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Summary
Formation of synaptic connections requires alignment of neurotransmitter receptors on postsynaptic
dendrites opposite matching transmitter release sites on presynaptic axons. β-neurexins and
neuroligins form a trans-synaptic link at glutamate synapses. We show here that neurexin alone is
sufficient to induce glutamate postsynaptic differentiation in contacting dendrites. Surprisingly,
neurexin also induces GABA postsynaptic differentiation. Conversely, neuroligins induce
presynaptic differentiation in both glutamate and GABA axons. Whereas neuroligins-1, -3, and -4
localize to glutamate postsynaptic sites, neuroligin-2 localizes primarily to GABA synapses. Direct
aggregation of neuroligins reveals a linkage of neuroligin-2 to GABA and glutamate postsynaptic
proteins, but the other neuroligins only to glutamate postsynaptic proteins. Furthermore, mislocalized
expression of neuroligin-2 disperses postsynaptic proteins and disrupts synaptic transmission. Our
findings indicate that the neurexin-neuroligin link is a core component mediating both GABAergic
and glutamatergic synaptogenesis, and differences in isoform localization and binding affinities may
contribute to appropriate differentiation and specificity.

Introduction
During brain development, billions of neurons must connect to one another with extraordinary
specificity, creating specialized junctions that transmit signals with high speed and spatial
precision. Neurotransmitter-filled vesicles and regulated release machinery in the presynaptic
axon must be aligned precisely with appropriate receptors and associated scaffolding and
signaling proteins in the postsynaptic dendrite. At the vertebrate neuromuscular junction, agrin
from the motoneuron axon induces acetylcholine receptor clustering on the postsynaptic
muscle surface (Sanes and Lichtman, 2001). In the mammalian brain, excitatory glutamatergic
and inhibitory GABAergic synapses form the basis of most circuits. However, the signals that
induce the postsynaptic differentiation of these major CNS synaptic types are unknown.

Recently, neuroligins and synCAMs have been shown to induce presynaptic differentiation in
glutamatergic axons (Biederer et al., 2002; Scheiffele et al., 2000). Neuroligins are postsynaptic
transmembrane proteins produced from at least four genes, each with several splice variants
(Bolliger et al., 2001; Ichtchenko et al., 1996). Intracellularly, neuroligins bind to the PDZ
domain of PSD-95 (Irie et al., 1997), a scaffolding protein in excitatory synapses.
Extracellularly, neuroligins bind to β-neurexins but not α-neurexins (Ichtchenko et al., 1995).
Neurexins are presynaptic transmembrane proteins present in many variants, generated from
three genes with two promoters each and many alternative splice sites (Tabuchi and Sudhof,
2002). Neurexins associate with synaptic vesicles by interaction with presynaptic scaffolding
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proteins such as CASK and Mints and direct binding to synaptotagmin (Biederer and Sudhof,
2000; Hata et al., 1993). Thus, the neurexin-neuroligin link may act as a trans-synaptic bridge
bringing vesicles into alignment with the postsynaptic density. This hypothesis gained support
when Scheiffele et al. (2000) demonstrated that neuroligin expressed on nonneuronal cells
clustered synaptic vesicles in contacting glutamatergic axons. Moreover, antibody-induced
clustering of recombinant neurexin directly induced the coclustering of synaptic vesicles (Dean
et al., 2003).

There have been no reports of molecules that can induce postsynaptic differentiation of
glutamatergic or GABAergic synapses, like agrin does at the neuromuscular junction. Other
protein families found at glutamatergic synapses include cadherins, protocadherins, and CNRs,
ephrins and Eph receptors, and neuronal activity-regulated pentraxin (Narp) (Craig and Boudin,
2001; Garner et al., 2002; Yamagata et al., 2003). Ephrins binding to EphB receptors can
promote NMDA receptor aggregation and spine maturation (Dalva et al., 2000; Henkemeyer
et al., 2003) but do not induce clustering of scaffolding proteins such as PSD-95 that normally
cluster at developing synapses prior to receptors (Friedman et al., 2000; Rao et al., 1998). Narp
appears to have a specialized function in regulating the synaptic density of AMPA receptors
on aspiny neurons (O’Brien et al., 1999). Thus, ephrins and Narp are unlikely to be initial
triggers for postsynaptic differentiation.

We reasoned that neurexins may be good candidates for inducing postsynaptic differentiation
at glutamate synapses. In addition to transducing the signal from neuroligins to mediate
synaptic vesicle clustering in the axon, they may actively signal to neuroligins to promote
clustering of PSD-95 and glutamate receptors in the dendrite. We show here that not only do
neurexins induce glutamatergic postsynaptic differentiation, but surprisingly they also induce
clustering of GABA receptors and inhibitory postsynaptic scaffolding molecules via neuroligin
family members.

Results
Synaptogenic Activity of Neuroligin

Given that β-neurexins are expressed in both excitatory and inhibitory neurons, as assayed by
in situ hybridization (Ullrich et al., 1995), we investigated whether neuroligin could induce
presynaptic differentiation in both excitatory and inhibitory axons. We cultured COS cells
transfected with neuroligin on top of one-week-old dissociated hippocampal cultures grown
by the Banker method (Goslin et al., 1998). The cocultures were immunostained for glutamic
acid decarboxylase 65 (GAD65), an enzyme that converts glutamate into GABA in GABAergic
axons, and vesicular glutamate transporter 1 (VGlut1), a protein that transports glutamate into
glutamatergic synaptic vesicles. Absence of immunoreactivity for postsynaptic antigens
distinguished GAD65 and VGlut1 clusters induced by neuroligins from the few endogenous
synapses that happen to lie under transfected fibroblasts. Neuroligin-1 and -2 induced
clustering of both VGlut1-positive glutamatergic and GAD65-positive GABAergic synaptic
vesicles in contacting axons (Figures 1A and 1B and Supplemental Figure S1 at
http://www.cell.com/cgi/content/full/119/7/1013/DC1/). Furthermore, recombinant CFP-
neurexin-1β localized to presynaptic specializations in both excitatory and inhibitory neurons,
coclustering with synaptophysin-YFP and endogenous VGlut1 and GAD (Supplemental
Figure S2 on the Cell website). Thus, β-neurexins are expressed by excitatory and inhibitory
neurons, tagged neurexin-1β localizes to presynaptic sites in glutamatergic and GABAergic
axons, and neuroligins induce clustering of synaptic vesicles in both glutamatergic and
GABAergic axons, presumably by binding to neurexins.
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Synaptogenic Activity of Neurexin
To determine whether β-neurexins have synaptogenic activity, we tested the ability of
neurexin-1β conjugated with cyan fluorescent protein (CFP) at its intracellular C terminus to
cluster postsynaptic proteins in a neuron-fibroblast coculture assay. We found that COS cells
expressing neurexin-CFP induced clusters of the PSD-95 family of excitatory postsynaptic
scaffolding proteins in contacting dendrites (Figure 1C). Surprisingly, even stronger clustering
occurred for gephyrin, a scaffolding protein found exclusively in inhibitory synapses (Figure
1C). The clustering of scaffolding proteins often occurred at the edges of COS cells, where the
fibroblast cells were most likely in greatest contact with their environment. The great majority
(93%–97%) of gephyrin and PSD-95 clusters associated with COS cells expressing neurexin-
CFP lacked synapsin immunoreactivity, indicating that neurexin actively induced the
clustering of gephyrin and PSD-95 rather than influencing the formation of endogenous
synapses. Although neurexin-induced clustering of gephyrin and PSD-95 often occurred on
the same dendrite, gephyrin and PSD-95 clusters were generally distinct, partially overlapping
but primarily nonoverlapping (Figure 1C, inset). Such clustering of PSD-95 and gephyrin was
never seen at dendrite contacts with COS cells expressing CFP, mCFP (membrane-associated
CFP via the GAP-43 fatty acylation signal), or other neuronal cell adhesion proteins N-cadherin
or NgCAM/L1 (Figure 1 and Supplemental Figure S3 on the Cell website). Quantitation of
synapsin-immunonegative clusters on dendrites underlying transfected fibroblasts revealed a
significant increase in cluster number and total intensity of both gephyrin and PSD-95 for cells
expressing neurexin-CFP compared with mCFP control (Figures 1E and 1F). The number of
synapsin-immunopositive gephyrin and PSD-95 puncta was not different under neurexin-CFP
versus CFP transfected fibroblast cells (4.7 ± 1.1 versus 7.1 ± 1.1 respectively, p > 0.1),
suggesting that axon and dendrite area under the two conditions was similar.

