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Abstract

Neuroligins are postsynaptic cell-adhesion molecules that bind to presynaptic neurexins. 

Mutations in neuroligin-3 predispose to autism, but how such mutations affect synaptic function 

remains incompletely understood. Here we systematically examined the effect of three autism-

associated mutations, the neuroligin-3 knockout, the R451C knockin, and the R704C knockin, on 

synaptic transmission in the calyx of Held, a central synapse ideally suited for high-resolution 

analyses of synaptic transmission. Surprisingly, germline knockout of neuroligin-3 did not alter 

synaptic transmission, whereas the neuroligin-3 R451C and R704C knockins decreased and 

increased, respectively, synaptic transmission. These puzzling results prompted us to ask whether 

neuroligin-3 mutant phenotypes may be reshaped by developmental plasticity. Indeed, conditional 

knockout of neuroligin-3 during late development produced a marked synaptic phenotype, whereas 

conditional knockout of neuroligin-3 during early development caused no detectable effect, 

mimicking the germline knockout. In canvassing potentially redundant candidate genes, we 

identified developmentally early expression of another synaptic neurexin ligand, cerebellin-1. 

Strikingly, developmentally early conditional knockout of cerebellin-1 only modestly impaired 

synaptic transmission, whereas in contrast to the individual single knockouts, developmentally 

early conditional double knockout of both cerebellin-1 and neuroligin-3 severely decreased 

synaptic transmission. Our data suggest an unanticipated mechanism of developmental 

compensation whereby cerebellin-1 and neuroligin-3 functionally occlude each other during 

development of calyx synapses. Thus, although acute manipulations more likely reveal basic gene 

functions, developmental plasticity can be a major factor in shaping the overall phenotypes of 

genetic neuropsychiatric disorders.
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Introduction

Synapse formation and maintenance require precise apposition of pre- and postsynaptic 

specializations to produce the characteristic properties of a synapse. This coordinated 

apposition is thought to be mediated by trans-synaptic cell-adhesion molecules, such as 

neurexins, neuroligins and cerebellins.1–3

Neuroligins are evolutionarily conserved postsynaptic proteins that bind to presynaptic 

neurexins. Vertebrates express four neuroligin genes (referred to as NL1, NL2, NL3 and 

NL4), of which NL1 functions at excitatory synapses, NL2 at inhibitory synapses, NL3 at 

both excitatory and inhibitory synapses, and NL4 at glycinergic synapses.4–8 Genetic 

experiments in different circuits in vivo with conditional knockout mice showed essential 

roles of neuroligins in specifying the properties of synapses, but not in establishing 

synapses.9–11 Mutations in NL3 and other neuroligins in patients have been repeatedly 

linked to autism.12–14 However, although analyses of NL3 KO, R451C-knockin, and 

R704C-knockin mice genocopying some of these mutations confirmed their physiological 

significance with distinct effects on synaptic transmission in different brain regions,9,15–17 

the precise effects of these mutations on synaptic transmission remain incompletely 

understood.

Cerebellins are a family of related secreted proteins (Cbln1–4) that are broadly expressed 

throughout brain, and that also bind to neurexins.3,18 In humans, mutations of cerebellins are 

associated with neurological disease.19–22 In mice, deletion of Cbln1, the best-studied 

cerebellin, causes a marked loss of parallel-fiber synapses in cerebellar Purkinje cells, 

suggesting that Cbln1 functions in parallel-fiber synapse formation and/or 

maintenance.18,23,24 Puzzlingly, however, deletion of Cbln1 increase synaptic spine density 

in striatral medium spiny neurons.25 Thus, the general functions of Cbln1 remain 

unclear.26,27

The calyx of Held is a giant glutamatergic synapse in the medial nucleus of the trapezoid 

body (MNTB) of the auditory brainstem. Presynaptic calyx terminals originate from neurons 

in the anterior ventral cochlear nucleus, and elaborate a single calyx synapse that contains 

hundreds of active zones covering the postsynaptic MNTB neuron. Because of its size and 

spherical architecture, the calyx of Held synapse allows studies of synaptic function with 

