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ABSTRACT At the synapse, presynaptic membranes spe-
cialized for vesicular traffic are linked to postsynaptic mem-
branes specialized for signal transduction. The mechanisms
that connect pre- and postsynaptic membranes into synaptic
junctions are unknown. Neuroligins and f-neurexins are
neuronal cell-surface proteins that bind to each other and
form asymmetric intercellular junctions. To test whether the
neuroligin/B-neurexin junction is related to synapses, we
generated and characterized monoclonal antibodies to neu-
roligin 1. With these antibodies, we show that neuroligin 1 is
synaptic. The neuronal localization, subcellular distribution,
and developmental expression of neuroligin 1 are similar to
those of the postsynaptic marker proteins PSD-95 and
NMDA-R1 receptor. Quantitative immunogold electron mi-
croscopy demonstrated that neuroligin 1 is clustered in
synaptic clefts and postsynaptic densities. Double immuno-
fluorescence labeling revealed that neuroligin 1 colocalizes
with glutamatergic but not y-aminobutyric acid (GABA)ergic
synapses. Thus neuroligin 1 is a synaptic cell-adhesion mol-
ecule that is enriched in postsynaptic densities where it may
recruit receptors, channels, and signal-transduction mole-
cules to synaptic sites of cell adhesion. In addition, the
neuroligin/B-neurexin junction may be involved in the spec-
ification of excitatory synapses.

In the developing mammalian brain, cell recognition generates
an ordered network of ~10'3 synapses, linking ~10'? neurons.
The extraordinary specificity of synaptic connections develops
in four basic steps: axonal pathway selection, target area
selection, synaptogenesis, and synapse stabilization and mod-
ulation (1). Molecular mechanisms of axonal pathway selection
have been studied in great detail, resulting in the character-
ization of multiple classes of hierarchically organized cell-
surface proteins (2, 3). In contrast, it is unclear how an arriving
axon selects a particular neuron from a large number of
possible postsynaptic targets, how pre- and postsynaptic pro-
teins are recruited to the initial site of synaptic contacts, and
how synaptic junctions are connected.

The steps of synaptic recognition and synapse formation are
likely to involve interactions between cell-adhesion molecules.
However, the molecules mediating and regulating these steps
are unknown. One exception is the cadherin family of cell-
surface molecules. N-cadherin and its intracellular binding
partners «- and B-catenin are expressed in a parasynaptic
manner flanking release sites and postsynaptic densities (4)
and may be involved in the regulation of synaptic plasticity (5,
6). In addition, a novel family of cadherin-like neuronal
receptor proteins (Cnrl-8) has been discovered (7). Cnrl is
found in postsynaptic densities of neocortical synapses and
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may participate in synaptogenesis and synapse maintenance.
However, cadherins are homotypic cell-adhesion molecules
and form symmetric junctions, whereas synapses are asym-
metric. Although homotypic cell-surface proteins may well be
involved in synaptic recognition and adhesion, the asymmetry
of synapses is likely to be mediated by heterotypic transsyn-
aptic signaling. In fact, heterotypic cell adhesion has to be
postulated to explain certain aspects of synaptogenesis, such as
the specific and differential recruitment of pre- and postsyn-
aptic protein components to their respective subcellular com-
partments.

Neuroligins 1, 2, and 3 constitute a family of brain-specific
membrane proteins whose structural and biochemical charac-
teristics are indicative of a role in heterotypic cell adhesion (8,
9). Their large extracellular N-terminal domain is homologous
to serine esterases. Neuroligins bind to certain splice variants
of B-neurexins, which are members of a polymorphic, brain-
specific family of cell-surface proteins (10, 11). The interaction
between neuroligins and B-neurexins mediates cell adhesion
(12). In addition, the intracellular C-terminal tail of neuroli-
gins binds to PSD-95 (13), a PDZ-domain protein that is
thought to be involved in the assembly and organization of
signal-transduction complexes in postsynaptic densities (14).
The first two PDZ domains of PSD-95 bind to the N-methyl-
D-aspartate (NMDA)-receptor subunit NMDA-R2 and K*
channels whereas the third PDZ domain interacts with the C
terminus of neuroligins.