Induced clustering of gephyrin and PSD-95 by neurexin was consistently observed with rat or
mouse hippocampal neurons grown for 2 days to >2 weeks in culture and with either COS or
CV1 cells. Even immature neurons lacking endogenous synapses exhibited clusters of gephyrin
and PSD-95 precisely colocalized to sites of contact with COS cells expressing neurexin-CFP
(Supplemental Figure S4 on the Cell website). Clusters of PSD-95 and gephyrin were observed
in >60% of immature 2- to 3-day-old neurons overlapping COS cells expressing neurexin-CFP
versus only 15% of sister neurons overlapping COS cells expressing mCFP (n = 20). Neurexin-
induced clustering of gephyrin and PSD-95 was observed on dendrites of both pyramidal
neurons and interneurons (data not shown). Furthermore, neurexin induced multiple aspects
of glutamatergic post-synaptic differentiation (Supplemental Figure S5 on the Cell website),
including clustering of GKAP, another glutamatergic postsynaptic scaffolding protein, and
Syn-GAP, a glutamatergic postsynaptic signal transducing enzyme (Kennedy, 2000; Sheng
and Kim, 2002).

We further assayed the ability of neurexin-1β to cluster neurotransmitter receptors (Figures
2A–2C versus mCFP control in Supplemental Figures S6A–S6C on the Cell website and data
not shown). Neurexin induced clustering of GABAA receptor subunits γ2 and α2 just as
strikingly as gephyrin. Neurexin also induced clustering of the essential NR1 subunit of NMDA
receptors. However, we did not observe clustering of the AMPA receptor subunits GluR1 or
GluR2, suggesting that other proteins or cellular mechanisms are required. We quantified the
number and total integrated intensity of these clusters and found a significant increase in
nonsynaptic GABA receptor and NMDA receptor clusters, but not AMPA receptor clusters,
in dendrites associated with fibroblasts expressing neurexin-CFP compared with mCFP
(Figures 2D and 2E). To confirm that the induced receptor clusters were on dendrites, separate
cocultures were immunolabeled for each of the receptors and the dendrite marker MAP2
(Supplemental Figures S7A–S7C on the Cell website). Using live cell antibody labeling, we
found that the nonsynaptic neurexin-induced clusters of GABAA receptor are on the surface
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of dendrites (Supplemental Figures S7D and S7E on the Cell website) and thus presumably
functional.

Neurexin LNS Domain Mediates Synaptogenic Activity
The mature extracellular region of neurexin-1β consists of a 38 aa β-neurexin-specific
sequence, a single 178 aa LNS domain, and a 102 aa glycosylated sequence (Ushkaryov et al.,
1992). To determine which region(s) are responsible for neurexin-induced clustering of
postsynaptic proteins, we created a series of mutations in which each individual region was
deleted and assayed synaptogenic activity in the neuron-fibroblast coculture. We found that
the LNS domain is responsible for clustering both gephyrin and PSD-95 (Figure 1G). While
deletion of the β-neurexin specific region did not affect clustering of either gephyrin or PSD-95,
deletion of the LNS domain fully abolished clustering of both proteins. Functional impairment
caused by the full deletion of the glycosylated region may have been due to placement of the
LNS domain too close to the membrane, rather than loss of essential activity of the glycosylated
region since deletion of either half had no impact (a conclusion further supported by Figure 4
below).

To determine whether the LNS domain of neurexin-1β in particular is essential for induced
clustering or whether any LNS domain in general will suffice, we tested both full-length agrin
and a neurexin-1β construct replacing the LNS domain with the C-terminal LNS domain of
agrin containing the 8 aa insert at the z splice site. This agrin LNS domain is responsible for
clustering acetylcholine receptors at the neuromuscular junction (Gesemann et al., 1995) and
exhibits remarkable structural similarity with the neurexin LNS domain (Rudenko et al.,
1999). Expression of either full-length agrin or the neurexin construct swapping in the agrin
LNS domain in fibroblasts resulted in a complete lack of clusterinducing activity for gephyrin
or PSD-95 at contact sites with dendrites (Figure 1G and Supplemental Figures S8A–S8C on
the Cell website; Serpinskaya et al., 1999). Confocal analysis indicated that each of the inactive
constructs, including the agrin LNS swap, did reach the cell surface (Supplemental Figures
S8D–S8I on the Cell website). Thus, specifically the neurexin-1β LNS domain, and not the
LNS domain from agrin or full-length agrin induces clustering of glutamatergic and
GABAergic postsynaptic proteins.

Neurexin Clusters Neuroligins but Not Dystroglycan
What is neurexin binding to on the dendrite to mediate postsynaptic differentiation? Neurexin
likely clusters PSD-95 and NMDA receptors by binding to neuroligin. Neuroligin-1 localizes
specifically to excitatory synapses (Song et al., 1999) and directly binds PSD-95 (Irie et al.,
1997). But if it localizes only to glutamatergic synapses, it is a poor candidate for mediating
gephyrin and GABA receptor clustering. On the other hand, neurexins are reported to bind to
α-dystroglycan (Sugita et al., 2001), a component of a subset of inhibitory synapses (Knuesel
et al., 1999; Levi et al., 2002). Thus, we tested whether neurexin can cluster dystroglycan in
contacting dendrites. We found that neither α-dystroglycan (Supplemental Figure S9A on the
Cell website) nor β-dystroglycan (Figure 3A) was clustered by neurexin in the coculture assay.
These results suggest that dystroglycan is not essential for the neurexin-induced clustering of
postsynaptic proteins.