unprecedented precision. Moreover, calyx synapses exhibit a dramatic morphological and 

functional transformation during development,28–33 suggesting that they also serve as an 

accessible model system for synapse development and for studying the molecular basis of 

neuropsychiatry disorders.34–38

Here we have examined the effect of autism-associated NL3 mutations on synapse function 

at the calyx of Held. Unexpectedly, we uncovered a marked dependence of the phenotype on 

the developmental time point at which NL3 mutations were introduced, suggesting 

developmental plasticity. In surveying possible candidates for mediating such plasticity, we 

observed developmentally early expression of Cbln1 at calyx synapses, and confirmed that 

simultaneous conditional knockout of both NL3 and Cbln1 during early development elicits 

a massive phenotype that was absent from each of the single knockouts. Our data suggest 
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that NL3 and Cbln1 perform developmentally segregated but functionally overlapping 

functions in calyx of Held synapses, which may occlude an otherwise more severe synaptic 

phenotype produced by NL3 mutations in autism patients and could account for the selective 

changes observed with such mutations in human subjects.

Materials and Methods

Mouse handling

Generation and genotyping of NL3 KO, PV-Cre, Ai14-Cre reporter, Krox-20-Cre, NL3 

floxed mouse lines have been described previously. For details, see Supplementary 

Information. Cbln1 floxed mice were generated using 129svev strain embryonic stem cells 

in St. Jude Children's Research Hospital (Supplementary Figure S1 and Supplementary 

Methods). All procedures were approved by the Stanford IACUC.

Quantitative RT-PCR

Slices containing ventral cochlear nucleus or MNTB from postnatal days 1–18 (P1-P18) 

mice were carefully dissected under microscopy. Gene expression studies using reverse 

transcription PCR (RT-PCR) were performed as described previously.39 For details, see 

Supplementary Information.

Electrophysiology

Electrophysiological recordings at the calyx of Held synapses were performed essentially as 

described in acute brainstem slices from 9- to 13-day-old mutant and littermate control 

mice.40–42 Postsynaptic recordings were done in whole-cell voltage clamp mode. Miniature 

excitatory postsynaptic currents (mEPSCs) and evoked EPSC amplitude, rise-time, decay 

and so on. were analyzed using Clampfit 10.2 (Molecular Devices, Sunnyvale, CA, USA) or 

Mini Analysis software (Synaptosoft, Fort Lee, NJ, USA). For details, see Supplementary 

Information.

Immunohistochemistry

Immunohistochemistry was carried out as described before on 30 μm brainstem sections 

containing the MNTB.11 The primary antibody used was rabbit anti-Syt2 (dilution 1:500, 

A320), with a goat anti-rabbit Alexa488 (Invitrogen, Waltham, MA, USA) secondary 

antibody. Confocal images were acquired with an inverted Nikon IR+ microscope (Nikon, 

Tokyo, Japan) equipped with × 63 objective. Images were taken at 1024×1024 pixels and 

analyzed with Nikon analysis software.

Results

Autism-associated NL3 mutations differentially alter synaptic transmission at the calyx 
synapse

Previous studies indicated that the NL3 KO, R451C-knockin and R704C-knockin mutations 

produce distinct effects on synaptic transmission in different brain regions (cortex, 

hippocampus and striatum),9,15–17 but the precise mechanisms of these effects could not be 

defined due to the limitations of the preparations used. Therefore, we decided to 
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systematically investigate how these mutations affect synaptic transmission at the calyx of 

Held synapse, which allows an unparalleled resolution of synaptic analysis (Figure 1a).

We first studied the NL3 KO, which based on quantitative RT-PCR of total mRNA levels in 

the mouse MNTB exhibits a modest increase during postnatal development (Supplementary 

Figures S2A and S2B). We found that at P9-P11, the frequency and amplitude of mEPSCs 

were indistinguishable between NL3 KO and littermate control mice (Supplementary Figure 

S3A; note that NL3 is an X-chromosomal gene). We then analyzed EPSCs induced by 

afferent-fiber stimulation, and observed normal EPSC amplitudes, rise times, and decay 

times (Figure 1b). To probe for potential changes in the number and release probability of 

vesicles in the readily releasable pool, we used high-frequency afferent-fiber stimulation 

(100 Hz for 0.4 s).43 Short-term depression, assessed by normalizing the EPSCs of a train to 

the first EPSC, was similar between control and NL3 KO neurons (Figures 1c and d). 

