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Summary

The synaptic adhesion molecules Neurexin and Neuroligin alter the development and function of 

synapses and are linked to autism in humans. In C. elegans, post-synaptic Neurexin (NRX-1) and 

pre-synaptic Neuroligin (NLG-1) mediate a retrograde synaptic signal that inhibits acetylcholine 

(ACh) release at neuromuscular junctions. Here we show that the retrograde signal decreases ACh 

release by inhibiting the function of pre-synaptic UNC-2/CaV2 calcium channels. Post-synaptic 

NRX-1 binds to an auxiliary subunit of pre-synaptic UNC-2/CaV2 channels (UNC-36/α2δ) 

decreasing UNC-36 abundance at pre-synaptic elements. Retrograde inhibition is mediated by a 

soluble form of NRX-1’s ectodomain, which is released from the post-synaptic membrane by the 

SUP-17/ADAM10 protease. Mammalian Neurexin-1α binds α2δ–3 and decreases CaV2.2 current 

in transfected cells whereas Neurexin-1α has no effect on CaV2.2 reconstituted with α2δ1 and 

α2δ2. Collectively, these results suggest that α-Neurexin binding to α2δ is a conserved 

mechanism for regulating synaptic transmission.
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Introduction

Synaptic transmission is mediated by exocytosis of synaptic vesicles (SVs), which are filled 

with neurotransmitter. SV fusion is triggered by a local calcium transient, produced by 

activation of pre-synaptic voltage-gated calcium channels (CaVs). Secreted neurotransmitter 

activates receptors embedded in the post-synaptic membrane, thereby depolarizing or 

hyperpolarizing post-synaptic cells.

Synaptic signals occur with extremely high spatial and temporal precision. Fusion of SVs in 

presynaptic terminals is restricted to a spatial domain extending ~300 nm from activated 

CaVs (Watanabe et al., 2013). Similarly, post-synaptic receptor activation is limited to a 

domain extending ~100 nm from the site of SV fusion (Raghavachari and Lisman, 2004). 

Given these tiny spatial domains, post-synaptic currents are activated ~150 µs after the 

presynaptic action potential (Sabatini and Regehr, 1996). The extreme spatial and temporal 

precision of synaptic transmission are likely a consequence of tight physical coupling of pre- 

and post-synaptic specializations.

Physical coupling of the pre- and post-synaptic cells is mediated by trans-synaptic adhesion 

molecules. Over the past several years, several families of synaptic adhesion molecules have 

been identified. Among these, Neurexin (NX) and Neuroligin (NL) proteins play a 

prominent role. Mammals have three NX genes, each encoding long (α) and short (β) 

isoforms, and four NL genes. Mammalian NX proteins are typically presynaptic while NL 

proteins are post-synaptic. When expressed in non-neuronal cells, NX induces formation of 

post-synaptic elements in contacting neurons whereas NL induces pre-synaptic elements 

(Graf et al., 2004; Nam and Chen, 2005; Scheiffele et al., 2000). NX and NL’s synaptogenic 

activities are thought to be mediated by induced clustering of pre- and post-synaptic proteins 

caused by trans-synaptic contact (Dean et al., 2003).

Because they form a physical link across the synapse, NX and NL have the capacity to 

mediate bi-directional signaling between pre- and post-synaptic cells. Consistent with this 

idea, pre-synaptic NX has been shown to promote clustering of post-synaptic GABAA, 

AMPA, and NMDA receptors (Aoto et al., 2013; Heine et al., 2008; Kang et al., 2008; Nam 

and Chen, 2005; Tong et al., 2015). By controlling post-synaptic receptor abundance, pre-

synaptic NX plays an important role in regulating the strength of synaptic signals (i.e. by 

directly altering the size of quantal responses).