We turned our attention more closely to the role of neuroligins (Figure 3 and Supplemental
Figure S9 on the Cell website). We tagged the mature N terminus of neuroligins-1 and -2 with
yellow fluorescent protein (YFP), expressed these constructs in neurons at low level, and
performed the coculture assay. Indeed, neurexin-1β-CFP presented on COS cells induced
clustering of YFP-neuroligins-1 and -2 in contacting dendrites. The dendritic areas of clustering
of YFP-neuroligins-1 and -2 overlapped considerably with the sites of clustering of PSD-95
and gephyrin, but were more extensive. This result was confirmed using an antibody against
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endogenous neuroligin-2: it clustered in dendrites at sites of contact with fibroblasts expressing
neurexin-CFP but not mCFP. The dendritic areas of induced clustering of YFP-neuroligin-1
and endogenous neuroligin-2 overlapped extensively. Furthermore, the clusters of gephyrin
and PSD-95 tended to occur within the regions of clustered neuroligins. Interestingly, when
we compared the degree of overlap of gephyrin or PSD-95 with neuroligin-2 at sites of contact
with fibroblasts expressing neurexin-CFP by confocal microscopy, there appeared to be some
selectivity (Figure 3E). Whereas 85% ± 2% of gephyrin clusters colocalized with clustered
neuroligin-2, only 58% ± 2% of PSD-95 clusters colocalized with clustered neuroligin-2 (n =
19 cells, p < 0.001). These results support the idea that neurexin induces clustering of
glutamatergic and GABAergic postsynaptic proteins via binding neuroligins and that different
neuroligin isoforms may help mediate specificity.

Purified Neurexin Coclusters Neuroligins with Postsynaptic Proteins
We next purified recombinant soluble neurexin-Fc (the leader sequence and neurexin LNS
domain fused to the human Ig constant region), attached this neurexin-Fc to beads, and tested
synaptogenic activity. Purified neurexin-Fc on beads induced aggregation of gephyrin,
PSD-95, GABA receptor, and NR1 at contact points with neuronal dendrites (Figures 4A–
4AC). These induced clusters lacked synapsin immunoreactivity, were generally brighter than
the endogenous synaptic clusters, and could often be seen to follow the contour of beads or
bead aggregates. About 15%–20% of apparent bead contact sites with dendrites exhibited
induced clustering of gephyrin and PSD-95. The induction of postsynaptic protein clustering
required the LNS domain of neurexin. Among hundreds of apparent contact sites of dendrites
with similarly generated beads bearing neurexin-Fc deleted for the LNS domain, none
exhibited nonsynaptic clusters of gephyrin or PSD-95 (data not shown). Thus, purified neurexin
alone is synaptogenic and does not require any accessory component from transfected
fibroblasts. This experiment also confirms the requirement for the neurexin LNS domain and
the lack of requirement for the glycosylated region.

We next added beads bearing neurexin-Fc to neurons expressing low levels of YFP-
neuroligin-1 or YFP-neuroligin-2 and immunolabeled for gephyrin and PSD-95 (Figures 4D
and 4E). All bead-induced aggregates of YFP-neuroligins coaggregated gephyrin and PSD-95.
Conversely, beads in apparent contact with transfected neuron dendrites that did not aggregate
YFP-neuroligins did not aggregate gephyrin or PSD-95. Perhaps these particular beads lacked
sufficient local concentration of neurexin-Fc or were not in close enough contact with the
dendrites. This 1:1 correspondence supports the idea that neuroligins may mediate the ability
of neurexin to induce local aggregation of postsynaptic scaffolding proteins and receptors.

Neuroligin Aggregation Alone Is Synaptogenic
Our results to this point are compatible with three general mechanisms for postsynaptic
differentiation. One, as suggested above, is that neurexin-induced aggregation of neuroligins
may be the primary and only necessary signal for inducing coaggregation of scaffolding
proteins and receptors. Alternatively, neuroligins may be passively aggregated along with
something else that actively transduces the signal from neurexins to postsynaptic scaffolds and
neurotransmitter receptors. A third intermediate scenario is that aggregation of the scaffolding
proteins and neurotransmitter receptors may require aggregation of neuroligins plus other
pathways set in motion by local presentation of neurexins to dendrites. To differentiate among
these possibilities, we locally aggregated neuroligins independently of neurexins. Transfection
of neurons with low levels of YFP-neuroligin followed by application of beads bearing anti-
YFP antibodies resulted in local clustering of the YFP-neuroligin on the surface of transfected
dendrites. Such direct aggregation of YFP-neuroligin-1 resulted in coaggregation of PSD-95
but not gephyrin (Figure 5A). Fluorescence intensity associated with the clustered YFP-
neuroligin-1 normalized to the mean dendrite intensity was 2.01 ± 0.14 for PSD-95 and 1.16
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± 0.09 for gephyrin (n = 20). In contrast, direct aggregation of YFP-neuroligin-2 resulted in
coaggregation of PSD-95 and gephyrin, gephyrin to a greater extent than PSD-95 (Figure 5B).
Fluorescence intensity associated with the clustered YFP-neuroligin-2 normalized to the mean
dendrite intensity was 1.67 ± 0.12 for PSD-95 and 2.26 ± 0.24 for gephyrin (n = 20). Gephyrin
and PSD-95 could both be aggregated by a single bead but in different subregions of the
concentrated YFP-neuroligin-2, with PSD-95 often filling in the smaller portion not occupied
by gephyrin.

The neuroligin family is comprised of at least four genes (neuroligins-1 to -4 and -4Y in
humans; Bolliger et al., 2001; Jamain et al., 2003). To assess the molecular linkages of the
other neuroligins, we expressed YFP-neuroligin-3 and YFP-neuroligin-4 in cultured neurons
and aggregated these with the anti-YFP beads. Like neuroligin-1, aggregation of either
neuroligin-3 or -4 resulted in coaggregation of PSD-95 but not gephyrin (data not shown). This
result differs from that of presenting neurexin-Fc on beads; neurexin presumably aggregates
all endogenous neuroligins including neuroligin-2, thus leading to local aggregation of both
PSD-95 and gephyrin (Figure 4). First, these results indicate that aggregation of neuroligins is
sufficient to induce postsynaptic protein clustering; no other events are needed to transduce
the signal from neurexins. Second, there is some degree of specificity: neuroligins-1, -3, and
-4 link only to glutamatergic postsynaptic proteins, but neuroligin-2 can link to both
glutamatergic and GABAergic postsynaptic proteins.