Summation of evoked EPSC amplitudes during the stimulus train also failed to reveal 

changes in the cumulative EPSC amplitude in NL3 KO mice (Figure 1d). Similar to short-

term synaptic plasticity, dividing the initial EPSC amplitude in the train by the cumulative 

EPSC, which provides an indirect measure of the presynaptic release probability, was also 

normal in NL3 KO mice. Finally, the steady-state EPSC amplitude (mean amplitude of the 

last 10 EPSCs) also was unchanged in NL3 KO mice (Figures 1c and d). Altogether, these 

data suggest that the constitutive NL3 KO has no effect on excitatory synaptic transmission 

at the calyx synapse.

We next performed analogous experiments with NL3-R451C-and NL3-R704C-knockin 

mice. Strikingly, we observed in R451C knockin mice during stimulus trains a reduced 

mEPSC amplitude and a smaller cumulative evoked EPSC amplitude without an apparent 

change in release probability, suggesting a reduced postsynaptic AMPAR content (Figures 

1e–g and Supplementary Figure S3B). The reduction of the cumulative EPSC amplitude (an 

indirect measure of the pool size) appears to be bigger than the decrease of mEPSC 

amplitude, but the two parameters do not necessarily scale linearly and cannot be directly 

compared, although we cannot exclude a more subtle presynaptic phenotype.

In contrast to R451C knockin mice, we observed in R704C knockin mice a normal mEPSC 

amplitude, but an increase in the initial EPSC and in the cumulative EPSC amplitude during 

the train, accompanied by a corresponding change in the normalized EPSCs (Figures 1h–j, 

Supplementary Figure S3C). Again, the release probability as estimated indirectly via the 

paired-pulse ratio did not change in R704C-knockin mice (Figure 1i). Altogether, these data 

suggest an increase in the number of functional presynaptic release sites in R704C knockin 

mice.

Overall, our results show that the NL3 KO and the two NL3 knockin mutations differentially 

alter AMPAR-mediated synaptic transmission at calyx synapses. As the NL3 KO in itself 

did not produce a phenotype, the effects of the knockins likely arise by gain-of-function 

mechanisms. These effects, just like the absence of an effect in the NL3 KO, are surprisingly 

different from those observed previously,9,15–17,44,45 suggesting that developmental 

plasticity may have altered the phenotype.
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Developmentally late but not early conditional NL3 KO impairs AMPAR-mediated synaptic 
transmission

To explore the potential for developmental plasticity as a basis for a lack of a phenotype in 

NL3 KO calyx synapses, we analyzed the effect of conditionally deleting NL3 during 

development. For this purpose, we needed Cre-driver mice with developmentally early and 

late Cre-recombinase expression in calyx synapses. Traditionally, conditional KO studies at 

the calyx synapse utilize Krox-20-Cre-driver mice that express Cre-recombinase relatively 

early (at ∼E10),46–48 which may allow for developmental plasticity. To identify a Cre-driver 

line with Cre-expression later in development, we examined mice in which Cre-recombinase 

expression is driven by the parvalbumin (PV) promoter (referred to as PV-Cre mice). When 

we analyzed PV-Cre mice crossed with Cre-dependent tdTomato reporter mice, we observed 

Cre-recombinase expression in both pre- and postsynaptic neurons of the calyx synapse 

(Figures 2a and b). Importantly, Cre-expression in principal neurons started postnatally, and 

was detectable in essentially all principal neurons at P12 (Figure 2c). We then crossed 

conditional NL3 KO mice with both Krox-20-Cre and PV-Cre driver mice to analyze the 

effects of developmentally early and late conditional NL3 KOs, respectively, on synaptic 

transmission at the calyx of Held.

