Neuroligin-4 is localized to glycinergic postsynapses
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n rodents, postsynaptic adhesion proteins of the neuroligin
family (NL1–NL4) are expressed throughout the central nervous system (CNS) (1–3) and essential for synapse organization
and function (2–5). In vivo, each NL isoform localizes to speciﬁc
synapse subpopulations, with NL1, NL2, and NL3 predominantly
associating with glutamatergic, GABAergic, or both types of
postsynapses, respectively (1, 6–9).
Thus far, the distribution and function of the fourth NL isoform has remained unclear, despite the wide interest triggered by
the causal link of speciﬁc loss-of-function mutations in NL4 to
cases of autism, which led to the notion that aberrant synaptic
transmission may cause autism spectrum disorders (ASDs) (10).
We examined the distribution of NL4 in the mouse retina,
a well-characterized region of the CNS with distinct, topographically organized glutamatergic, GABAergic, and glycinergic
synapses, which has recently allowed us to characterize crucial
aspects of NL2 distribution and function (8). Additionally, we
assessed NL4 function by studying synaptic activity and visual
processing in the NL4-deﬁcient (NL4-KO; ref. 3) mouse retina.
Finally, we studied NL4 localization in the rest of the CNS and
identiﬁed some of its key binding partners at the synapse.
Results

NL4 Is Localized to Glycinergic Postsynapses in the Retina. We

characterized the distribution of NL4 by immunohistochemistry
by using an isoform-speciﬁc antibody (3) (Fig. 1). A punctate
labeling was detected in the inner plexiform layer (IPL) of wildtype (WT) but not NL4-KO retinae (Fig. 1A). NL4-positive
puncta were abundant in the outer IPL but sparse in the rest
of the IPL (Fig. 1A), which is reminiscent of glycine receptor
www.pnas.org/cgi/doi/10.1073/pnas.1006946108

(GlyR) distribution in the retina (11, 12). Indeed, upon colabeling with a pan-GlyR antibody (mAb4a; ref. 13), the majority of
NL4 puncta overlapped with GlyR clusters (73.5 ± 4.2%, n = 5
mice; Fig. 1B, Left), whereas only a small fraction colocalized
with GABAA receptors labeled for the ubiquitous γ2 subunit
(18.4 ± 6%, n = 5 mice). NL4 puncta were absent from excitatory postsynaptic specializations, as judged by colabeling for the
excitatory postsynapse marker PSD-95 (1.9 ± 0.8%, n = 5 mice;
Fig. 1B, Right). Thus, NL4 is localized to inhibitory, preferentially glycinergic synapses in the retina and is the only NL isoform to display such selectivity.
Glycinergic transmission is essential for visual transmission.
GlyR-bearing synapses are present on bipolar cell terminals,
amacrine cell processes, and retinal ganglion cell (RGC) dendrites
(12) and control the efﬁcient coding of information by RGCs, the
output cells of the retina. We therefore determined the fraction of
glycinergic postsynapses that contain NL4 and found that NL4
equips a subset of glycinergic synapses in the retina (21.3 ± 3.5%,
n = 5 mice). Thus, a deﬁciency of NL4 might lead to altered visual
processing and information transfer in the IPL.
Loss of NL4 Causes a Reduction in GlyR Number and Slower
Glycinergic mIPSCs. To investigate retinal structure and function

in the absence of NL4, we carried out immunolabelings for diverse cellular and synaptic markers (Fig. S1; n = 8 pairs), which
demonstrated that the main excitatory pathway and the
GABAergic circuitry are not altered in NL4-KO retina. These
results indicate that NL4 loss does not detectably affect the
overall formation of the retinal circuitry. Expression levels of
NL1–3 were unchanged in NL4-KO retina homogenates compared with WT (Fig. S2A), and the number of clusters immunoreactive for NL2, the other NL isoform present at inhibitory
retinal synapses (8), was similar in WT and NL4-KO (Fig. S2 B
and C), indicating that the lack of NL4 is not detectably compensated by an up-regulation of NL1–3 expression.