Other studies suggest that post-synaptic NL alters pre-synaptic properties. Over-expression 

of NL or PSD95 (which binds NL) increases formation of trans-synaptic NX-NL complexes 

and increases release probability in rat hippocampal neurons (Futai et al., 2007; 

Wittenmayer et al., 2009). Post-synaptic NL3 decreases excitatory input to parvalbumin 

expressing interneurons in the CA1 region of the hippocampus (Polepalli et al., 2017). These 

studies support the idea that NX-NL signaling regulates presynaptic function; however, little 

is known about the biochemical basis for these presynaptic effects.

To address this question, we have studied a C. elegans retrograde signal whereby muscles 

inhibit acetylcholine (ACh) release from motor neurons at neuromuscular junctions (NMJs) 

(Simon et al., 2008). This retrograde signal is induced by inactivation of a muscle 
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microRNA (miR-1) and is abolished by mutations inactivating the transcription factor 

MEF-2 (a miR-1 target), or those inactivating NRX-1/α-NX and NLG-1/NL (Hu et al., 

2012; Simon et al., 2008). At this synapse, NL is pre-synaptic and NX is post-synaptic, 

opposite to the polarity observed at mammalian synapses. Other examples of reversed 

polarity include presynaptic NLG-1 in worms (Feinberg et al., 2008; Hunter et al., 2010) and 

post-synaptic mouse and fly NX (Chen et al., 2010; Kattenstroth et al., 2004; Taniguchi et 

al., 2007). This flipped polarity is not observed at all C. elegans synapses. For example, at 

GABAergic NMJs, NRX-1 and NLG-1 are pre-and post-synaptic, respectively (Maro et al., 

2015; Tong et al., 2015; Tu et al., 2015). Here we show that post-synaptic NRX-1 inhibits 

ACh release by directly binding to and inhibiting the function of α2δ subunits associated 

with pre-synaptic N-type (CaV2) calcium channels.

Results

UNC-2/CaV2 and EGL-19/CaV1 both contribute to synaptic transmission at cholinergic 
NMJs

Because the retrograde signal inhibits ACh release, we hypothesized that trans-synaptic NX-

NL complexes regulate pre-synaptic voltage-activated calcium (CaV) channels. To test this 

idea, we first asked which CaVs are responsible for ACh release at NMJs. The C. elegans 
genome encodes one N-type (UNC-2/CaV2) and one L-type (EGL-19/CaV1) calcium 

channel. How these CaVs contribute to synaptic transmission has not been fully 

characterized (Fig. 1A). To block release coupled to UNC-2/CaV2, we analyzed excitatory 

post-synaptic currents (EPSCs) in unc-2 null mutants. Because egl-19 null mutants are 

inviable, we utilized an antagonist (Nemadipine) to block EGL-19/CaV1 mediated release 

(Kwok et al., 2006). Nemadipine treatment (10 µM) completely blocked voltage-activated 

EGL-19/CaV1 calcium current in body muscles (Fig. S1A–B), confirming that Nemadipine 

is an effective EGL-19 antagonist (Laine et al., 2011).

Using these tools, we asked if UNC-2 and EGL-19 are required for ACh release at NMJs. 

Transmission at this synapse is mediated by graded ACh release, whereby release varies 

with the strength of depolarization (Liu et al., 2009). When activity is low, transmission 

consists of spontaneous miniature excitatory post-synaptic currents (mEPSCs) that result 

from single SV fusions (Liu et al., 2005), hereafter designated tonic release. Direct 

depolarization of motor neurons evokes the synchronous release of several hundred SVs.

Which CaV is required for evoked ACh release? Evoked EPSCs were nearly completely 

eliminated in unc-2 null mutants, whereas the amplitude of evoked responses was unaffected 

by Nemadipine treatment (Fig. 1B–C). Thus, the vast majority of SV fusions during evoked 

responses are coupled to UNC-2/CaV2.

