg2), at contact sites with dendrites of cultured neurons (N). These induced clusters of GABARg2 (arrowheads) lack the

normal presynaptic proteins such as synapsin, in contrast to endogenous synapses (arrow). (c) Hemi-presynapse (left) and hemi-postsynapse (right) formation in isolated

axons and dendrites compared with bona fide synapses at axon–dendrite contacts (centre). Neuroligins, SynCAM, soluble FGF22 and soluble Wnt7a induce hemi-

presynapses [18,21,29,55]; neurexins, NARP and ephrins induce full or partial hemi-postsynapses [60,67,71]. Scale bar, 10 mm.
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selective perisomatic versus distal dendritic innervation of
cortical pyramidal cells by parvalbumin-expressing versus
somatostatin-expressing interneurons develops properly
in organotypic slice cultures, indicating that sensory
experience is not required for such selective placement of
synapses [50]. A direct role for the cytoskeletal protein
ankyrin G and the cell-adhesion molecule neurofascin 186
in targeting basket-cell synapses to the Purkinje AIS was
reported recently [51]. Although neurofascin is normally
enriched at the AIS in Purkinje cells, deletion of ankyrin G
resulted in a more dispersed localization of neurofascin and
a corresponding spread in the zone of basket-cell-axon
contact. Even more strikingly, the synaptic differentiation
of basket-cell terminals was severely compromised
in ankyrin-G-mutant mice and in transgenic mice expres-
sing a dominant-negative form of neurofascin [51]. Thus,
the ankyrin-G–neurofascin complex contributes to loca-
lized axon contact and is essential for localized
synaptic differentiation.

These results indicate a possible role for subcellular-
domain-specific cytoskeletal specialization in selective
synapse formation. The cell-adhesion activity of neuro-
fascin is enhanced by its association with the cytoskele-
ton through ankyrin G, probably via focal concentration

www.sciencedirect.com
and stabilization of neurofascin [52]. Such enhancement
of adhesive activity via cytoskeletal association, as has
also been described for cadherin [53,54], could stabilize
transient contacts between input and target domains,
prolonging the duration of contact and enabling other
synaptogenic molecules to induce local synaptic special-
ization. It would be interesting to determine whether the
basket-cell-axon contacts to Purkinje cells are less stable
in the ankyrin-G mutant than in wild-type mice, perhaps
leading to the severe defect in synaptic differentiation.
Composition

Recruiting presynaptic components

Once the cell membranes are brought into contact, the
next step is to recruit the molecular assemblies that
mediate transmitter release and response. Several studies
in the past few years have demonstrated the surprising
ability of a handful of isolated molecules to induce focal
aggregation of release-competent synaptic vesicles when
presented to axons of cultured neurons. Neuroligins were
the first of these molecules to be identified [55] and appear
to be the most potent inducers of presynaptic specializ-
ations. This recent work builds on the seminal studies of
Sudhof and colleagues identifying neuroligins as binding
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partners for neurexins, which themselves were first
identified as presynaptic receptors for the spider toxin
a-latrotoxin [34,56] (Dean and Dresbach, in this issue).
SynCAM [29] also induces local presynaptic specializ-
ations. These induced hemi-presynapses undergo activity-
dependent recycling and mimic release properties of bona
fide synapses [57], and thus must have fairly complete
molecular composition. Rapid recruitment of a complex
presynaptic apparatus can be facilitated by delivery of
components in prepackaged transport packets [58].
Whereas SynCAM appears to affect only excitatory
synapses [57], neuroligins induce and function at both
excitatory and inhibitory synapses and can affect the
balance of synaptic inputs [59–61]. Additional factors can
induce aspects of presynaptic specialization along the
length of axons when added to neuron culture bath,
including FGF22 [21] and Wnt7a [18], as already
mentioned. Studies determining the effects of focal
presentation of FGFs and Wnts could help in determining
whether these proteins function more in promoting
regional competence for synaptogenesis or in mediating
localized differentiation.