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Neuroligins (NL1–NL4) are postsynaptic adhesion proteins that control the maturation and function of synapses in the central nervous
system (CNS). Loss-of-function mutations in NL4 are linked to rare
forms of monogenic heritable autism, but its localization and function are unknown. Using the retina as a model system, we show
that NL4 is preferentially localized to glycinergic postsynapses and
that the loss of NL4 is accompanied by a reduced number of glycine
receptors mediating fast glycinergic transmission. Accordingly,
NL4-deﬁcient ganglion cells exhibit slower glycinergic miniature
postsynaptic currents and subtle alterations in their stimuluscoding efﬁcacy, and inhibition within the NL4-deﬁcient retinal network is altered as assessed by electroretinogram recordings. These
data indicate that NL4 shapes network activity and information
processing in the retina by modulating glycinergic inhibition. Importantly, NL4 is also targeted to inhibitory synapses in other areas
of the CNS, such as the thalamus, colliculi, brainstem, and spinal
cord, and forms complexes with the inhibitory postsynapse proteins gephyrin and collybistin in vivo, indicating that NL4 is an
important component of glycinergic postsynapses.
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Fig. 1. NL4 associates with GlyRs. In the retina, NL4 staining yielded a robust,
punctate labeling in WT but not in NL4-KO mice (A). In the IPL, NL4 clusters
colocalized extensively with GlyRs (B Left) but not with PSD-95 (B Right). OPL,
outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL,
ganglion cell layer. (Scale bars: A and B Upper, 10 μm; B Lower, 1 μm).

B
To assess the integrity of glycinergic postsynapses, immunolabeling was performed for physiologically distinct populations
of GlyRs, labeled with antibodies against α1–α4 subunits (12).
There was no obvious alteration in overall GlyR cluster distribution or density in the NL4-KO (Fig. 2A). Upon quantiﬁcation,
however, a signiﬁcant reduction in the number of GlyRα1 clusters was detected in NL4-KO retinae (Fig. 2B; WTmean, 19.08 ±
0.77 puncta per 100 μm2 of IPL; KOmean , 15.88 ± 0.59 puncta
per 100 μm2 of IPL, n = 7 pairs, P = 0.006).
To test whether this reduction in GlyRα1 clusters is functionally relevant, we performed whole-cell patch-clamp recordings from RGCs in a whole-mount preparation to preserve
synaptic connectivity of RGCs. A combination of morphological
and functional criteria was used to ensure that recordings exclusively originated from RGCs. We recorded miniature inhibitory postsynaptic currents (mIPSCs) from WT and NL4-KO
cells in the presence of NBQX, AP5, and bicuculline to pharmacologically isolate glycinergic events. Approximately one-third
of RGCs exhibited glycinergic mIPSCs (WT, n = 13 mice, 25
cells; KO, n = 10 mice, 16 cells). Both ON- and OFF-type RGCs
displayed glycinergic mIPSCs, independently of the genotype.
Moreover, the frequency of these events was similar in WT and
NL4-KO cells (Fig. 2D, P = 0.613), reﬂecting the integrity of
glycinergic innervation despite the lack of NL4.
Average glycinergic mIPSC amplitudes were not signiﬁcantly
smaller in NL4-KO RGCs compared with WT cells (Fig. 2 C and
D; WTmean, 27.40 ± 2.25 pA; KOmean, 22.98 ± 2.44 pA; P =
0.192). Kinetic analysis revealed that the time-to-peak (20–80%;
Fig. 2D) of glycinergic mIPSCs from NL4-KO RGCs was not
signiﬁcantly longer (WTmean, 316 ± 8 μs; KOmean, 362 ± 23 μs;
P = 0.079). However, their average decay time constant (τ) was
signiﬁcantly longer compared with WT RGCs (Fig. 2 C and D;
τWT, 2.42 ± 0.10 ms; τKO, 2.87 ± 0.15 ms; P = 0.022). Correspondingly, the cumulative distribution function generated from
τ values of individual events showed a shift toward longer values
for the NL4-KO (Fig. 2E; WTmean, 2.50 ± 0.04 ms; KOmean,
2.68 ± 0.05 ms, P = 0.022). Above data show that some of the
fastest glycinergic events are absent in NL4-KO RGCs. Because
GlyRα1 is known to confer fast kinetics to GlyRs (14), these
results are consistent with the selective reduction in GlyRα1
clusters observed morphologically (Fig. 2B).
To verify the speciﬁcity of these ﬁndings, we recorded
GABAergic mIPSCs from RGCs in the presence of NBQX, AP5,
and strychnine (WT: n = 7 animals, 20 cells; KO: n = 7 animals, 22
cells). None of the tested parameters of GABAergic mIPSCs was
altered in NL4-KO cells (Fig. 2F; P > 0.3), demonstrating that
glycinergic inputs to RGCs are speciﬁcally impaired in the NL4-KO.