Next, we asked which CaV mediates tonic ACh release. The mEPSC rate was significantly 

reduced in unc-2 mutants (57% WT) and by Nemadipine treatment (60% untreated controls) 

(Fig. 1B,D). mEPSCs were nearly completely eliminated in Nemadipine treated unc-2 
mutants (Fig. 1B,D). mEPSC amplitudes were unaltered in unc-2 mutants and in 

Nemadapine treated animals (Fig. 1E), suggesting that muscle sensitivity to ACh had not 

been altered. To confirm EGL-19’s role in promoting tonic release, we constructed 
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transgenic animals in which an egl-19 null mutation is complemented by a transgene that 

restores EGL-19 expression only in body muscles [designated EGL-19(N−M+)]. Compared 

to wild type controls, the mEPSC rate was significantly reduced in EGL-19(N−M+) animals 

and was not further reduced by Nemadapine treatment (Fig. S1C–D). These results confirm 

that EGL-19/CaV1 functions in neurons to promote ACh release and that Nemadapine’s 

effects on mEPSC rate are mediated by inhibiting EGL-19 function in neurons. Thus, tonic 

ACh release comprises a mixture of SV fusions coupled to both UNC-2/CaV2 and EGL-19/

CaV1.

UNC-36/α2δ is required for UNC-2/CaV2 but not EGL-19/CaV1 mediated ACh release

CaVs are heteromeric complexes containing pore forming (α1) and auxiliary (β and α2δ) 

subunits. Mammals have four predicted α2δ encoding genes (CACNA2D1–4). α2δ subunits 

play redundant roles promoting CaV1 and 2 trafficking to (and retention in) the plasma 

membrane (Bernstein and Jones, 2007; Canti et al., 2005; Dolphin et al., 1999). α2δ 
subunits also have modest effects on gating, accelerating inactivation and deactivation of 

CaV1 and 2 (Felix et al., 1997; Klugbauer et al., 1999). In rat hippocampal neurons, α2δ-1 

localizes CaV2.1 or CaV2.2 in the active zone, thereby promoting the coupling of CaV2 to 

SV exocytosis and enhancing synaptic transmission (Hoppa et al., 2012).

The C. elegans genome encodes two α2δ subunits, UNC-36 and TAG-180. A prior study 

suggested that UNC-36/α2δ is an essential auxiliary subunit for UNC-2/CaV2 (Saheki and 

Bargmann, 2009). Mutants lacking UNC-36/α2δ have a behavioral phenotype very similar 

to unc-2 mutants and unc-36 mutants have a dramatic decrease in the pre-synaptic 

localization of GFP-tagged UNC-2 channels (Saheki and Bargmann, 2009). Conflicting 

results have been reported for UNC-36 effects on EGL-19/CaV1 channels (Laine et al., 

2011; Gao and Zhen, 2011).

To determine if UNC-36 is required for UNC-2 and EGL-19 function in neurons, we 

recorded tonic and evoked EPSCs from unc-36 mutants. We found that unc-36 and unc-2 
mutants exhibit very similar electrophysiological phenotypes. Evoked EPSCs (which consist 

of SV fusions coupled to UNC-2/CaV2) were dramatically reduced in unc-36 mutants (Fig. 

1B–C). Tonic release (which is mediated by both UNC-2 and EGL-19) was reduced but not 

eliminated in unc-36 mutants (Fig. 1B,D). The residual mEPSCs in unc-36 mutants were 

eliminated by Nemadipine treatment, indicating that unc-36 mutations decreased tonic 

release coupled to UNC-2/CaV2 channels (Fig. 1B,D). The mEPSC rate observed in unc-36; 
unc-2 double mutants was indistinguishable from that found in either single mutant (Fig. 

1D), suggesting that UNC-36/α2δ effects on mEPSC rate are mediated by altered UNC-2/

CaV2 function. Collectively, these results suggest that UNC-36/α2δ subunits are required 

for the function of pre-synaptic UNC-2/CaV2 but not for EGL-19/CaV1.