We found that NL3 conditional KO mice with developmentally late NL3 deletion under 

control of the PV promoter, analyzed at P11-13, exhibited a dramatic impairment in synaptic 

transmission. We detected a ∼40% decrease in both spontaneous mEPSC and evoked EPSC 

amplitudes (Figure 3, Supplementary Figure S4A). Moreover, evoked EPSCs displayed 

altered kinetics with prolonged rise and decay times, and train stimulations revealed reduced 

cumulative EPSC amplitudes with a normal apparent release probability (Figures 3b–d). As 

we detected no change in the release probability, these data suggest that the developmentally 

late NL3 deletion causes a large decrease in postsynaptic AMPARs at the calyx synapse 

without a change in AMPAR composition,49 as suggested by the unaltered mEPSC kinetics 

(Supplementary Figure S4A).

We next examined the Krox-20-Cre-induced conditional NL3 KO (Supplementary Figure 

S5A), which induces a developmentally earlier NL3 deletion (Supplementary Figure S2E, 

F). Strikingly, we found that similar to the NL3 KO, early Krox-20-Cre-induced deletion of 

NL3 failed to produce a phenotype (Figures 3e–h, Supplementary Figure S4B). Thus, 

developmentally early KO of NL3 likely enables compensation of the deleterious effect of 

the deletion, which does not occur with developmentally late KO of NL3. Possibly the 

developmentally late KO of NL3 does not cause compensation because there is insufficient 

time, or because the compensatory mechanism cannot be activated at a developmentally later 

time.

Developmentally early but not late Cbln1 deletion modestly impairs excitatory synaptic 
transmission

Could compensation of the Krox-20-Cre-induced conditional NL3 KO be mediated by NL1? 

To answer this question, we tested the effect of deleting NL1 in addition to NL3. However, 

we again observed no phenotype in NL1/NL3 double KO mice induced early in 

development (Supplementary Figure S4C), suggesting that NL1 does not compensate for the 
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developmentally early NL3 KO. We then search for other candidate compensatory 

mechanisms, and observed by RT-PCR high-level expression of Cbln1 in the ventral 

cochlear nucleus, the origin of presynaptic terminals at the calyx of Held, and in the MNTB 

(Figure 4a, Supplementary Figure S1C). Since Cbln1 is a neurexin ligand similar to NL3 

that may be functionally redundant with NL3, we hypothesized that Cbln1 may compensate 

for the effect of the developmentally early NL3 deletion. To test this hypothesis, we crossed 

conditional Cbln1 KO mice with PV-Cre and Krox-20-Cre mice (Figure 4b, Supplementary 

Figure S5B). Strikingly, we found that the PV-Cre-induced developmentally late conditional 

Cbln1 KO had no effect on synaptic transmission (Figures 4c–e, Supplementary Figure 

S6A), in contrast to the corresponding PV-Cre-induced conditional NL3 KO (Figure 3). The 

Krox-20-Cre-induced developmentally early conditional Cbln1 KO, however, produced a 

small but significant impairment in synaptic transmission (Figures 4f–h, Supplementary 

Figure S6B). In developmentally early Cbln1 conditional KO mice, evoked EPSC 

amplitudes were normal, but EPSC rise and decay times were increased; moreover, although 

cumulative EPSC amplitudes were normal and exhibited unchanged short-term plasticity, the 

slope of the cumulative EPSC amplitudes was reduced (Figures 4f–h). Thus, Cbln1 plays a 

minor but significant role in enabling early synaptic development of the calyx synapse.

Developmentally early double-conditional KO of both NL3 and Cbln1 induces severe 
impairments of excitatory synaptic transmission

In order to test whether NL3 and Cbln1 perform complementary, developmentally 

segregated functions at the calyx synapse, we generated double NL3/Cbln1 conditional KO 

mice, and crossed them with Krox-20-Cre or PV-Cre mice. When we analyzed synaptic 

transmission at the calyx in NL3/Cbln1 KO vs littermate control mice (comparisons were 

with homozygous mutant conditional NL3 and Cbln1 KO mice without or with the Krox-20-

Cre or PV-Cre allele; Supplementary Figure S5C), we observed a marked phenotype in 