3054 | www.pnas.org/cgi/doi/10.1073/pnas.1006946108
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Fig. 2. NL4 loss causes alterations of the glycinergic circuit. Distinct populations of GlyRs bearing α1–α4 subunits were similarly distributed in WT and
NL4-KO retinae (A). Quantitative analysis uncovered a speciﬁc reduction in the
number of GlyRα1 clusters in NL4-KO retinae (B). Glycinergic (C–E) and
GABAergic (F) mIPSCs were recorded from WT and NL4-KO RGCs. (C) Example
traces of WT and NL4-KO glycinergic mIPSCs. (D) Glycinergic mIPSCs from NL4KO RGCs were not signiﬁcantly different in frequency, amplitude, and rise time,
but showed signiﬁcantly slower decay kinetics compared with WT. Cumulative
histogram of decay time constant (τ) values of glycinergic mIPSCs (E) showed
a rightward shift in the KO. Amplitude, frequency, and decay time constant (τ)
of GABAergic mIPSCs were similar in WT and NL4-KO RGCs. (Scale bar: 5 μm.)
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Altered Visual Processing in NL4-KOs. To assess whether the subtle
alterations of glycinergic mIPSCs in NL4-KO RGCs affect visual
processing, we performed multielectrode array (MEA) recordings of RGC ﬁring, electroretinogram (ERG) recordings in
anesthetized mice to measure global electrical activity of the
retina in response to light, and assays of visual acuity and contrast sensitivity in awake mice.
Stimulus-related spiking activity of RGCs was recorded with
MEAs (15, 16). Responses to a 1-s light pulse applied every 3 s
allowed to distinguish ON, OFF, and ON-OFF RGCs (Fig. S3A)
with similar occurrence in WT and NL4-KO (Fig. S3B), consistent
with an intact overall retinal architecture (Fig. S1). Baseline ﬁring
rates and ON/OFF peak amplitudes were comparable in NL4-KO
and WT (Fig. S3 C–E). To assay the dynamic properties of RGCs,
we applied a pseudorandom “white noise” stimulus (8, 16) and
calculated the spike-triggered average (STA) for each cell. The
STA represents the average stimulus that evokes an action potential, and its amplitude relates to the average information carried by each action potential. Typically, monophasic or biphasic
STAs were observed (Fig. 3 A and B). The amplitude of monophasic STAs was larger for NL4-KO RGCs, but the difference was
not statistically signiﬁcant (Fig. 3A). Biphasic STAs did not vary in
amplitude (Fig. 3B), but the point of maximum slope for biphasic
STAs was signiﬁcantly closer to the action potential in the NL4-KO
RGCs than in WT cells (Fig. 3B; WT, 147 ms, n = 77 cells; KO,
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Fig. 3. NL4 loss causes subtle impairments in the visual circuit. A white noise light stimulus was applied and spike-triggered averages (STAs) calculated for WT
and NL4-KO RGCs. Neither the peak size of monophasic STAs (A) nor the peak-to-peak amplitude of biphasic STAs (B) was altered in NL4-KO retinae. However,
biphasic STAs from NL4-KO RGCs showed a shorter latency of the inﬂection point (B). Global retinal activity was assessed in vivo by scotopic ERGs (C and D). (C)
Representative ERG traces from WT and NL4-KOs. In NL4-KOs, a reduced b-wave amplitude was accompanied by subtle deﬁcits in the amplitude of the
oscillatory potentials (D). Visual acuity and contrast sensitivity were similar in WT and NL4-KO animals (E), whereas NL2-KOs showed signiﬁcantly reduced
acuity and contrast sensitivity (F).
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140 ms, n = 92 cells, P < 0.05). This shortened latency is consistent
with an impairment in glycinergic inhibition and indicates that the
absence of NL4 affects the coding capability of RGCs.
Dark-adapted (scotopic) ERGs were recorded in response to
light ﬂashes of increasing intensity. Their overall shape was
similar in both genotypes (Fig. 3C). Although no difference was
observed for a-wave amplitudes, a pronounced reduction in the
b-wave amplitude was detected in NL4-KOs (Fig. 3D; P < 0.025),
indicating impaired bipolar cell activity. Oscillatory potentials,
reﬂecting both GABA- and glycinergic amacrine cell responses,
showed a trend toward reduced amplitudes in NL4-KOs, which
is consistent with the impairment in glycinergic inhibition described above.