The characteristics of neuroligins and neurexins gave rise to
the hypothesis that the two proteins form intercellular junc-
tions between neurons (15). The cytoplasmic interaction of
neuroligins with PSD-95, which is itself a synaptic protein (16),
suggested that this junction may correspond to the synapse.
Thus, neuroligins may serve as synaptic cell-adhesion mole-
cules that organize the postsynaptic assembly of protein com-
plexes involved in signal transduction. However, it has been
difficult to test this hypothesis. The precise localization of
neuroligins or neurexins is still unknown because generating
high-quality antibodies to neuroligins or neurexins has turned
out to be unexpectedly difficult. Thus, it is unclear where their
intercellular junction is located. We have now succeeded in
raising mAbs to neuroligin 1 that could be used to address this
critical question. Our results demonstrate that neuroligins are
postsynaptic cell-adhesion molecules that may interact with
B-neurexins to form synaptic junctions.

MATERIALS AND METHODS

Generation of mAbs and Biochemical Procedures. A gluta-
thione S-transferase (GST)-fusion protein containing the ex-
tracellular sequences of neuroligin 1 (residues 1-695) was used
to raise mAbs in collaboration with BioGenes (Berlin). Anti-

Abbreviations: GABA, y-aminobutyric acid; NMDA, N-methyl-D-
aspartate.
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FiG. 1. Specificity of mAbs to neuroligin. (4) Immunoblots of rat
brain homogenates and COS cells expressing neuroligins 1, 2, and 3 (10
g per lane) probed with mAbs 4C12, 5G10, and 4F9. (B) Immuno-
blots of mouse brain homogenates from homozygous (—/—) and
heterozygous (+/—) neuroligin 1-mutant mice and wild-type control
mice (+/+).

bodies were characterized by using brain homogenates, immu-
noprecipitations, and immunocytochemistry on various spe-
cies, recombinant GST-fusion proteins, and transfected COS
cells (8, 9). SDS/PAGE (17) and Western blotting (18) were
performed according to published procedures. Antibodies to
NMDA-RI1, synaptotagmin 1 (Cl41.1), synaptophysin (CI 7.2),
PSD-95, and msec7 have been published (13, 19-21). Subcel-
lular fractionations of rat brain were carried out as described
(8). For the developmental studies, rats of the indicated ages
were killed, the brain was homogenized in SDS/PAGE sample
buffer, and brain proteins were analyzed by quantitative
immunoblotting using a Fujifilm BAS-5000 to quantitate the
immunoreactivity.

Morphology. For light microscopic analyses, brains of
Wistar rats (200-250 g) or C57/B6 mice (30-50 g) were fixed
by transcardial perfusion with 0.5 liters of 4% paraformalde-
hyde in PBS for 30 min. Brains were removed, cryoprotected
in 20% sucrose overnight at 4°C, and processed as published
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FiG. 2. Light-microscopic localization of neuroligin 1 in rat brain.
Shown are sections of the overall neocortex (4) or of layers 4 and 5
of the neocortex (B). Numbers indicate cortical layers. Low-
magnification view of the entire hippocampal formation (C) or
high-magnification view of the apical dendrites of pyramidal neurons
from the CAl region (D). DG, dentate gyrus; ml, molecular layer; pl,
pyramidal cell layer; and sr, stratum radiatum. All sections were
stained with antibody 4C12 and developed by using horseradish
peroxidase-labeled secondary antibodies. [Bar = 100 um (4, B, and D)
or 250 um (C).]

(22, 23). Cryostat sections were incubated with anti-neuroligin
1 mAb 4C12 (1:500) followed by a secondary biotin-conjugated
anti-mouse antibody (DAKO). Immune complexes were visu-
alized by using nickel-intensified 3,3’-diaminobenzidine
(DAB) staining (24). Double-labeling immunofluorescence
experiments were performed with mAb 4C12 (1:100), anti-
GluR2/3 polyclonal antibody (6 ug/ml, Chemicon), and anti-
GABAAB mAb (clone bd17, 20 pg/ml, Boehringer Mann-
heim). Pre-embedding DAB-based immunoelectron micros-
copy and postembedding immunogold electron microscopy
(25) were performed as published (22, 25). Quantitative
analyses of immunogold labeling were performed on randomly
chosen electron micrographs (X20,000 magnification; 140
photographs for neuroligin 1; 25 photographs for synapto-

physin).