Krox-20-Cre-driven double-conditional NL3/Cbln1 KO mice. This phenotype consisted of a 

decrease in the evoked EPSC amplitude, a retardation of EPSC kinetics, and a large 

impairment in the cumulative EPSC amplitude during stimulus trains (Figures 5a–c, 

Supplementary Figure S7A). This phenotype mimicked the phenotype observed in PV-Cre-

driven conditional NL3 KO mice (Figures 3a–d), and was similarly present in the PV-Cre-

driven double-conditional NL3/Cbln1 KO mice as far analyzed (Figure 5d, Supplementary 

Figure S7B), suggesting that Cbln1 expression occludes the NL3 KO phenotype when NL3 

is deleted developmentally early.

Discussion

Neuroligins have been the objects of intense interest, in large part because of their likely 

important functions at synapses and their genetic association with autism-spectrum 

disorders.1,4–8,12–14,50 Examining the function of neuroligins proved challenging, however, 

because mammals express multiple isoforms (NL1-4),51–53 which may perform only partly 

overlapping functions and whose mutations may cause developmental compensation. A 

better understanding of how mutations in neuroligin genes predispose to neuropsychiatric 

disorders is made additionally difficult by the presence of these mutations throughout an 

individual's development,12–14 and the phenotypic consequences of such mutations are likely 
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the combined result of both mutation-induced functional changes and of developmental 

plasticity and compensation.50

To address these challenges at least in part, we here have analyzed the effects of autism-

associated NL3 mutations on synaptic transmission as a function of development. We 

performed these analyses in what is arguably the best preparation to study synaptic 

transmission at high resolution, the calyx of Held synapse. We found that the constitutive 

NL3 KO surprisingly exhibited no phenotype, whereas two NL3 point mutations, the 

R451C- and R704C-substitutions analyzed as knockins, produced nearly opposite 

phenotypes (Figure 1). Hypothesizing that this puzzling result could be due to 

developmental plasticity that might occlude the NL3 KO phenotype, but not prevent 

dominant-positive knockin phenotypes, we tested whether developmentally later conditional 

KO of NL3 could uncover a phenotype. We identified PV-Cre mice as a tool that enables 

developmentally late, postnatal Cre-recombinase expression in MNTB neurons, in contrast 

to Krox-20-Cre mice which mediate developmentally early Cre-recombinase expression in 

these neurons (Figure 2, also see ref. 54). We found that the developmentally late conditional 

NL3 KO produced a marked impairment of synaptic transmission, whereas the 

developmentally early conditional NL3 KO, just like the constitutive NL3 KO, caused no 

phenotype (Figure 3).

These results strongly support the hypothesis of developmental plasticity, leading us to 

search for candidate genes for such compensation. After ruling out NL1, we focused on 

Cbln1 as a lead candidate because it functions as a neurexin ligand similar to NL3,3 and 

because it is expressed developmentally early in pre- and postsynaptic calyx neurons (Figure 

4a, Supplementary Fig. S2C, see also ref. 55). When we analyzed conditional Cbln1 KO 

mice, we found that the developmentally early and late conditional Cbln1 KO caused only 

modest or no changes in synaptic transmission, respectively, suggesting that by itself, Cbln1 

performs a minor essential role (Figure 4). However, when we examined the 

developmentally early conditional double KO of both NL3 and Cbln1, we observed a large 

impairment in synaptic transmission, consistent with the hypothesis that developmentally 

early Cbln1 expression functionally compensates for a loss of NL3 as a mechanism of 

developmental plasticity (Figure 5e).

To the best of our knowledge, our results represent the first instance at which functional 

redundancy between neuroligins and cerebellins is demonstrated, and the first description of 

a molecular mechanism of developmental plasticity that compensates for a synaptic 

phenotype. Apart from highlighting the importance of conditional manipulations at different 

stages of development in order to deconstruct the functions of a gene, our results illustrate 

the need for not only recognizing, but also understanding the mechanisms of developmental 

plasticity for further insight into how a mutation predisposes to a neuropsychiatric disorder. 