These inductive studies raise a host of questions for
future work, such as: why do multiple proteins appear to
perform the same basic function for inducing presynaptic
differentiation? They might act at different types of
synapses or induce subtly different synaptic composition
and function. However, neuroligins, FGF22 and Wnt7a
have all been identified at the same cerebellar mossy-
fiber to granule-cell synapse type [18,21,55], suggesting a
redundancy in function. Functional interference studies
support a role for each of these proteins, but not an
absolute requirement for any (Table 1). Interestingly,
although a complete neurexin-knockout mouse has not
yet been made, knockout of a-neurexins, which leaves the
shorter neuroligin-binding b-neurexins intact, results in
a dramatic loss of functional presynaptic Ca2C channels
[62,63]. Thus, these individual synaptogenic molecules
might contribute some unique properties to synapse
assembly. Although cadherin alone is not sufficient to
induce synaptic vesicle clustering, function-blocking
studies and catenin-knockout mice also support a role
for cadherin interactions in mediating organization of
synaptic components [64]. A clear example is the
dispersal of synaptic vesicles and reduction in reserve
pool in the b-catenin knockout [65]. Future studies are
likely to focus on how these multiple presynaptic
inducing factors cooperate and on their sequence of
action in vivo.

Recruiting postsynaptic components

Neurexins and neuroligins are so far unique among
synaptogenic factors because each partner can induce a
complementary hemi-synapse. Whereas neuroligins
induce presynaptic differentiation in isolated axons,
neurexins induce postsynaptic differentiation in isolated
dendrites [60,66]. b-Neurexin presented on non-neuronal
cells or beads induces aggregates of the glutamatergic
postsynapse components PSD95 and NMDA receptors,
and separate aggregates of the GABAergic postsynapse
components gephyrin and GABAA receptors [60]. RNA
www.sciencedirect.com
interference (RNAi) knock-down and mislocalized
expression studies further support an essential function
for neurexins and their binding partners neuroligins at
glutamatergic and, perhaps more significantly, at GABA-
ergic synapses [59–61].

Although neurexins are the only factors reported to
induce GABAergic postsynaptic differentiation, two other
factors can induce aspects of glutamatergic postsynaptic
differentiation. In one of the earliest CNS coculture
experiments, O’Brien et al. [67] demonstrated that
neuronal activity-regulated pentraxin (NARP) presented
on the surface of non-neuronal cells induces local
aggregation of AMPA receptors in contacting dendrites
in spinal cord culture. Interestingly, although NARP can
bind and aggregate AMPA receptors on any cell type,
endogenous localization and dominant-negative inhibition
experiments suggest that NARP drives glutamate synap-
togenesis on aspiny neurons but not on pyramidal neurons
[68,69]. On aspiny neurons, NARP-mediated clustering of
AMPA receptors also drives clustering of NMDA
receptors, probably via a PSD95 and stargazin link [70].

Another intriguing direct interaction is binding of the
NMDA receptor NR1 subunit and EphB2 extracellular
domains [71], which modulates Ca2C influx through
NMDA receptors [72]. Presentation of ephrin-B1 to
cultured neurons induces coclustering of EphB and
NMDA receptors, suggesting that ephrins might drive
aspects of glutamatergic synapse assembly [71]. Whether
ephrins selectively regulate the local density of NMDA
receptors or promote assembly of a more complete
glutamatergic postsynaptic specialization is not yet
known. Many studies indicate that ephrins regulate
spine morphology and synaptic plasticity [73]. Analyses
of EphB1K/K; EphB2K/K; EphB3K/K mice revealed
alterations in spine morphology and postsynaptic-density
(PSD) length in vivo and even more severe defects in
synapse assembly in vitro [74].