Neuroligins Localize to GABA and Glutamate Synapses
Whereas endogenous neuroligin-1 localizes to glutamate but not GABA synapses in the brain
(Song et al., 1999), the subcellular localization of the other neuroligins is not known. We thus
determined the distribution of endogenous neuroligin-2 in hippocampal neurons. Neuroligin-2
immunoreactivity was highly punctate in dendrites but did not colocalize with the
glutamatergic synaptic proteins PSD-95 or VGlut1 (Figure 6A). Instead, neuroligin-2
coclustered precisely with gephyrin apposed to GAD-immunoreactive terminals (Figure 6B).
The selective distributions of the neuroligin isoforms were further confirmed by expression of
YFP-neuroligins-1 and -2 in neurons at very low levels. YFP-neuroligin-1 was partially diffuse
and partially concentrated at glutamate postsynaptic sites, colocalizing with PSD-95 and
VGlut1 (Figure 6C). In contrast, YFP-neuroligin-2 was highly punctate and did not colocalize
with PSD-95 or VGlut1 but rather coclustered tightly with gephyrin opposite GAD-
immunopositive terminals (Figure 6E). This distribution was unaffected by the presence or
absence of splice site B in the acetylcholinesterase-like domain of YFP-neuroligin-2; similarly,
spliced forms of YFP-neuroligins-1 and -2 (A2+B+) exhibited the differential localization to
glutamate versus GABA postsynaptic sites (data not shown). How is this apparent localization
of neuroligin-2 exclusively to GABAergic synapses compatible with its apparent association
with PSD-95 and other glutamatergic postsynaptic proteins in our experiments and in previous
studies? A very recent report by Prange et al. (2004) suggested a resolution to this question.
They found that the level of PSD-95 in a neuron controls the balance between excitatory and
inhibitory synapses. For example, overexpressing PSD-95 increased levels of neuroligin-1 at
glutamate synapses, reduced the percentage of GABAergic relative to glutamatergic inputs,
and reduced mIPSC frequency (Prange et al., 2004). We reasoned that perhaps high levels of
PSD-95 in a neuron can recruit neuroligin-2 from GABA to glutamate synapses. Indeed, we
found that expression of PSD-95-CFP to increase levels of PSD-95 resulted in a redistribution
of YFP-neuroligin-2 from exclusively GABAergic synapses to both GABAergic and
glutamatergic synapses (Figure 6F). Thus, depending on the level of endogenous PSD-95,
neuroligin-2 may be exclusively clustered at inhibitory synapses or clustered at both inhibitory
and excitatory synapses. In contrast, YFP-neuroligin-3 and -4 behaved essentially identically
to neuroligin-1; all were partially diffuse and partially clustered at glutamatergic synapses
alone, aggregated more at glutamate synapses with higher levels of PSD-95, but not
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concentrated at GABA synapses (data not shown). Thus, neuroligin-2 appears unique in its
ability to associate with GABA synapses and to shuttle between GABA and glutamate
synapses.

Mislocalized Expression of Neuroligin Disrupts Synapses
We next determined whether neuroligins play an active role in endogenous glutamatergic and
GABAergic synapse formation. We expressed neuroligin-2 tagged with HA at its N terminus
(HA-neuroligin-2) at high level so that it would mislocalize in cultured neurons to cover the
entire dendritic surface. If neuroligin has a key role in synaptogenesis, the excess
nonsynaptically localized neuroligin might be expected to disperse other synaptic components
away from synapses. Indeed, mislocalized expression of HA-neuroligin-2, but not HA-CD8,
used as a control, reduced both GABAergic and glutamatergic dendritic postsynaptic protein
clusters, dispersing PSD-95, gephyrin, GABAR, and NR1 (Figure 7A). The number, total area,
and total intensity of dendritic clusters of all postsynaptic proteins assayed were significantly
reduced in the HA-neuroligin-2 expressing neurons as compared to neurons expressing HA-
CD8 (Figures 7B–7D). These neurons still received glutamatergic and GABAergic axon
presynaptic contact, often to a greater extent than control due to the synaptogenic activity of
neuroligins (data not shown).

To further characterize the role of neuroligins in functional synaptogenesis, we performed
whole-cell patch clamp recordings in voltage clamp mode for neurons expressing either HA-
neuroligin-2 or HA-CD8. Neurons were cotransfected with YFP to mark expressing cells;
separate experiments confirmed that all of 50 neurons assayed expressing YFP coexpressed
mislocalized HA-neuroligin-2. Mislocalized expression of HA-neuroligin-2, but not HA-CD8,
significantly reduced frequency and amplitude of both AMPA-mediated miniature excitatory
postsynaptic currents (mEPSCs) and GABAA-mediated miniature inhibitory postsynaptic
currents (mIPSCs) (Figures 7E–7H). Several cells expressing HA-neuroligin-2 had no
detectable events in 5 min of recording, and the others fell below or in the lowest range of the
control group frequency. For the neuroligin-expressing cells exhibiting mPSCs, the amplitudes
were reduced, with the mean values per cell all falling below the control range. Thus,
mislocalized expression of HA-neuroligin-2 in neurons disrupts synaptic protein localization
and synaptic transmission. These results suggest that neuroligins are an essential postsynaptic
component for maintaining both glutamatergic and GABAergic synapses.

Discussion
We present here evidence that neurexins and neuroligins are essential for GABAergic and
glutamatergic synaptogenesis and sufficient to trigger this process. Neurexins at glutamate
synapses actively signal to dendrites to trigger clustering of glutamate postsynaptic scaffolding
proteins, signal transducing enzymes, and NMDA glutamate receptors. The signaling
mechanism occurs by simple aggregation of neuroligins. Disruption of the neurexin-neuroligin
system results in disassembly of existing glutamate synapses and loss of transmission.
Moreover, the role of neurexins and neuroligins is not restricted to glutamate synapses.
Although we initially assessed GABAergic synapses as an expected negative control, the
evidence pointing to a central role for neurexins and neuroligins at GABA synapses is as
compelling as for glutamate synapses. We conclude that neurexins and neuroligin-2 mediate
GABAergic synaptogenesis based on the following findings: (1) neuroligin induces clustering
of GAD and vesicular GABA transporter (VGAT) presynaptically, (2) neurexin induces
clustering of gephyrin and GABAA receptors postsynaptically, (3) neurexin concentrates at
GABAergic boutons, (4) neuroligin-2 concentrates at GABAergic postsynaptic sites, (5) direct
aggregation of neuroligin-2 induces coaggregation of gephyrin, and (6) mislocalized
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expression of neuroligin-2 to disrupt localized function disperses existing GABAA receptors
and gephyrin and reduces mIPSC frequency and amplitude.

Mechanisms of Postsynaptic Differentiation: Glutamate Synapses
Our results support a simple mechanism underlying neurexin induction of postsynaptic
differentiation by a protein-protein interaction cascade (Supplemental Figure S10 on the Cell
website). Focal presentation of neurexin aggregates neuroligins, which can bind and thus
aggregate PSD-95 and the closely related MAGUKs, which can bind and thus aggregate NR2,
SynGAP, and GKAP. Further interactions of each of these components with additional proteins
could lead to local aggregation of nearly all known components of glutamatergic postsynaptic
sites (Kennedy, 2000; Sheng and Kim, 2002). Such a mechanism would be fundamentally
different from the mechanism of acetylcholine receptor clustering at the neuromuscular
junction, where agrin binding to a coreceptor activates MuSK tyrosine kinase activity, and this
kinase activity is essential for postsynaptic differentiation (Sanes and Lichtman, 2001).