Inhibitory interactions in the IPL are central to the processing
of spatial information and contrast function (17–19). We found
here that the lack of NL4 alters glycinergic inhibition in the IPL,
and we showed previously that loss of NL2 alters GABAergic
inhibition (8). To compare the impact of impaired glycinergic vs.
GABAergic transmission on visual capabilities, we analyzed visual acuity and contrast sensitivity in NL4- and NL2-KOs behaviorally. Visual acuity was not impaired in NL4-KOs (Fig. 3E;
WTmean, 0.37 ± 0.00 cycle per degree; NL4-KOmean, 0.37 ± 0.00
cycle per degree; n = 3 pairs; P = 0.197), but signiﬁcantly altered
in NL2-KOs (Fig. 3F; WTmean, 0.39 ± 0.00 cycle per degree;
NL2-KOmean, 0.35 ± 0.00 cycle per degree; n = 7 pairs; P <

0.001). Similarly, contrast sensitivity (measured at six different
spatial frequencies) was unaltered in NL4-KOs (Fig. 3E), but
signiﬁcantly reduced in NL2-KOs (Fig. 3F). This reduction was
largest at the optimal spatial frequency to which the inhibitory
system is tuned (0.064 cycle per degree; Fig. 3F). Thus, loss of
NL2 is more detrimental to visual processing than NL4 loss.
Together, above data show that different NL isoforms contribute
differentially to visual information processing, and that NL4 loss
has an effect on visual processing in the retina but does not
detectably affect visual acuity and contrast sensitivity.
NL4 Is Present at Inhibitory Synapses Throughout the CNS. To test
whether the association of NL4 with glycinergic synapses is
a general feature, we analyzed its distribution in the rest of the
CNS. We found NL4 to be expressed throughout the brain (Fig.
4 and Figs. S4 and S5), in agreement with a previous study (3).
Interestingly, NL4 immunoreactivity was faint or diffuse in many
forebrain areas (Fig. 4 and Figs. S4 and S5), such as the olfactory
bulb, the cortex (strongest in layer IV; Fig. 4A and Fig. S5A), and
the hippocampus (Fig. S5A), and did not correlate with synaptic
markers, yet it was clustered in most other regions, e.g., in basal
ganglia (globus pallidus; Fig. 4C), midbrain (colliculi; Fig. 4C),
and thalamus (Fig. 4C). In the latter regions, NL4 labeling was
intense and punctate, and colocalized preferentially with the
inhibitory synapse scaffold protein gephyrin, but not with the
excitatory synapse scaffold protein PSD-95 (Fig. 4C and Figs. S4
and S5B). NL4 labeling was particularly robust in brainstem (Fig.
4 A and C) and spinal cord (Fig. 4 B and C), where glycinergic
neurotransmission is prominent (20, 21). In these regions, the
vast majority of NL4 immunoreactive puncta were associated
with GlyR-positive clusters and not with PSD-95 (Fig. 4C). These
ﬁndings correlate with our observations in the retina (Fig. 1),
implying that NL4 associates prominently with inhibitory (glycinergic) postsynapses throughout the CNS.
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NL4 Binds Gephyrin and Collybistin. The scaffolding protein
gephyrin is essential for GlyR clustering in retina and brainstem
(22, 23), and all NLs bind gephyrin via a conserved cytoplasmic
motif (24). However, so far only NL2 is known to selectively
induce gephyrin clustering at inhibitory postsynapses by simultaneously binding to the gephyrin-binding protein collybistin
(CB2SH3+; ref. 24 and Fig. 5B). We found that the intracytoplasmic domain of NL4 (NL4ICD) also interacts with
gephyrin and collybistin in yeast two-hybrid assays (Fig. 5A) and
GST-pulldowns (Fig. 5B). In contrast, NL1ICD and NL3ICD bind
only gephyrin (24) but not collybistin (ref. 24 and Fig. 5B).
Further, NL4ICD induces the formation of NL, gephyrin, and
collybistin submembranous microaggregates in heterologous
cells (Fig. 5C and Fig. S6), as does NL2ICD (24). Finally,
gephyrin and collybistin are coimmunoprecipitated with NL4 in
chemically cross-linked extracts from mixed brainstem and spinal
cord samples of WT and NL2-KO, but not of NL4-KO mice (Fig.