UNC-36/α2δ synaptic localization is mediated by binding to endogenous UNC-2/CaV2

If UNC-36/α2δ is an auxiliary subunit for UNC-2/CaV2, UNC-36 should be localized to 

pre-synaptic terminals. To visualize UNC-36 localization, we constructed a chimeric protein 

(mngUNC-36) in which a fluorescent protein (mNeonGreen) was inserted after the amino-

terminal signal peptide sequence. A transgene expressing mngUNC-36 in all neurons (using 
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the snb-1 promoter) rescued unc-36 mutant defects in synaptic transmission (Fig. 2A), 

suggesting that the fluorescent tag did not interfere with UNC-36 function. To determine its 

subcellular localization, we expressed mngUNC-36 in the DA and DB cholinergic motor 

neurons (using the unc-129 promoter). DA/DB neurons receive synaptic input in the ventral 

nerve cord (VNC), and form NMJs with body muscles in the dorsal nerve cord (DNC) 

(White et al., 1986). Thus, expression in DA/DB neurons provides a simple means for 

distinguishing axonal (DNC) and dendritic (VNC) protein localization. The mngUNC-36 

protein formed fluorescent puncta in the DA/DB dorsal cord axons, whereas diffuse 

fluorescence was observed in DA/DB ventral cord dendrites. The axonal mngUNC-36 

puncta were strongly co-localized with a synaptic vesicle protein (UNC-57/endophilin), 

confirming that mngUNC-36 is localized to pre-synaptic elements (Fig. 2B, E). The 

apparent pre-synaptic localization of mngUNC-36 could result from increased axonal 

volume at pre-synaptic elements. To test this possibility, we compared the subcellular 

localization of mngUNC-36 with soluble mCherry (also expressed in DA/DB neurons). We 

found that the axonal puncta fluorescence (measured as ΔF/F) of mngUNC-36 was 

significantly greater than soluble mCherry (Fig. 2C–D). Similarly, mngUNC-36 co-

localization with UNC-57/Endophilin was significantly greater than with mCherry (Fig. 2E). 

Collectively, these results suggest that mngUNC-36 is enriched at pre-synaptic nerve 

terminals, and that this synaptic enrichment cannot be accounted for by increased axonal 

volume at synaptic varicosities.

If mngUNC-36 accumulation at presynaptic terminals is mediated by association with 

UNC-2/CaV2, mngUNC-36 puncta fluorescence should be diminished in mutants lacking 

UNC-2/CaV2 channels. Consistent with this idea, mngUNC-36 puncta intensity was 

significantly reduced in unc-2 mutants (Fig. 2F–G). Decreased puncta fluorescence in unc-2 
mutants could result from decreased expression of the unc-129 promoter (which drives 

mngUNC-36 expression). To address this possibility, we used the unc-129 promoter to co-

express mCherry and mngUNC-36 in DA/DB neurons. We found that mCherry puncta 

intensity was unaltered in unc-2 mutants (Fig. S2A–B). When mngUNC-36 puncta 

fluorescence (ΔF/F) was normalized to the co-expressed mCherry, we observed a significant 

decrease in mngUNC-36 synaptic enrichment in unc-2 mutants (Fig. S2C). Thus, the unc-2 
mutation decreased the presynaptic accumulation of mngUNC-36, and this effect cannot be 

explained by decreased expression of the unc-129 promoter, nor by a change in the size of 

synaptic varicosities.