There are a couple of additional refinements to the model necessary to explain all of the
experimental observations. First, neurexins induced clustering of PSD-95 but not AMPA
receptors, even though stargazin family proteins that can link PSD-95 and AMPA receptors
are expressed by these neurons. Neuroligins are likely necessary for proper AMPA receptor
localization as indicated by the reduction in mEPSC frequency and amplitude with mislocalized
neuroligin expression. Thus, some other signal presented by the glutamatergic axon, in addition
to neurexin, is necessary to cluster AMPA receptors. Second, the area of clustering of the
scaffolding proteins and receptors was often smaller than the area of clustering of the
neuroligins, both in dendrites contacting COS cells expressing neurexins (Figures 3D and 3E)
and in clusters of YFP-neuroligins induced by anti-YFP beads (Figure 5). These data suggest
that the presence of concentrated neuroligin on the dendrite surface is necessary but not
sufficient to induce completely colocalized aggregation of a postsynaptic complex. Other
intracellular mechanisms within the dendrite may limit the size of aggregates of other
postsynaptic proteins within the neuroligin-positive dendrite regions.

Mechanisms of Postsynaptic Differentiation: GABA Synapses
We show here that neurexins and neuroligins function directly at GABAergic synapses, not
just at glutamatergic synapses as previously thought. A simple model is that local aggregation
of neuroligin-2 in dendrites induced by local presentation of neurexins on GABA axons
mediates GABAergic synaptogenesis (Supplemental Figure S10 on the Cell website).
Neuroligin-2 is not known to bind gephyrin or GABAA receptors, and we could find no
evidence for direct interaction in cotransfected fibroblasts, in contrast to evidence for
interaction of neuroligins with PSD-95 (data not shown). Further studies will be required to
determine how neuroligin-2 localizes to GABA synapses, and what intermediary proteins form
a link from neuroligin-2 to gephyrin and GABA receptors. As for glutamatergic synapses, the
simplest model would be coaggregation of postsynaptic components by high-affinity protein-
protein interactions. In addition, even though α-neurexins are unable to bind to neuroligins
(Ichtchenko et al., 1995), they may still play some role in GABAergic synaptogenesis.
Neurexophilins, secreted proteins that bind to the second LNS domain of α-neurexins, are
selectively expressed by inhibitory interneurons (Missler et al., 1998; Petrenko et al., 1996).
Furthermore, mice lacking all three α-neurexins, while maintaining expression of the three β-
neurexins, develop a normal density of glutamate synapses but only half the normal density of
GABA synapses (Missler et al., 2003).

Much less is known about mechanisms of GABAergic compared with glutamatergic
synaptogenesis. A major neurexin binding protein associated with GABA synapses is
dystroglycan, but its role is poorly understood. Neurexins induced aggregation of gephyrin and
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GABA receptors but not dystroglycan. Thus, our current data are in agreement with previous
studies indicating that dystroglycan is not essential for GABAeric synaptogenesis (Levi et al.,
2002; Moore et al., 2002). Gephyrin itself contributes but is not essential for GABAergic
synaptogenesis (Fischer et al., 2000; Levi et al., 2004). Other identified GABAA receptor
interacting proteins including GABARAP and Plic-1 ubiquitin-like protein are involved more
in regulation of GABAA receptor trafficking outside the synapse (Luscher and Keller, 2004).
Identification here of neuroligin-2 as a major player at GABAergic postsynaptic sites may be
a first step toward identifying interacting partners essential for GABAergic synaptogenesis.

Neurexins and Neuroligins: Specific or Generic Synaptogenic Signals?
An interesting issue raised by our findings is to what degree neurexins and neuroligins specify
glutamatergic versus GABAergic synapse formation versus function as generic factors in
assembly of both synapse types. There exist up to 3908 different neurexin isoforms (Tabuchi
and Sudhof, 2002) and up to 40 neuroligin isoforms (Bolliger et al., 2001). Although detailed
characterizations of the potential interactions are still in progress, it is clear that assorted
neurexin isoforms have different binding affinities to the various neuroligins (Ichtchenko et
al., 1996). One extreme view would be that neurexins and neuroligins participate in
synaptogenesis but have nothing to do with specifying synaptic type. This view is not well
supported by our data; it seems incompatible with the localization of neuroligin-2 but not the
other neuroligins to GABAergic synapses (Figure 6), and incompatible with the ability of
neuroligin-2 but not the other neuroligins to aggregate gephyrin (Figure 5). The other extreme
possibility is that neurexins and neuroligins specify synapse type. One could imagine that
GABAergic neurons express specific sets of neurexins with greatest affinity for neuroligin-2.
This could lead to local aggregation of neuroligin-2 triggering local GABAergic postsynaptic
differentiation. In an analogous way, glutamatergic synaptic differentiation could be specified
by expression of neurexins with greatest affinity for neuroligins-1, -3, and -4. Current data
support this idea in part but indicate that the situation is more complicated. Recombinant
neuroligins-1 and -2 bind apparently equally well to PSD-95 (Irie et al., 1997 and data not
shown). Furthermore, we show here a link between neuroligin-2 and PSD-95 or glutamatergic
synapses in neurons, albeit under artificial conditions of induced neuroligin-2 aggregation or
mislocalized expression or PSD-95 overexpression (Figures 5-7). These data suggest that some
additional mechanism is needed to specify GABAergic postsynaptic differentiation. It is
tempting to speculate that such an additional mechanism may involve proteins that interact
directly with the neurexin-neuroligin system.

It is interesting that excitatory and inhibitory neurons would utilize a shared family of proteins
for glutamatergic and GABAergic synapse formation. The existence of a shared synaptogenic
family of proteins with different affinities of interactions was suggested previously based on
the finding of junctions with incorrectly apposed pre- and postsynaptic components in cultured
hippocampal neurons receiving only either glutamatergic or GABAergic input (Rao et al.,
2000). Key future studies will be to determine the phenotype of neurons lacking specific
neuroligins and specific neurexins. Viability of mice lacking neuroligin-1 (Song et al., 1999)
indicates some redundancy in the system. Our data also reveal an apparent similarity in
neuroligins-1, -3, and -4 with respect to localization and coaggregation with PSD-95. However,
linkage of mutations in the X-linked genes encoding neuroligins-3 and -4 to autism and mental
retardation (Jamain et al., 2003; Laumonnier et al., 2004) reveals some selectivity in function
of neuroligin isoforms for human brain development and cognition.

While our model suggests a specific role for different neurexin and neuroligin isoforms, we
further propose that this specificity may be highly dependent on the stoichiometric ratios of
the major molecular players, and loss or overexpression of individual components may have
more widespread effects. For example, in the cocultures or on beads, the presentation of
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neurexin-1β at high levels to dendrites presumably resulted in interactions with multiple
neuroligins, thus inducing both glutamatergic and GABAergic postsynaptic differentiation.
Furthermore, increasing the level of PSD-95 recruits all neuroligins, including neuroligin-2,
to glutamate synapses and increases glutamatergic synaptic input while reducing GABAergic
synaptic input (Prange et al., 2004; Figure 6). Perhaps the action of PSD-95 recruiting
neuroligin-2 away from GABA synapses may be what leads to GABA synapse disassembly
in this scenario. Neurons may utilize this shared synaptogenic family of neurexins and
neuroligins, and particularly the ability of neuroligin-2 to shuttle between synapse types, to set
the balance of excitatory and inhibitory inputs to their dendritic trees.