5D), indicating that NL4, gephyrin, and collybistin speciﬁcally
associate into higher-order complexes in vivo.
Interestingly, in the retina we observed that the number of
NL4-immunoreactive clusters is signiﬁcantly up-regulated in the
NL2-KO compared with WT (Fig. 5E; WT, 26.00 ± 4.80 NL4
puncta per 100 μm2; NL2 KO, 72.51 ± 5.14 NL4 puncta per 100
μm2; n = 7 pairs; P < 0.0001). The NL4 clusters in the NL2-KO
retain their speciﬁc association with GlyRs and GABAA receptors (73 ± 3% and 18 ± 4%, respectively). However, the proportion of GlyR- (WT, 18 ± 3%; NL2-KO, 44 ± 6%; n = 3 pairs;
P = 0.0106) and GABAAγ2-positive puncta (WT, 0.71 ± 0.2%;
NL2-KO, 3.18 ± 0.4%; n = 3 pairs; P = 0.0006) that associate
with NL4 is signiﬁcantly increased in the NL2-KO. Because the
majority of NL2 colocalizes with GABAAγ2, whereas a subset
(≈20%) associates with GlyRs (8), our data indicate that NL4
might replace lost NL2 at a subset of postsynapses while
retaining its preference for glycinergic synapses. Alternatively, as
the number of GlyR postsynapses remains unchanged in the

B
Fig. 4. NL4 distribution in the
CNS. NL4 is widely expressed in the
brain (A and C), brainstem (A and
C) and spinal cord (B and C). NL4
labeling is speciﬁc in both brain and
spinal cord sections, because no
residual staining is left in the NL4KO (A and B). As exempliﬁed in the
cuneate nucleus of the brainstem
(C Upper Left) and in the dorsal
horn of the spinal cord (C Upper
Right), NL4 clusters are located at
glycinergic but not glutamatergic
postsynapses, as illustrated by
a colabeling with GlyRs but not
with PSD-95. In the parafascicular
thalamic nucleus, NL4 immunoreactive clusters associate speciﬁcally
with the inhibitory postsynaptic
protein gephyrin and do not correlate with PSD-95 puncta (C Lower
Left). Similarly in the globus (Gl.)
pallidus and superior colliculus,
NL4 immunoreactive clusters are
speciﬁcally localized at gephyrinimmunopositive inhibitory postsynapses (C Lower Right). (Scale
bars: A and B, 500 μm; C, 10 μm; C
detail, 1 μm).
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NL2-KO (8), NL4 up-regulation might reﬂect complex network
effects in the NL2-KO.
Discussion
NLs are essential for synapse maturation and function (2, 25,
26). NL4 has attracted particular attention because several NL4
loss-of-function mutations were found in patients with ASDs
(27–29), and NL4-KO mice show ASD-related behavioral features (3). We show here that NL4 is consistently localized to
glycinergic postsynapses (Figs. 1 and 4), and modulates synaptic
function (Fig. 2) and network activity in the retina (Fig. 3). Although we focused our analysis on the functional consequences
of NL4 deﬁciency in the adult retina, it is likely that the observed
changes upon NL4 loss are the result of developmental effects,
e.g., in synapse formation and maturation during late phases of
development.
Loss of NL4 is accompanied by a reduction in GlyRα1 cluster
number in the IPL (Fig. 2B). This decrease is the likely cause of
the slower kinetics of glycinergic mIPSCs in NL4-KO RGCs (Fig.
2 C–E), as complete loss of GlyRα1 clusters causes a twofold
increase in decay time constants of glycinergic IPSCs (14). Prolonged glycinergic currents may result in impaired inhibition or
mitigate excitatory inputs from bipolar cells, either way affecting
RGC output. Indeed, upon application of a robust visual stimulus (white noise), the output of NL4-KO RGCs was altered.
Mutant cells apportioned a larger fraction of spikes to code for
light in comparison with WT cells, and displayed reduced response latency, in line with an impaired inhibition (Fig. 3B).