RESULTS

Generation of mAbs to Neuroligin 1. The polyclonal neu-
roligin antibodies that we had previously made were not useful
for immunocytochemistry (8, 9). Therefore we used a recom-
binant fusion protein of the extracellular domain of neuroligin
1 to generate mAbs. We obtained three independent mAbs
and tested their specificity by immunoblotting with recombi-
nant neuroligins expressed in COS cells. Two of the three
antibodies (4C12 and 5G10) reacted only with neuroligin 1,
whereas the third (4F9) recognized neuroligins 1 and 3 but not
neuroligin 2 (Fig. 14). No other bands were detected. The
isoform specificity of the antibodies was further probed by
using neuroligin 1-deficient mice (Fig. 1B). These mice are
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viable and fertile, suggesting that neuroligin 1 is not an
essential gene, possibly because of functional redundancy
between neuroligins (N.B., R. E. Hammer, and T.C.S., un-
published data). When we analyzed the mutant mice with the
neuroligin 1-specific antibodies 4C12 and 5G10, no immuno-
reactive band was detected in homozygous mutants, confirm-
ing that the antibodies exclusively recognize neuroligin 1.
Light Microscopic Localization of Neuroligin 1. We next
investigated whether the mAbs could be used for immunocy-
tochemistry. Specific signals could be observed with mAbs
4C12 and 5G10 in rat or mouse brain (Fig. 2 and data not
shown). Both antibodies gave identical staining patterns. How-
ever, 4C12 yielded a higher signal-to-noise ratio on sections
and was employed for the detailed analyses described below.
Previous in situ hybridization studies showed that neuroli-
gins are expressed only in brain, where they are present in all
neurons (10). In agreement with these results, we detected
neuroligin 1 protein throughout the brain, where it was almost
exclusively associated with neurons. Fig. 2 A and B show
populations of pyramidal neurons in neocortical layers I1-111
and V-VI that display a uniform staining throughout individ-
ual somata as well as apical and, to a lesser extent, basal
dendrites. In contrast, glial and endothelial cells were not
significantly labeled. Very similar patterns of neuroligin 1
immunoreactivity were observed in hippocampal pyramidal
cells (Fig. 2 C and D) and cerebellar Purkinje cells (data not
shown). The immunoperoxidase staining pattern for neuroli-
gin 1, with prominent labeling of neuronal cell bodies, closely
resembles the pattern observed for PSD-95 (16) and the
NMDA receptor subunit NMDA-R1 (26). To ensure the
specificity of this staining pattern, we used the neuroligin
1-deficient mice. Specific labeling was abolished in mice
lacking neuroligin 1, indicating that the observed staining
pattern reflects the true distribution of neuroligin 1 (data not
shown).
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Colocalization and Coexpression of Neuroligin 1 with
PSD-95 and NMDA-R1. PSD-95 and NMDA-R1 are proteins
that reside in the postsynaptic density, where they are thought
to function in the transduction of the synaptic neurotransmit-
ter signal (14). In addition to postsynaptic densities, both
proteins are present in an intracellular vesicular pool, which
explains the cell-body staining. The similarity between the
staining patterns of neuroligin 1, PSD-95, and NMDA-R1
suggests that these three proteins may be colocalized in
postsynaptic densities and intracellular vesicles. This was also
suggested by subcellular fractionation experiments that re-
vealed that neuroligin 1, PSD-95, and NMDA-R1 exhibit
identical distributions (data not shown).

We next examined the pattern of developmental expression
for neuroligin 1. Typically, levels of synaptic proteins increase
with time after birth. This increase parallels the rate of
synaptogenesis and, in the case of synaptic vesicle proteins, is
largely caused by changes in posttranscriptional regulation
(27). To explore whether neuroligin 1 behaves similarly to
PSD-95 and NMDA-R1 in this respect, we measured the
expression of neuroligin 1, PSD-95, and NMDA-R1 in rat brain
as a function of age by using quantitative immunoblotting (Fig.
3). As a control we used msec7, a ubiquitous protein with a
proposed role in Golgi transport that is not expected to change
during development (20).

We found that the expression of neuroligin 1, PSD-95, and
NMDA-R1 was coordinately up-regulated during develop-
ment (Fig. 3). Neuroligin 1 expression was low in embryonic
brains (embryonic days E12-E16) but increased dramatically
after birth (postnatal days PO—P3). It reached a plateau during
the period when most synapses are formed (P5-PS8). This
developmental-expression profile was paralleled by the
NMDA-R1 receptor and PSD-95. Expression of msec7 was not
altered (Fig. 3). Together these data suggest that neuroligin 1,
PSD-95, and NMDA receptors are coexpressed in a coordi-
nately regulated manner.
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FiG. 3. Expression of neuroligin 1 in development. Brain homogenates from rats of the indicated age were analyzed by immunoblotting with
antibodies to neuroligins, PSD-95, NMDA-receptor type 1 (NMDART), and msec7. Expression levels were quantified with iodinated secondary
antibodies at the following ages: E12 and E16, embryonic days 12 and 16; 0, day of birth; P1-P60, postnatal days 1-60.
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Localization of Neuroligin 1 by Using Quantitative Im-
munogold Electron Microscopy. The light microscopy and
biochemical results support the hypothesis that neuroligin 1
functions at the synapse and is colocalized with PSD-95 and
NMDA-RI1. To test this hypothesis, we analyzed the distri-
bution of neuroligin 1 by postembedding immunogold elec-
tron microscopy (Fig. 4). To preserve the antigenicity of
neuroligin 1, we performed these experiments with mildly
fixed tissue in which many intracellular structures are diffi-
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cult to recognize. Nevertheless, the characteristic shape of
postsynaptic densities allowed easy identification of syn-
apses.