Experimental Procedures
Cell Culture

Hippocampal neuron cultures were prepared from E18 rat embryos using previously described
methods (Goslin et al., 1998). Neurons were grown on coverslips inverted over an astroglia
feeder layer in serum-free media. Neurons were treated with either 100 μM APV (Research
Biochemicals) or 10 μM MK-801 (Alexis) beginning on day 7. Neurons were transfected at 9
DIV using Lipofectamine 2000 (Invitrogen).

COS-7, CV1, and HEK cell lines were maintained in DMEM supplemented with 10% FBS
and 1% penicillin/streptomycin. For fibroblast-neuron cocultures, COS-7 or CV1 cells were
transfected with Effectene (Qiagen) and trypsinized 24 hr later. Cells were washed twice, plated
onto neurons, and the cocultures were maintained for 24 hr before fixation.

Bead Experiments
Soluble neurexin-Fc (human IgG) or neurexinΔLNS-Fc were expressed in COS cells. Protein
was collected in serum-free media, purified with protein A columns from an ImmunoPure IgG
purification kit (Pierce), and concentrated in PBS with Centricon filters (Millipore). For bead
experiments, nonfluorescent Neutravidin labeled FluoSpheres (Molecular Probes) with a
diameter of 1 μm were incubated with either biotin conjugated anti-GFP (here called anti-YFP;
Rockland Immunochemicals) or biotin conjugated anti-human IgG (Jackson
ImmunoResearch). The beads were rinsed in PBS, and the anti-human IgG bound beads were
further incubated in either soluble neurexin-Fc or soluble neurexinΔLNS-Fc. One day after
beads had attached to the neurons, the cells were fixed and stained.

DNA Constructs
The expression vector for soluble neurexin-1β-Fc containing aa 1–262 of mouse
neurexin-1β was received from P. Scheiffele (Columbia University; Scheiffele et al., 2000).
Soluble neurexinΔLNS-Fc was created by deleting the entire LNS domain (aa 84–261). To
create neurexin-1β-CFP, aa 262–438 of neurexin-1β were cloned by PCR from Marathon rat
brain cDNA (Clontech). The resulting product was fused to aa 1–262 from neurexin-1β-Fc and
inserted into pECFP-N1 (Clontech) to create a full-length neurexin-1β construct with CFP
attached to the C terminus. This form of neurexin-1β lacks any insert at splice site 4. The β-
neurexin-specific region was deleted by removing aa 47–83. To delete the LNS domain, aa
84–261 were excised. The entire glycosylated region was deleted by removing aa 262–356.
Removal of either aa 262–311 or 312–356 created partial deletions of the glycosylated region.
To replace the neurexin LNS domain with the agrin LNS domain, aa 84-261 of neurexin-1β
were replaced with aa 1863-2043 of human agrin (XM_372195; cDNA provided by J. Sanes,
Harvard University). To determine synaptic localization of CFP-neurexin in neurons, the CFP
tag was removed from the C terminus and inserted into the extracellular β-neurexin-specific
region between residues 63 and 64. Expression vector for full-length agrin from rat was a gift
from M. Ferns (University of California, Davis), for N-cadherin-YFP was a gift from D. Benson
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(Mount Sinai School of Medicine), and chick NgCAM was a gift from Peter Sonderegger
(University of Zurich). NgCAM-YFP was made by attaching YFP to the C-terminal end of the
protein. The HA-tagged neuroligins-1 and -2 (gift from P. Scheiffele; Scheiffele et al., 2000)
both contain the neuroligin-1 signal sequence followed by the HA tag (YPYDVPDYA) and
the mature N terminus of each of the neuroligins inserted into the pNice expression vector.
YFP-neuroligin-1 and -2 were created by removing the HA epitope in HA-neuroligin-1 and -2
and inserting YFP in between the signal peptide and the mature N terminus. YFP-neuroligin-3
and -4 were created by replacing the neuroligin-2 sequence following YFP with the mature
neuroligin-3 and -4 sequences from human neuroligin-3 (BC051715, Open Biosystems) and
human neuroligin-4 (BC034018, Open Biosystems). Rat PSD-95 (gift from M. Sheng, MIT)
was fused at its C terminus with CFP and expressed from the Clontech pECFP-N1 vector. The
HA-CD8 construct contains the neuroligin-1 signal sequence followed by the HA-tag
(YPYDVPDYA) and the entire mature human CD8α sequence (NM_001768).

Antibodies
The following mouse monoclonal antibodies were used: gephyrin (mAb7a; IgG1; 1:500;
Alexis), PSD-95 (although the term PSD-95 is used for simplicity, this antibody recognizes
PSD-95, PSD-93, SAP102, and SAP97; 6G6-1C9; IgG2a; 1:500; Affinity Bioreagents), NR1
(54.1; IgG2a; 1:1000; PharMingen), α-dystroglycan (VIA4.1; IgG1; 1:50; Upstate
Biotechnology), β-dystroglycan (43DAG1/8D5; IgG2a; 1:25; Novocastra), GAD65 (GAD6;
IgG2a; 1:100; Developmental Studies Hybridoma Bank), MAP2 (IgG1; 1:500; Chemicon),
HA (IgG2b; 1:500; Roche). Rabbit antibodies were used against synapsin (1:1000; Chemicon),
MAP2 (1:20,000; gift from S. Halpain, Scripps Research Institute), the γ2 subunit of
GABAA receptors (1:200; Alomone), GluR1 (1:5000; Upstate Biotechnology), SynGAP
(1:1000; Affinity Bioreagents), and GKAP (1:300; gift from M. Sheng, MIT). Guinea pig
antibodies were used against the α2 and γ2 subunits of GABAA receptors (1:2000; gift from
J.M. Fritschy, University of Zurich) and VGlut 1 (1:2000; Chemicon). Goat antibodies were
used against neuroligin-2 (D-15; 1:200; Santa Cruz Biotechnology) and agrin (1:1000; R&D
Systems). The specificity of this neuroligin-2 antibody was confirmed by immunoreactivity
against COS cells expressing YFP-neuroligin-2 but not YFP-neuroligin-1 (data not shown).
Secondary antibodies were Alexa488, Alexa568, and Alexa647 conjugated anti-mouse IgG1,
anti-mouse IgG2a, anti-mouse IgG2b, anti-rabbit, anti-guinea pig, and anti-goat (Molecular
Probes), and AMCA anti-rabbit (Vector Laboratories).