Interestingly, NL4 loss also affects visual processing upstream of
RGCs, as indicated by the reduced amplitude of the ERG b-wave
(Fig. 3D), which reﬂects bipolar cell activity. It is classically attributed to activity at bipolar cell dendrites but also inﬂuenced by
synaptic input and electrical coupling onto bipolar cell axons in the
IPL (30). Since NL4 is only present in the IPL, and since GlyRs
(in particular those containing the α1 subunit) provide a robust
inhibition onto rod bipolar cells (12), we propose that the reduction of b-wave amplitudes in NL4-KOs reﬂects alterations in
the glycinergic innervation of bipolar cell axons. The oscillatory
potentials of the ERG (Fig. 3D), which represent inhibitory
feedback loops in the IPL that involve bipolar, amacrine, and RGC
processes (31), showed a tendency toward smaller amplitudes
in NL4-KOs. This trend would be compatible with a slight alterHoon et al.

ation in inhibitory processing due to functional changes in a subset
of glycinergic synapses in the NL4-KO retina.
NL4-KO mice serve as a model of certain monogenic heritable
ASDs (3). We show here that NL4 is selectively associated with
glycinergic postsynapses throughout the CNS (Figs. 1 and 4).
Interestingly, NL4 immunoreactivity is faint or diffuse in brain
regions classically referred to in the context of ASDs (e.g., cortex
and hippocampus) (Figs. S4 and S5). In these regions, glycinergic
transmission is known to operate via synaptic or extrasynaptic
GlyRs (32), and it will be crucial to ﬁnd out whether NL4
associates with GlyRs in these regions. At any rate, the functional characterization of NL4 in the retina revealed a speciﬁc
deﬁcit in fast glycinergic transmission in NL4-KOs (Fig. 2 C–E),
which is in line with the concept that ASDs may correlate with
an increased excitation vs. inhibition ratio (33). Alterations in
visual processes [reduced b-wave amplitudes (34); see also ref.
35] have been observed in subsets of ASD patients. In NL4KOs, we detected reduced ERG b-wave amplitudes (Fig. 3D) in
line with these observations, although other measures of visual
processing like acuity and contrast sensitivity remained unaltered (Fig. 3E). However, in the NL2-KO mouse, where a pronounced GABAergic deﬁcit is observed both morphologically
and functionally (8), visual acuity and contrast sensitivity were
dramatically impaired (Fig. 3F).
It will be interesting to see in future studies the relative contributions of glycinergic vs. GABAergic transmission in the determination of acuity and contrast sensitivity. Glycinergic
signaling in the retina may be more relevant for features of visual
processing that were not captured by our behavioral paradigms.
Indeed, processing of contrast and spatial frequency may rely
preferentially on the GABAergic system (17, 19). In addition,
retinal deﬁcits in the NL4-KO may have been compensated at
higher visual centers, which rely more on GABAergic rather than
glycinergic interneurons (36, 37).
NL4, like all other NLs, contains a PDZ-binding domain (24, 38)
as well as a gephyrin-binding motif (24) and can therefore, in
principle, associate with both excitatory and inhibitory postsynaptic scaffolds. We show here that NL4, but not NL1 or NL3,
shares with NL2 the ability of binding collybistin, a feature likely
related to their speciﬁc role at inhibitory postsynapses (ref. 24 and
Fig. 5). Moreover, the increased number of NL4 clusters observed
in the NL2-KO indicates that NL4 can replace NL2 at a subset of
PNAS | February 15, 2011 | vol. 108 | no. 7 | 3057
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Fig. 5. NL4 interacts with collybistin and gephyrin. The intracytoplasmic domain of NL4 (NL4ICD) binds gephyrin and collybistin (CB2SH3+) in yeast two-hybrid
(A) and GST-pulldown assays (B). This feature of NL4 is shared by NL2 but not by NL1 or NL3 (B). Coexpression of GFP-gephyrin, myc-CB2SH3+, and a HA-NL2ECDNL4ICD (NL2/4ICD) fusion protein in COS7 cells yields to the formation of NL/gephyrin/collybistin microclusters at the plasma membrane (C Left) as NL2 does (C
Right). In contrast, HA-NL3 or a HA-NL2ECD-NL1ICD (NL2/1ICD) fusion protein does not produce microaggregates (C Right). Further, gephyrin and collybistin are
coimmunoprecipitated with endogenous NL4 from cross-linked homogenates from WT and NL2-KO, but not from NL4-KO (D), showing that these proteins
form complexes in vivo. Note that a nonspeciﬁc cross-reactive band of unknown nature that runs below the speciﬁc collybistin band is detected in all
immunoprecipitates. In the NL2-KO retina, the number of NL4-immunoreactive clusters is increased compared with WT (E). (Scale bars: C, 20 μm; E, 10 μm.)