Although initial assembly can be rapid, development of
a mature synapse is generally prolonged and can require
sequential signals. The induced hemi-synapse prep-
arations could be useful for delineating synaptogenic
signals that act sequentially. A recent experiment high-
lighting this idea is the finding that NMDA receptor
activation induces local insertion of AMPA receptors at
b-neurexin-induced hemi-synapses [66], as it does at bona
fide silent synapses. The development of spine mor-
phology at specific classes of glutamatergic synapses is
another aspect of synapse maturation regulated by
multiple signals [75,76].

For GABAergic synapses, the sheer diversity of GABAA

receptor subunits [77], the selective targeting of subunit
combinations to specific synaptic or extrasynaptic
locations [78,79] and the differential dependence on
gephyrin for synaptic localization [80,81] suggest the
existence of multiple signals and pathways for recruitment
of different receptor complexes. Compelling rescue exper-
iments expressing chimeric subunits in cultures from mice
lacking the GABAA receptor g2 subunit (GABAARg2)
indicate a surprising function of the fourth trans-
membrane domain of GABAARg2 in mediating synaptic
localization [82], through unidentified interacting
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(A) that bind most strongly to neuroligins-1, -3 and -4, whereas GABAergic axons

express neurexins (B) that bind most strongly to neuroligin-2. Neurexins (A) versus

(B) represent different forms that could result from differential gene usage,

promoter usage, alternative splicing and/or glycosylation. Before synapse

formation, all neuroligin isoforms might be diffusely distributed over the dendritic

surface, whereas neurexins might be distributed ubiquitously over the axonal

surface. (b) Synapse formation could be triggered when presynaptic neurexins

interact with the appropriate postsynaptic neuroligins, stabilizing and aggregating

both at nascent contact sites. (c) By specifically aggregating neuroligins-1, -3 and -4,

glutamatergic neurexins could then cause the subsequent clustering of glutamate

postsynaptic proteins. Likewise, by binding to and aggregating neuroligin-2,

GABAergic neurexins could thereby influence the clustering of GABAergic

postsynaptic proteins. In a complementary manner, the interaction of neuroligins

with neurexins would also stabilize axon contacts and induce presynaptic

specializations.
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partners. In addition to GABAA receptors, gephyrin and
neuroligin-2, the dystroglycan–dystrophin complex is
another identified component of some mature GABAergic
postsynaptic sites, but its function there is poorly under-
stood [83,84]. Dystroglycan is a major binding partner of
neurexins [85] but it does not mediate the neurexin-
induced aggregation of GABAA receptors and gephyrin in
the coculture experiments [60]. Dystroglycan is recruited
to GABA synapses by a mechanism independent of
gephyrin or GABAARg2, by signals unique to GABAergic
terminals [84,86].

Matching postsynaptic and presynaptic components

Complexity of synapse development arises from the
presence of multiple neuron types in the CNS, each
forming molecularly and functionally distinct synaptic
specializations. Differentiation of neurons into glutama-
tergic or GABAergic subtypes occurs early, before neurons
extend axonal processes; thus, the type of neurotransmit-
ter released from a given presynaptic active zone is
predetermined well before synapse formation. Conse-
quently, the question arises of how a dendrite can
specifically cluster glutamatergic and GABAergic post-
synaptic specializations opposite glutamatergic and
GABAergic presynaptic contacts, respectively. A likely
possibility is that local signals from the axon at nascent
contact sites direct the aggregation of appropriate
postsynaptic proteins at these sites.

Recent evidence suggests that b-neurexins could be
good candidates for such signals. As already summarized,
exogenous focal application of neurexin-1b induces the
clustering of glutamatergic and GABAergic postsynaptic
receptors, scaffolding proteins and signaling proteins via
neuroligins [60]. The localization of neuroligin-1 to
glutamatergic synapses [87] and neuroligin-2 to GABA-
ergic synapses [60,88], and the apparent linkage of
neuroligins-1, -3, and -4 to proteins of glutamatergic
postsynapses and of neuroligin-2 to proteins of GABAergic
postsynapses [60], suggests that neurexins can influence
postsynaptic differentiation by aggregating the proper
neuroligin isoforms at nascent contact sites. Based on
these results, one might predict that differential
expression of neurexin isoforms by glutamatergic versus
GABAergic neurons could contribute to local induction of
glutamatergic versus GABAergic postsynaptic specializ-
ations (Figure 3).