We observed a selective accumulation of immunogold par-
ticles in synaptic clefts and postsynaptic densities as a function
of neuroligin staining (Fig. 44). Only asymmetric synapses
appeared to contain neuroligin 1. Typically, synapses were
decorated with 2-6 gold particles in the synaptic cleft and/or
adjacent postsynaptic densities. As our antibody was raised
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F1G. 4. Quantitative immunogold electron microscopy of neuroli-
gin 1 and synaptophysin 1. (4) Representative ultrathin sections from
rat neocortex stained with antibodies to neuroligin 1 (a—f) and
synaptophysin (g). Neuroligin 1 immunoreactivity decorates synaptic
clefts (a—e) and postsynaptic densities (f). Arrowheads indicate
postsynaptic densities. (Bars = 0.1 uwm.) (B) Quantitation of gold
particles in randomly chosen sections labeled with antibodies to
neuroligin 1 or synaptophysin. Total number of gold particles identi-
fied in the indicated subcellular compartments are given. Gold parti-
cles at locations that are not recognizable were designated nonassign-
able.
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against the extracellular domain of neuroligin 1, the presence
of gold particles in the synaptic cleft indicates that neuroligin
1 extends into the synaptic cleft. The clustering of gold particles
in the postsynaptic density suggests that neuroligin 1 is (on
average) closer to the postsynaptic side of the synapse. In
contrast to neuroligin 1, antibodies to synaptophysin produced
a completely different staining pattern (Fig. 44). Synaptophy-
sin is an abundant synaptic vesicle protein that is highly
concentrated in presynaptic terminals (28). Immunogold la-
beling of synaptophysin yielded an exclusively presynaptic
distribution of gold particles (Fig. 44).

To ensure that neuroligin 1 is indeed synaptically localized,
we analyzed the immunogold staining patterns quantitatively
in a random set of electron micrographs (Fig. 4B). In neuroli-
gin 1 stained sections, most gold particles (65%) were posi-
tioned in synapses. The remaining gold particles (35%) could
not be attributed to identifiable structures and may correspond
to intracellular vesicles or obliquely sectioned synapses. In
synapses, 93% of gold particles resided in synaptic clefts or
postsynaptic densities, demonstrating a highly specific enrich-
ment of neuroligin 1 in these compartments. In contrast,
immunogold labeling of synaptophysin was specific for pre-
synaptic nerve terminals, which contained 80% of all gold
particles (Fig. 4). The remaining 20% were not assignable to
identifiable structures.

Double-Immunofluorescence Analysis of the Localizations
of Neuroligin 1, Glutamate Receptors, and GABA Receptors.
The immunogold electron microscopy suggested that neuroli-
gin 1 is present primarily in asymmetric synapses, indicating
that neuroligin 1 may be specific for excitatory synapses. To
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test this directly, we performed double-labeling experiments by
using immunofluorescence with antibodies to markers for
excitatory synapses (polyclonal antibodies to GluR2/3 gluta-
mate receptors) and inhibitory synapses (mAbs to GABAAS
receptors). Neuroligin 1 was found to be colocalized with
GluR2/3 in cortical and hippocampal pyramidal cells and in
cerebellar Purkinje cells (Fig. 5). In contrast, double labeling
of GABAA and GluR2/3 receptors resulted in the expected,
mutually exclusive staining pattern with very little overlap (Fig.
5J-R). Unfortunately, direct double labeling of brain sections
for GABA receptors and neuroligin 1 was not possible with the
antibodies to GABAergic markers available to us. Neverthe-
less, these data indicate that neuroligin 1 is preferentially
targeted to excitatory synapses.