To further test the idea that UNC-36 associates with UNC-2/CaV2, we analyzed unc-10 RIM 

mutants. In mouse and fly neurons, the active zone protein RIM is required to localize CaV2 

to nerve terminals (Graf et al., 2012; Kaeser et al., 2011). Consequently, if UNC-36 

associates with UNC-2/CaV2, unc-10 mutants should have decreased presynaptic UNC-36 

abundance. As expected, mngUNC-36 puncta intensity was significantly reduced in unc-10 
mutants (Fig.2F–G). Decreased synaptic mngUNC-36 levels in unc-2 and unc-10 mutants 

could be a secondary consequence of decreased synaptic transmission in these mutants. To 

address this possibility, we examined mngUNC-36 fluorescence in unc-13 mutants, which 

have a nearly complete block in SV exocytosis (Richmond et al., 1999). We found that 

mngUNC-36 puncta intensity was not significantly reduced in unc-13 mutants (Fig. 2F–G), 

indicating that decreased synaptic transmission cannot account for diminished synaptic 
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mngUNC-36 levels in unc-2 and unc-10 mutants. Thus, mngUNC-36 is localized to pre-

synaptic terminals in a manner that requires endogenously expressed UNC-2/CaV2. 

Collectively, these results support the idea that UNC-36 is an auxiliary subunit that 

physically associates with pre-synaptic UNC-2/CaV2.

The retrograde signal selectively inhibits release coupled to UNC-2/CaV2

Retrograde inhibition of ACh release could reflect a decrease in SV fusions coupled to 

UNC-2/CaV2 or EGL-19/CaV1. To distinguish between these possibilities, we analyzed 

tonic release in mir-1 mutants lacking either UNC-2 or EGL-19. As previously reported, the 

mEPSC rate was significantly reduced in mir-1 mutants (50% WT controls). This effect was 

abolished in mir-1; unc-2 double mutants but was unaffected when EGL-19/CaV1 channels 

were blocked with Nemadipine (Fig. 3A–B). Similarly, the mEPSC rate observed in mir-1; 
unc-36 double mutants was indistinguishable from that observed in either single mutant, 

suggesting that miR-1 and UNC-36/α2δ function together to regulate tonic release (Fig.3C–

D). Collectively, these results support the idea that the retrograde signal inhibits tonic release 

by altering the function of UNC-2/CaV2 while having little effect on release mediated by 

EGL-19/CaV1.

UNC-36/α2δ binds NRX-1/α-NX

Thus far, our results suggest that the retrograde signal (which is mediated by trans-synaptic 

NLG-1/NRX-1 complexes) (Hu et al., 2012) inhibits synaptic transmission by selectively 

inhibiting release coupled to UNC-2/CaV2. A simple model to explain these results would 

be that NLG-1/NRX-1 complexes directly interact with pre-synaptic UNC-2. Because α2δ 
subunits have an extensive extra-cellular domain that extends into the synaptic cleft, we 

hypothesized that post-synaptic NRX-1 might directly bind to pre-synaptic UNC-36. We did 

several experiments to test this idea. When co-expressed in HEK cells, GFP-tagged UNC-36 

and MYC-tagged NRX-1 were co-immunoprecipitated (Fig. 4A). To determine if this 

interaction is conserved, we repeated these binding experiments with the corresponding 

mammalian proteins. Here again, we found that MYC-tagged mouse NX-1α was recovered 

in immunoprecipitates formed with HA-tagged α2δ-1, −2, and −3 proteins (Fig. 4B). These 

co-immunoprecipitation experiments suggest that NX-1α binds with highest apparent 

affinity to α2δ-3 (Fig. 4C). To estimate the affinity of the NX-1α/α2δ-3 complex, we used 

recombinant bovine NX-1α protein (btNX-1α), which is 99% identical to the mouse 

protein, as a competitor to interfere with co-immunoprecipitation (Fig. 4D–E). These 

competition experiments indicate that NX-1α binds α2δ-3 with an apparent Kd ~40 nM 

(Fig. 4E). By contrast, high concentrations of an unrelated protein (BSA) had no effect on 

co-immunoprecipitation (Fig. 4F), confirming that NX-1α binds specifically to α2δ-3.