However, such a model of postsynaptic specification
based solely on neurexins is probably too simplistic [60].
Additional proteins that interact with neurexins and
neuroligins and/or that act independently, such as NARP
[67] and ephrins [71], are probably needed to specify
appropriate postsynaptic differentiation. Interestingly,
N-cadherin is found at hippocampal glutamatergic and
GABAergic synapses early in development and then lost
from GABAergic synapses [89]. Thus, cadherin isoforms
could also contribute to maintaining aspects of specificity.
Further studies of the roles of candidate molecules, and
simply identifying additional components of inhibitory
synapses, could be the next steps towards understanding
the basis for matching postsynaptic and presynaptic
components. The finding that a single protein family,
www.sciencedirect.com
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that of the neurexins and neuroligins, functions at both
excitatory and inhibitory synapses had been previously
predicted based on the existence of mismatched apposi-
tions in neurons that lack one type of input [90]. Although
there could be an evolutionary reason for using a single
protein family to build both glutamatergic and GABAergic
synapses, there could also be a functional reason. Sets of
neuroligins and neurexins with differential affinities
of interaction coupled with variations in expression level
of synapse-specific binding proteins such as PSD95 could
be used to control the balance of excitatory and inhibitory
inputs [59] (Dean and Dresbach, in this issue).

Size

At a typical CNS synapse composed of a single active zone,
the areas of the active zone and postsynaptic density, the
numbers of synaptic and docked vesicles and the volumes
of the axon varicosity and spine head are all highly
correlated [91–93]. This size correlation suggests a
coordinated regulation of presynaptic active zone and
bouton size with PSD and spine size via connecting
transmembrane and cytoskeletal proteins. Active zone
and PSD sizes range over about two orders of magnitude
[92,93]. However, rather than the size of a contiguous
active zone and apposed PSD increasing indefinitely,
strong synapses are split into multiple separate active
zones and PSD units, suggesting an inherent limit in the
size that an individual active zone and apposed PSD can
maintain. A classic example is the calyx of Held, a giant
glutamatergic terminal in the auditory brainstem that
maintains hundreds of active zones apposed to individual
PSDs on the soma of its target cell [94].

Remarkably, this size limit appears to hold even for
induced hemi-synapses. For example [60] (Figure 2b),
when neurexins are presented to a dendrite at high
concentration over the entire surface of a COS cell, they
can induce an apposed concentration of neuroligins over a
large surface area of a dendrite (more than tens of square
microns). Yet within this area, neurotransmitter receptors
and scaffolding proteins do not form one large continuous
aggregate but, rather, numerous smaller aggregates,
typical of the size of a synapse (%1 mm2). Even direct
aggregation of neuroligins on the dendrite surface using
beads of 3-mm diameter results in aggregation of smaller
clusters of postsynaptic receptors and scaffolding proteins
[60]. Likewise, induction of presynaptic hemi-synapses
with neuroligins or SynCAMs presented to axons over a
large area results in numerous separate active zones
[29,55] (Figure 2a).

Why is active zone and PSD size limited, and how is the
size maintained? Active zone size might be limited to
enable efficient retrieval of components from the edge of
an active zone following vesicle exocytosis. Similarly, on
the postsynaptic side, a limited PSD size might enable
rapid regulated insertion or removal of specific com-
ponents mediating functional regulation. Experimental
evidence supports the idea that endocytosis occurs at the
edge of both active zones and PSDs [95,96]. Mechan-
istically, size could be self-limiting. Considering the
synaptic unit of an active zone plus a PSD as a dynamic
assembly of protein–protein interactions, size could be
www.sciencedirect.com
determined by the concentrations and affinities of
interaction of the molecular players. Following an initial
nucleating event, the synaptic unit could rapidly reach a
steady-state size. The inverse correlation of synaptic
strength and density of innervation in hippocampal
cultures [97] supports the idea that neurons that have to
partition molecular players to a greater number of
synapses make smaller synapses.