synapses that would otherwise contain NL2 alone or in combination with NL4, and that NL2 and NL4 are functionally related.
Materials and Methods
Immunohistochemistry. For immunohistochemical analysis, 8- to 10-wk-old
animals were used. Retinae were ﬁxed with 2% paraformaldehyde, cryoprotected, and frozen. Fourteen-micrometer vertical sections were collected
on slides for immunostaining. Brain, brainstem, and spinal cord were dissected and frozen in isopentane (−35 °C). Twenty-micrometer sections were
collected on slides and ﬁxed by immersion in methanol (−20 °C) for immunostaining. Images were obtained with a TCS-SP2 confocal microscope (Leica
Microsystems) and analyzed with AnalySIS (Olympus).
Patch-Clamp Recordings. Whole-cell patch-clamp recordings from RGCs were
performed on whole-mount retinae from 3-wk-old mice at room temperature
under dim-light conditions. Retinae were dissected in a low-Ca2+ artiﬁcial CSF
(aCSF). Glycinergic or GABAergic mIPSCs were recorded at −70 mV in the
presence of TTX, NBQX (1 μM), AP5 (50 μM), and bicuculline (50 μM) or
strychnine (500 nM). The intracellular pipette solution contained 55 mM CsGluconate, 55 mM CsCl2, 1 mM CaCl2, 10 mM EGTA, 10 mM Na-Hepes, 4 mM
Mg-ATP, 0.4 mM Na-GTP, 0.1 mM Alexa 488 (Molecular Probes) at pH 7.3. RGCs
were distinguished from displaced amacrine cells by size (diameter > 15 μm),
physiology (voltage-activated sodium currents > 2 nA), and morphology
(presence of an axon). Data were analyzed with IGOR Pro-6.1 (Wavemetrics).
mIPSCs were detected by using a sliding template algorithm (39).

In Vivo Vision Assays. Visual acuity and contrast sensitivity were assessed with
a virtual-reality optomotor system (40). Scotopic ERGs were recorded by
using dark-adapted anesthetized mice and light ﬂashes of incremental
calibrated (0.0002–14 cds/m2) intensities. A full-ﬁeld illumination (25 white
LEDs) was used to produce light ﬂashes, and a moistened AgCl electrode was
placed on the cornea to record responses.
Biochemistry. Yeast two-hybrid assays were performed as described (24). For
pulldown assays, glutathione-Sepharose beads with GST alone or GST-CB2SH3+
were incubated with NLICD-Fc constructs. Bound NLICD-Fc was analyzed by SDS/
PAGE and Western blotting. Coimmunoprecipitation assays were performed
on DSP-crosslinked homogenates of brainstem and spinal cord as described
(24) from WT, NL2-KO, or NL4-KO, using isoform-speciﬁc polyclonal antibodies
against NL2 and NL4. Coclustering experiments in COS cells were performed as
described by using available HA-NL2, HA-NL3 (24), and newly generated HAtagged chimeric NL2ECD-NL4ICD and NL2ECD-NL1ICD expression constructs, which
encode the NL2 extracellular domain (ECD) fused to the NL4 or NL1 transmembrane and intracellular domains (ICD). The latter constructs were used to
compare NL4ICD and NL1ICD as their use circumvents the problem that fulllength WT NL4 is not properly trafﬁcked to COS cell plasma membranes.
Further Experimental Details. Statistical comparison of genotypes was carried
out by using two-tailed unpaired (Welch corrected) t test. Detailed experimental methods are provided in SI Materials and Methods.

MEA Recordings. Recordings were performed by using 200/30 MEAs (60
electrodes, 30 μm diameter, 200 μm spacing, 8 × 8 grid) in oxygenated aCSF
at 37 °C (8). Large retina pieces were placed with the RGC layer facing the
MEA, and light stimuli (1 s ON/ 2 s OFF stimulus or 10-s-long pseudorandom
white noise stimulus) were delivered 200 times by a green light emitting
diode (LED) placed at the camera port of an inverted microscope (BX-51;
Olympus). Data were analyzed with IGOR Pro-5.03 (Wavemetrics).
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