Such developmental plasticity is likely region-and synapse-specific, since the same 

mutations that we studied here often exhibit different phenotypes in other types of 

synapses.9,15–17 This plasticity has major implications for disease pathogenesis. For 

example, it is well documented that the same or similar mutations in a particular gene can 

produce different clinical manifestations (for example, see refs 12,50,56–72). Among others, 

this observation was revealed in the initial description of NL3 mutations in autism, which 
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showed that brothers with the same NL3 R451C mutation had different clinical 

presentations.12 A plausible basis for such differences in presentations is that different 

processes of developmental plasticity may be differentially effective in the affected patients, 

such as small changes (polymorphisms) in the responsible genes that may cause variations in 

their expression. It seems to us that such differences in compensating gene expression could 

account for much of the clinical variation that is observed, making it imperative to better 

understand the underlying processes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Constitutive NL3 knockout (KO) does not alter synaptic transmission at calyx of Held 

synapses, whereas the NL3 R451C knockin decreases, and the NL3 R704C knockin 

increases, their strength. (a) Schematic diagram of NL3 mutations (left), and developmental 

profile of the calyx of Held synapse (right). (b) AMPA receptors (AMPARs)-mediated 

EPSCs evoked by fiber stimulation in P9–P11 control and NL3 KO mice (left, sample traces; 

right, summary graphs of the amplitude, rise time and decay time). Stimulation artifacts 

were removed from all sample trace. (c) AMPAR-mediated EPSCs triggered by an action-

potential train induced by fiber stimulation (40 AP at 100 Hz) in P9–P11 control and NL3 

KO mice (top left, representative traces; top right, cumulative EPSC amplitude plots; bottom 

left and bottom right, absolute and normalized EPSC amplitudes as a function of stimulus 

number (green line = fitted linear regression line to calculate the estimated recovery-

corrected readily releasable pool size by back-extrapolation to time zero of accumulative 

EPSCs)). Paired-pulse ratio was calculated as EPSC2/EPSC1 and inserted in bottom left. (d) 

Summary graphs of the cumulative EPSCs (left), release probability (middle), and the 

steady-state EPSC amplitude (mean amplitude of the last 10 EPSCs, right). (e–g), Same as 

(b–d), but for control and NL3-R451C knockin mice. (h–j), Same as (b–d), but for control 

and NL3-R704C knockin mice. Train stimulation of 30 AP at 100 Hz was used. Data are 

means ± s.e.m. Numbers in bars represent the numbers of cells/animals. Statistical 

significance was determined by two-tailed Student's t-test or by single-factor analysis of 
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variance (ANOVA) (*P < 0.05; non-significant comparisons are not labeled). EPSC, 

excitatory postsynaptic currents; P, postnatal day.
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Figure 2. 
Cre-recombinase expressed under control of the parvalbumin promoter in PV-Cre mice 

manifests in a developmentally late pattern in both pre- and postsynaptic neurons of the 

calyx of Held synapse. (a) Low-magnification image of a single focal plane of a section of 

the brainstem and cerebellum from PV-Cre+ mice crossed with tdTomato reporter mice at 

P12 (red = tdTomato fluorescence; blue = DAPI staining). Note that tdTomato is robustly 

expressed in the ventral cochlear nucleus (VCN) and medial nucleus of the trapezoid body 

(MNTB). (b) High-magnification images of an MNTB section from a PV-Cre/tdTomato 

reporter mouse at P12, viewed in a single focal plane (red = tdTomato fluorescence; green = 

immunolabeling for synaptotagmin-2 (Syt2)). The white arrow depicts the position of the 

fluorescence intensity plot depicted below the images. (c) Analyses of Cre-expression in 

calyx synapses of PV-Cre mice as a function of developmental time analyzed in PV-Cre/

tdTomato reporter mice. The age of the mice examined is listed above the panels. P, 

postnatal day.
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Figure 3. 
Developmentally late, but not developmentally early conditional NL3 KO reduces AMPAR-

mediated synaptic transmission at the calyx of Held. (a) Cartoon of PV-Cre activity during 