Mechanisms that regulate the size of individual active
zone plus PSD units or the number of such units made
between partners are poorly understood for mammalian
CNS synapses. Such questions have been more exten-
sively studied in Drosophila and C. elegans, where
identified regulatory molecules include the cell-adhesion
molecule FasII, DLiprin-a/Syd-2 and its binding partner
DLar receptor tyrosine phosphatase, the guanine nucleo-
tide exchange factor and E3 ubiquitinating enzyme
Hiw/RPM-1, and the microtubule-affinity-regulating
kinase Sad-1 [98,99]. Mammalian homologs also function
in nervous system development, although perhaps not in a
directly analogous manner: Liprin and LAR are involved
in AMPA receptor trafficking and postsynaptic assembly
[100], and mouse Sad-1 mutants have defective neuronal
polarity [101]. An interesting twist is the finding that loss
of GAD, the GABA synthetic enzyme, regulates postsyn-
aptic glutamate receptor fields through alterations in
glutamate levels at the Drosophila neuromuscular junc-
tion [102]. At mammalian CNS synapses, size is also
regulated by activity [103]. There is further evidence that
certain key linking molecules, such as PSD95, could be
limiting and thus their cellular concentration might
directly regulate synapse size [104].

Another mechanism that might be used developmen-
tally to control synapse size could involve a specific
molecular border. Cadherins are concentrated at most if
not all developing synapses [89] and are generally
concentrated at one edge of many mature synapses
[105–107]. The molecular dimensions of trans-interacting
cadherins appear by structural studies and electron
tomography to generate an inter-membrane spacing of
w25 nm [108,109]. In addition, surface-force measure-
ments between opposing cadherin monolayers reveal an
attractive energy minimum at a distance of 25 nm, with
repulsive forces increasing significantly as the cadherin
monolayers are brought to within 20 nm [110]. These data
are inconsistent with inclusion of classical cadherins
within the width of a typical synaptic cleft (w20 nm)
[44]. By contrast, based on the structures of their major
domains, the bond lengths of the b-neurexin–neuroligin
pair and the ephrin-B2–EphB2 pair might be considerably
smaller (Figure 4). Studies of the immune synapse could
provide some clues as to how the extracellular domains of
cell-adhesion molecules define the spacing between the
two cell membranes and create distinct zones at a cellular
junction [111,112]. At the immune synapse, the LFA-1–
ICAM-1 pair (41-nm bond length) mediates initial
adhesion between the membranes. As the junction
develops, the T-cell-receptor–MHC pair (14-nm bond
length) occupies the central zone of contact while the
LFA-1–ICAM-1 pair segregates into a peripheral zone.
Whether neurexins and neuroligins or other cell-adhesion

http://dx.doi.org/doi:10.1016/j.tins.2005.11.003
http://www.sciencedirect.com


Review TRENDS in Neurosciences Vol.29 No.1 January 200616
molecules define synaptic cleft dimensions remains to be
determined. Interestingly, the slightly smaller cleft width
of inhibitory compared with excitatory synapses [113]
suggests a difference in composition of key cell-
adhesion molecules.
Longevity and plasticity

The majority of spine synapses in the mature brain are
stable for months [114,115], presumably through continual
replenishment of the synaptogenic signals. However, as
exemplified by studies of ephrins and Eph receptors [116]
and cadherins [117], the same molecules that function
centrally in synaptogenesis also contribute to activity-
dependent synaptic plasticity in more mature systems.
Such plasticity can occur through synapse assembly or
disassembly and through altering the strength of existing
synapses. Experimental alterations in levels of synapto-
genic signals, particularly neuroligins, can directly drive
synapse stabilization and disassembly in neuronal cultures
[59,61]. Altering the levels of neuroligins and/or PSD95
alters the density of both glutamatergic and GABAergic
synapses. Perhaps such mechanisms are utilized during
activity-dependent developmental sculpting of the nervous
system. It would be interesting to know whether the
neurexin–neuroligin system contributes to fine-scale
balancing of excitatory and inhibitory inputs within
dendritic branches [118]. As already mentioned, activity-
dependent release of BDNF from pyramidal neurons and
subsequent BDNF promotion of GABAergic interneuron
~25 nm

Classical cadherin pair

~

Figure 4. Comparison of predicted size differences between synaptic adhesion molec
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development is another mechanism regulating the balance
of excitation and inhibition.