Immunocytochemistry
Generally, neurons were fixed for 15 min in warm PBS with 4% paraformaldehyde and 4%
sucrose and permeabilized with 0.25% Triton X-100. They were incubated in 10% BSA (30
min, 37°C), appropriate primary antibody (Ab) in PBS with 3% BSA (overnight, 20°C) and
secondary Ab (45 min, 37°C). Coverslips were mounted in elvanol (Tris-HCl, glycerol, and
polyvinyl alcohol with 2% 1,4-diazabicyclo[2,2,2]octane). Coverslips used for NR1, β-
dystroglycan, or neuroligin-2 immunostaining were fixed with methanol for 10 min at −20°C.
When used with other antibodies, neuroligin-2 immunostaining was performed sequentially,
with neuroligin-2 antibody first. Fluorescence and phase-contrast images were captured with
a Photometrics Sensys or Diagnostics Instruments SPOT-RT cooled CCD camera mounted on
a Zeiss Axioscope or Axioplan microscope with a 63× 1.4 NA oil objective using Metamorph
imaging software. To determine surface localization of mutated neurexin-CFP proteins in
transfected HEK cells and colocalization of induced neuroligin-2 with gephyrin and PSD-95,
optical sections were captured using an Olympus Fluoview FV500 confocal on a BX61W
microscope with a 60× 1.4 NA oil objective. Imaging in sequential scan mode with 442, 488,
568, and 633 nm laser lines and customized filters was used for separate detection of
fluorophores. Images were prepared using Adobe Photoshop 5.5 software.
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Electrophysiology
Neurons were transfected at 9 DIV to express HA-neuroligin-2 or HA-CD8 along with YFP.
Neurons were identified for recording by expression of YFP and without knowledge of the
cotransfected protein. Spontaneous mPSCs were recorded at 12–14 DIV at room temperature
in the whole-cell voltage-clamp configuration. The extracellular solution contained: 168 mM
NaCl, 2.4 mM KCl, 10 mM HEPES, 10 mM D-glucose, 1.3 mM CaCl2, and 1.3 mM MgCl2
(pH 7.4). mEPSCs were recorded in the presence of 0.5 μM TTX, 100 μM APV, and 10 μM
SR95531. For mEPSCs, the intracellular solution contained: 140 mM Kgluconate, 10 mM
HEPES, 8 mM NaCl, 2 mM Na2ATP, 0.1 mM Na2GTP, 10 mM EGTA, 6.23 mM CaCl2, and
2 mM MgCl2 (pH 7.4). mIPSCs were recorded in the presence of 0.5 μM TTX, 100 μM APV,
and 5 μM NBQX. For mIPSCs, the intracellular solution contained: 144 mM CsCl2, 10 mM
HEPES, 5 mM Na2ATP, 1.1 mM EGTA, 0.1 mM CaCl2, and 5 mM MgCl2 (pH 7.4).
Recordings were performed with an Axopatch-1D amplifier and Axograph software (Axon
Instruments). Records were filtered at 5 kHz and acquired at 10 kHz. Neurons were clamped
at −70 mV. Series resistance values were <10 MΩ, input resistance >150 MΩ, and these
parameters did not differ between groups. mPSCs were detected with Axograph software event
detection using an optimally scaled sliding template and criteria of three times the SD.

Image Analysis
Sets of cells used for quantification were stained simultaneously. Images were randomized
prior to quantification so the experimenter was blind to the treatment group. For the neuron-
fibroblast coculture assay, transfected COS cells were chosen randomly based on phase
contrast showing significant contact of COS cells with dendrites. Images were taken of the
postsynaptic proteins, the presynaptic protein, and the transfected COS cell (neurexin-CFP or
mCFP) using the same exposure time for both experimental and control conditions. Images of
the pre- and postsynaptic proteins were thresholded and the area for measuring defined by the
perimeter of the transfected COS cell. For each postsynaptic protein cluster, the area and total
gray value was measured. A region was drawn around each cluster and thresholded synapsin
or VGlut was measured through these regions to determine which clusters were synaptic. Only
values from postsynaptic protein clusters that were not apposed to synapsin or VGlut were
used in the final quantification.

For assessing colocalization of induced clusters of neuroligin-2 with gephyrin and PSD-95,
neurexin-CFP transfected COS cells with induced clusters of gephryin and PSD-95 were
selected. Gephyrin and PSD-95 images were randomized and thresholded, and regions were
drawn around each cluster. Images of neuroligin-2 were thresholded, and the percentage of
gephyrin and PSD-95 puncta that exhibited any pixel overlap with thresholded neuroligin-2
was quantified.

To determine the amount of gephyrin and PSD-95 localized to regions of clustered YFP-
neuroligin-1 or -2 by anti-YFP bound beads, transfected neurons exhibiting bead-induced
clusters of YFP-neuroligin-1 or -2 were selected by scanning in phase contrast and the YFP
channel. YFP-neuroligin images were thresholded to define regions of neuroligin clustered by
beads. The average gray value of unthresholded gephyrin and PSD-95 was measured within
these regions, and the average gray value of the off-cell background subtracted. These values
were then normalized to mean dendrite gephyrin and PSD-95 average gray value, also
subtracted for off-cell background, so that final values reflect relative concentrations of
gephyrin or PSD-95 above a mean dendrite value of 1.

For quantification of postsynaptic proteins in neurons transfected with HA-neuroligin-2,
neurons overexpressing HA-neuroligin-2 or HA-CD8 were chosen randomly based on health
and level of expression. Images were thresholded and postsynaptic protein puncta were
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delineated by the perimeter of the transfected neuron. Random regions of dendrite were selected
and the number, area, and total gray value of the thresholded postsynaptic protein puncta per
100 μm length of dendrite were measured.