DISCUSSION

Neuroligins constitute a family of neuronal cell-surface pro-
teins. The structure of the neuroligins includes a large extra-
cellular domain that is homologous to esterases but enzymat-
ically inactive and a short cytoplasmic tail (8, 9). Neuroligins
bind to B-neurexins, another class of neuronal cell-surface
proteins (10, 11), in a manner that is regulated by the alter-
native splicing of B-neurexins. This binding reaction mediates
cell adhesion between cells expressing neuroligins and B-neur-
exins, thereby creating an asymmetric intercellular junction.
The neuronal expression of neuroligins and B-neurexins has
led to the hypothesis that the junction they form may corre-
spond to the synapse (8). In the current study, we provide
evidence for this hypothesis. By using newly raised mAbs, we
GluR 2&3

GABA, -8 Combined

b .

F1G.5. Confocal micrographs of brain sections double labeled for neuroligin 1 and GluR2/3 glutamate receptors (4-I) or for GABAAB receptors

and glutamate receptors (J-R). Note the colocalization of GluR2/3 receptors (a marker for excitatory synapses) with neuroligin 1 in somata and
dendrites of pyramidal neurons in neocortex and hippocampus and in Purkinje cells of the cerebellum (4-7). GABAA receptors, in contrast, are
segregated (J-R). (Bar = 100 pwm.)
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establish that neuroligin 1 is a synaptic cell-adhesion molecule.
This conclusion is supported by the following results from the
current and previous studies: (/) The neuronal localization of
neuroligin 1 probed by immunoperoxidase labeling is indis-
tinguishable from that of the postsynaptic marker proteins
PSD-95 and the NMDA-R1 receptor. (ii) Neuroligin 1, PSD-
95, and NMDA-R1 have similar subcellular distributions as
analyzed biochemically. (iii) Neuroligin 1, PSD-95, and
NMDA-RI1 are coordinately expressed in development with
large increases in expression during the period of postnatal
synaptogenesis. (iv) PSD-95 physically interacts with both
neuroligin 1 and NMDA receptors, thereby forming a cell-
adhesion/glutamate receptor complex (13). (v) In quantitative
immunogold electron microscopy, neuroligin 1 is clustered in
postsynaptic densities and the synaptic cleft. (vi) Neuroligin 1
forms an asymmetric junction with B-neurexins belonging to a
family of presumptive presynaptic latrotoxin receptors. (vii) In
in situ hybridization experiments, neuroligin and neurexin
mRNAs are only detectable in neurons (8, 11). (viii) Confocal
microscopy showed that neuroligin 1 colocalizes with gluta-
matergic synapses but not GABAergic synapses, suggesting a
specific targeting to excitatory synapses.

Heterophilic cell-adhesion molecules have not been identi-
fied in synapses before neuroligin 1, which is surprising con-
sidering the abundance and importance of synapses and their
asymmetric nature. This contrasts with the multiple ho-
mophilic cell-adhesion molecules described in the vicinity of
synapses, including cadherin-like receptors in vertebrates (7)
and fasciclin II in Drosophila (29-31, and refs. therein). The
subcellular localization of cadherin-like neuronal receptor 1 in
postsynaptic densities and synaptic clefts is similar to that of
neuroligin 1 (7). In Drosophila, transsynaptic cell adhesion at
the neuromuscular junction may be mediated by fasciclin II
(29-31). However, cadherins and fasciclin II are homotypic
cell-adhesion molecules, whereas neuroligins are heterotypic
cell adhesion molecules. This suggests that in vertebrates,
cadherins and neuroligin have distinct synaptic functions, with
neuroligins being related to the asymmetry of synapses.

Synapses are functionally complex and probably require
multiple classes of cell-adhesion proteins for recognition of
pre- and postsynaptic sides, specification of neurotransmitter
type, structural cohesion, retrograde signaling, and many other
properties. It is tempting to propose that the interactions of
postsynaptic neuroligins with presynaptic B-neurexins consti-
tute an intrinsic component of synaptic junctions that contrib-
utes to their structural stability. However, the current data
indicate that neuroligin 1 does not simply form transsynaptic
contacts between pre- and postsynaptic compartments but may
be involved in the determination of synapse specificity, in
distinguishing excitatory from inhibitory contact sites, and in
recruiting protein components that are specific for excitatory
synapses. The highly specific localization of neuroligin 1 is
paralleled by the postsynaptic pool of its interaction partner
PSD-95, which also is selectively targeted to excitatory syn-
apses in cultured hippocampal cells (32), and by SynGAP, a
novel cytosolic postsynaptic interactor of PSD95 (33, 34).
These hypotheses, although supported by the available data,
are far from proven. Precise localizations of neurexins as well
as functional assays will be required to validate these ideas.
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