development of MNTB. PV-20-Cre activity starts at early postnatal stages. Crossing PV-Cre 

mice with NL3-cKO mice will results in early postnatal NL3 deletion. (b–d), Sample traces 

and summary data of EPSCs (b), and EPSCs train (c, d) recorded from P11-13 MNTB 

neurons at control (black) or PV-NL3 (red) littermate. (e) Cartoon of Krox-20-Cre activity in 

development of MNTB. Krox-20-Cre activity starts at early embryonic stages, even before 

axons of calyx of Held cross the midline. Crossing Krox-20-Cre mice with NL3-cKO mice 

will results in early prenatal NL3 deletion. (f–h), Same as (b–d), but for P11-13 control and 

Krox-20-NL3 littermate. Data are mean ± s.e.m. Numbers in bars represent the numbers of 

cells/animals. Statistical significance was determined by two-tailed Student's t-test or by 

single-factor analysis of variance (ANOVA) (*P < 0.05; **P < 0.01; ***P < 0.001; non-

significant comparisons are not labeled). AMPAR, AMPA receptor; EPSC, excitatory 

postsynaptic currents; P, postnatal day; MNTB, medial nucleus of the trapezoid body.
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Figure 4. 
Developmentally early but not developmentally late conditional Cbln1 knockout (KO) 

causes a modest impairment of synaptic transmission at the calyx of Held. (a) Measurement 

of mRNA of Cbln1, -2 and -4 at ventral cochlear nucleus (VCN) during development. The 

amounts of mRNA were normalized to actin. (b) Schema of generating the conditional 

Cbln1 KO mice. After introduction of Cre recombinase, the Cbln1 gene will be 

conditionally deleted. (c–e), Sample traces and summary data of EPSCs (c) and EPSCs train 

by 40 stimuli at 100 Hz (d, e) recorded from P11-13 MNTB neurons at control (black) or 

PV-Cbln1 (red) littermate. Consistent with the minimal phenotype produced by postnatal 

deletion of Cbln1 (PV-Cbln1), incubation of Cbln1 peptide at P11-13 calyx of Held brain 

slice also did not alter the EPSC amplitude (Supplementary Figure S4D). (f–h), Same as (c–
e), but for P11-13 control and Krox-20-Cbln1 littermate. Data are mean ± s.e.m. Numbers in 

bars represent the numbers of cells/animals Statistical significance was determined by two-

tailed Student's t-test or by single-factor analysis of variance (ANOVA) (*P < 0.05; non-

significant comparisons are not labeled). EPSC, excitatory postsynaptic currents; P, postnatal 

day.
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Figure 5. 
Developmentally early conditional double KO of Cbln1 and NL3 severely impairs synaptic 

transmission at the calyx of Held. (a–c), Sample traces and summary data of EPSCs (a), and 

EPSCs train by 40 stimuli at 100 Hz (b, c) recorded from P11-13 MNTB neurons in control 

(black) or Krox-Cbln1-NL3 (red) littermate. (d) Sample traces and summary data of EPSCs 

recorded from P11-13 MNTB neurons in control (black) or PV-Cbln1-NL3 KO (red) 

littermate. (e) Model of how AMPAR-mediated transmission was regulated by NL3 and 

Cbln1 during development at calyx of Held. Cbln1 and NL3 work sequentially at calyx of 

Held, possibly because of down-regulation of postsynaptic GluRδ1/2 receptor during 

development (Supplementary Figure S1D). NL3 functions primarily postnatally, whereas 

Cbln1 functions primarily prenatally. Interaction of NL3 with AMPAR was mediated by 

synaptic scaffolding molecule (S-SCAM). Data are mean ± s.e.m. Numbers in bars represent 

the numbers of cells/animals. Statistical significance was determined by two-tailed Student's 

t-test or by single-factor analysis of variance (ANOVA) (*P < 0.05; **P < 0.01; ***P < 

0.001; non-significant comparisons are not labeled). AMPAR, AMPA receptor; EPSC, 

excitatory postsynaptic currents; P, postnatal day; MNTB, medial nucleus of the trapezoid 

body.
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