Analysis was performed using Metamorph, Microsoft Excel, Stat-View, and Cricket-Graph.
Statistical comparisons of immunofluorescence were made using Student’s unpaired t test. All
data are reported as mean ± SEM.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Neuroligin Clusters Glutamate and GABA Synaptic Vesicles; Neurexin Clusters Glutamate
and GABA Postsynaptic Scaffolding Proteins
(A and B) Fibroblasts (F) expressing HA-neuroligin-2 cocultured with hippocampal neurons
(N) induced clusters of VGlut1 (A) and GAD (B) in contacting glutamatergic and GABAergic
axons. The induced clusters of VGlut1 or GAD lacked postsynaptic PSD-95 or gephyrin
immunoreactivity (arrowheads) in contrast to endogenous synaptic clusters (arrows).
(C) Fibroblasts (F) expressing neurexin-1β-CFP cocultured with hippocampal neurons (N)
induced clusters of gephyrin and PSD-95 in contacting dendrites. Induced clusters
(arrowheads) lacked immunoreactivity for the presynaptic antigen synapsin, unlike
endogenous synaptic clusters (arrows). As shown in the magnified inset, induced clusters of
gephyrin and PSD-95 were partially overlapping but largely distinct.
(D) Coculture of fibroblasts (F) expressing CFP with neurons resulted in only endogenous
synaptic clusters (arrows) but no induced clusters of gephyrin or PSD-95 at contacts with
dendrites.
(E and F) Number and total integrated intensity of nonsynaptic clusters of gephyrin and PSD-95
was greater for neuronal processes within areas contacted by fibroblasts expressing
neurexin-1β-CFP than mCFP (* p < 0.001, n = 40 cells each).
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(G) The neurexin-1β LNS domain was essential for synaptogenic activity, but the β-specific
region and glycosylated region were not. Numbers indicate the percentage of fibroblasts
expressing the indicated construct (extracellular domain shown) associated with nonsynaptic
clusters of gephyrin or PSD-95 in a neuron coculture assay (n = 100 cells counted each). The
neurexin LNS domain could not be functionally replaced with the agrin LNS domain. Full-
length agrin, N-cadherin, or NgCAM had no synaptogenic activity in this assay.
Scale bars 10 μm.
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Figure 2.
Neurexin Clusters GABA and NMDA Glutamate Receptors
(A and B) Fibroblasts expressing neurexin-1β-CFP cocultured with hippocampal neurons
induced clusters of GABAARγ2 (A) and NR1 (B) in contacting dendrites. Induced clusters
(arrowhead) lacked immunoreactivity for synapsin, unlike endogenous synaptic clusters
(arrow).
(C) Neurexin-1β-CFP did not induce clustering of GluR1; only endogenous clusters
colocalizing with VGlut1 were observed (arrows). Unlike the other receptors, GluR1 levels
are relatively high in all dendrite shafts regardless of fibroblast contact.
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(D and E) The number and total integrated intensity of nonsynaptic clusters of GABAARγ2
and NR1, but not GluR1, was greater for neuronal processes within areas contacted by
fibroblasts expressing neurexin-1β-CFP than mCFP (* p < 0.05, n = 20 cells each).
Scale bar 10 μm.
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Figure 3.
Neurexin Clusters Neuroligins but Not Dystroglycan
(A) Coculture of fibroblasts expressing neurexin-1β-CFP with neurons resulted in only
endogenous synaptic clusters (arrows) but no induced clusters of β-dystroglycan at contacts
with dendrites.
(B and C) Fibroblasts expressing neurexin-1β-CFP cocultured with hippocampal neurons
expressing YFP-neuroligin-1 (B) or YFP-neuroligin-2 (C) induced clusters of YFP-neuroligin
lacking immunoreactivity for synapsin in contacting dendrites. The transfected neuron is
indicated by *.
(D) Fibroblasts expressing neurexin-1β-CFP cocultured with hippocampal neurons expressing
YFP-neuroligin-1 induced overlapping clusters of recombinant YFP-neuroligin-1 and
endogenous neuroligin-2 in contacting dendrites. Smaller clusters of gephyrin and PSD-95
were apparent within the neuroligin-positive dendrite regions.
(E) Fibroblasts expressing neurexin-1β-CFP cocultured with hippocampal neurons induced
clusters of neuroligin-2, gephyrin, and PSD-95 in contacting dendrites. Within the neurexin
contact region as assayed by confocal microscopy, gephyrin clusters were nearly all associated
with high concentrations of neuroligin-2, whereas the association of PSD-95 clusters with
neuroligin-2-immunopositive regions was more variable.
Scale bars (A)-(C) 10 μm, (D) and (E) 5 μm.
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Figure 4.
Purified Neurexin Coclusters Neuroligins with Postsynaptic Proteins
(A–C) Purified neurexin-Fc attached to beads induced clusters of gephyrin, PSD-95 (A),
GABA receptor (B), and NR1 (C) at contact sites with dendrites (arrows in phase contrast
images). Postsynaptic protein clusters induced by beads bearing neurexin-Fc lacked
immunoreactivity for presynaptic proteins synapsin or GAD.
(D, E) In neurons expressing low levels of YFP-neuroligin-1 or YFP-neuroligin-2, purified
neurexin-Fc attached to beads induced coclustering of gephyrin and PSD-95 with neuroligins.
Dendrite-bead contacts either exhibited strong aggregation of all of YFP-neuroligin, gephyrin,
and PSD-95 (arrows) or no detectable aggregation of any of these proteins (arrowheads).
Scale bars 10 μm.
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Figure 5.
Neuroligin Aggregation Alone Is Synaptogenic
Neurons expressing low levels of YFP-neuroligins were exposed to beads bearing antibodies
against YFP to aggregate the neuroligins on dendrites independently of neurexin. Aggregation
of YFP-neuroligin-1 resulted in coaggregation of PSD-95 but not gephyrin (A), whereas
aggregation of YFP-neuroligin-2 resulted in coaggregation of both PSD-95 and gephyrin (B).
Aggregates of the postsynaptic proteins induced by neuroligin aggregation lacked
immunoreactivity for the presynaptic protein synapsin. Arrows indicate sites of induced
aggregation; other such sites are enlarged below (Nlg1, YFP-neuroligin-1; Geph, gephyrin;
PSD, PSD-95; Syn, synapsin; Nlg2, YFP-neuroligin-2). Scale bar 5 μm.
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Figure 6.
Neuroligin-2 Localizes Primarily to GABA Synapses but Can Be Recruited to Glutamate
Synapses
(A, B) Immunoreactivity for endogenous neuroligin-2 in hippocampal neurons clusters at
GABA synapses with gephyrin and GAD, but not at glutamate synapses with PSD-95 or VGlut.
(C) YFP-neuroligin-1 expressed at low level is partially diffuse and partially concentrated at
glutamate synapses labeled with PSD-95 (arrow), but not at GABA synapses labeled with
gephyrin.
(D) Coexpression of PSD-95-CFP enhances the localization of YFP-neuroligin-1 to glutamate
synapses (arrow).
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(E) YFP-neuroligin-2 expressed at low level is highly punctate and colocalizes with gephyrin
at GABA synapses (arrowhead), but is not detected with PSD-95 at glutamate synapses.
(F) Coexpression of PSD-95-CFP recruits YFP-neuroligin-2 to glutamate synapses (arrow) in
addition to its localization with gephyrin at GABA synapses (arrowhead).
Scale bars (A) and (B) 10 μm, (C)–(F) 5 μm.
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Figure 7.
Mislocalized Expression of Neuroligin Disrupts Postsynaptic Protein Localization and
Synaptic Transmission
(A) High level extrasynaptic expression of HA-neuroligin-2 (left panels) but not HA-CD8
control (right panels) in hippocampal neurons disrupts dendritic clustering of gephyrin, GABA
receptor, PSD-95, and NMDA receptor. Most of the clusters seen in the left panels are from
untransfected dendrites.
(B–D) The number, total area, and total integrated intensity of clusters per dendrite length of
gephyrin, GABA receptor, PSD-95, and NMDA receptor are reduced in neurons expressing
mislocalized HA-neuroligin-2 compared with HA-CD8 control (* p < 0.001, n = 20 cells each).
(E and F) Representative recordings show reduction in mIPSCs (E) and mEPSCs (F) in neurons
expressing mislocalized HA-neuroligin-2 compared to HA-CD8 control.
(G and H) The frequency (G) and amplitude (H) of both mIPSCs and mEPSCs is reduced in
neurons expressing high levels of HA-neuroligin-2 compared to HA-CD8 control (* p < 0.01,
** p < 0.05, Kolmogorov-Smirnov test, n = 11–13 cells each; only the neurons exhibiting PSCs
were included in the amplitude comparison).
Scale bar 10 μm.
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