Although it is uniformly accepted that activity sculpts
circuitry during development, the overall rules governing
this process in the CNS are not well understood. In one
elegant genetic study manipulating transmitter release or
excitability in subsets of olfactory neurons, axonal
misrouting and selective loss of defective neurons were
observed [119]. However, in simple culture systems,
neurons defective in release are not always at a
competitive disadvantage for maintaining synaptic term-
inals [120]. In multiple systems, reducing excitability by
expression of the KC channel Kir2.1 appears to have a
more drastic effect than blocking transmitter release by
expression of tetanus toxin light chain [119–121]. Further
studies into the nature of the activity sensor mediating
competitive reorganization, and consideration of possible
balancing effects of the limited resources of individual
neurons, are warranted.
Concluding remarks

A key question is whether any single factor or even single
family of proteins is essential for synaptogenesis. At
present, mutant mice for individual synaptogenic pro-
teins mentioned here are viable and form synapses.
Moreover, directed screens in C. elegans and Drosophila
have not revealed any proteins essential for basic synapse
assembly – that is, mutants completely lacking synapses
have not been found [98,99]. These results, or lack of
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them, suggest either that the key synaptogenic factors
have yet to be found and have additional functions earlier
in development, thus requiring different screening
strategies, or more likely that there is a high degree of
redundancy or compensation inherent in the process of
synaptogenesis. Furthermore, isolated motor neurons
and isolated muscles form hemi-synapses in vivo if
deprived of their targets [122,123]. Therefore, perhaps
all of these synaptogenic proteins are more involved in
defining the precise timing, spatial location and compo-
sition of synapses than in determining whether
synapses form.

Reconstructing aspects of synaptogenesis in cocultures
of neurons with non-neuronal cells and eventually in
purely non-neuronal cells and lipid bilayers, along with
complementary studies probing the in vivo requirements
for each of these synaptogenic molecules, will be key tools
for future research on the molecular basis of synapse
formation. Studies of the endogenous distributions and
local concentrations of the various synaptogenic molecules
before and during synaptogenesis will also be necessary
for understanding the synapse assembly process. For
example, the coculture studies indicate that a given
molecule can induce aspects of presynaptic or postsynaptic
differentiation, but it still needs to be determined when
that molecule is present at the appropriate location and
concentration to have a similar effect in vivo. As
previously mentioned, owing to the presence of multiple
family members for most of these synaptogenic proteins,
potential redundancy in function among families, and
participation of these proteins in other aspects of
development, in vivo knockout analyses to define the
precise functions of synaptogenic proteins will be challen-
ging. Such studies could be facilitated by the development
of better tools for quantitative pathway-specific assays of
synapse formation and stability, such as mouse subset
lines expressing tagged presynaptic and postsynaptic
markers [45,124,125].

A true understanding of the processes underlying
synapse assembly, leading to the ability to predict
synaptic competence, placement, size and composition,
will require mathematical modeling of the molecular
interactions involved within the context of an appropriate
morphological structure. Approaching such a goal will
first require studies to determine the absolute number
[126,127], structure and orientation [108,128], ultra-
structural localization [129], affinities and strength of
interactions [110,130] of each molecule at glutamatergic
and GABAergic synapses. Models based on current
information about synaptic assemblies are already
providing insights about modes of synaptic transmission
[131,132]; such models could be extended in the future for
a better understanding of the process of synapse
assembly itself.
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