Which NX-1α domains are required for α2δ-3 binding? The α-NX ectodomain contains six 

laminin-like globular repeats (LG 1–6) and three EGF-like repeats (El-3) (Fig. 5A). First, we 

divided the ectodomain into three fragments (Ecto1–3), finding that α2δ-3 co-

immunoprecipitated with Ecto1 (LG1/E1/LG2) and 3 (LG5/E3/LG6) but failed to interact 

with Ecto2 (LG3/E2/LG4) (Fig. 5B). Next, we identified the domains within Ectol and 3 

required for binding. The isolated LG1 and 5 domains co-immunoprecipitated with α2δ-3 

while LG2 and 6 lacked binding activity (Fig. S3A–B). To confirm that these domains are 
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required for binding to α2δ-3, we deleted LG1 and 5 from the full length NX-1α and found 

that this mutant protein (ΔLG1/5) failed to bind α2δ-3 (Fig. 5C).

Having mapped the mouse NX-1α sequences required for α2δ-3 binding, we next asked if 

similar sequences are required for binding of the worm proteins. UNC-36 co-

immunoprecipitated with the isolated LG1 domain of NRX-1 but not with the isolated LG5 

domain (Fig. S3C). To confirm that binding of the worm proteins is mediated only by LG1, 

we constructed a mutant NRX-1 protein lacking LG1 (ΔLG1) and found that it failed to co-

immunoprecipitate with UNC-36 (Fig. 5D). To determine if NRX-1 binds UNC-36 in vivo, 

we constructed transgenic animals containing FLAG-tagged NRX-1 (expressed in muscles) 

and GFP-tagged UNC-36 (expressed by the unc-36 promoter). In extracts prepared from 

these transgenic animals, NRX-1 was detected in immunoprecipitates formed with anti-GFP 

antibodies but was not recovered in those formed with an unrelated antibody (anti-MYC) 

(Fig. 6A). These results lead to three conclusions: 1) α-NX binds α2δ with high affinity 

both in transfected cells and in transgenic worms; 2) this interaction is conserved across 

phylogeny; and 3) interaction of the mouse proteins is mediated by α-NX’s LG1 and 5 

domains while binding of the worm proteins only requires LG1. Because NL binds the LG6 

domain (Arac et al., 2007; Fabrichny et al., 2007), α-NX could potentially bind 

simultaneously to NL and α2δ. Thus, trans-synaptic α-NX/NL complexes could bind α2δ 
subunits, providing a potential mechanism for retrograde synaptic signaling.

NLG-1 promotes NRX-1 binding to UNC-36/α2δ

Next, we asked how NLG-1 promotes retrograde signaling. Inhibition of ACh release in 

mir-1 mutants is blocked in mutants lacking NLG-1 expression in motor neurons, suggesting 

that pre-synaptic NLG-1 somehow promotes retrograde signaling (Hu et al., 2012). NLG-1 

is localized to pre-synaptic terminals and directly binds NRX-1 (Fig. S4C) (Hu et al., 2012). 

Based on these results, we hypothesized that NLG-1 and UNC-36/α2δ function together as 

co-receptors to coordinately bind post-synaptic NRX-1. We did several experiments to test 

this idea. First, to function as a co-receptor for NRX-1, NLG-1 must associate with UNC-2/

CaV2 complexes at pre-synapses. Consistent with this idea, NLG-1 pre-synaptic enrichment 

was significantly reduced in both unc-2 and unc-36 mutants (Fig. 6C–D), as would be 

expected if NLG-1 is physically coupled to pre-synaptic UNC-2/CaV2. Next, we asked if 

nlg-1 mutations alter UNC-36/α2δ binding to NRX-1. Consistent with this idea, the in vivo 
co-immunoprecipitation of GFP-UNC-36 and FLAG-NRX-1 was significantly reduced in 

nlg-1 mutants (Fig. 6A–B), indicating that endogenously expressed NLG-1 promotes 

NRX-1 binding to UNC-36. Taken together, these results suggest that pre-synaptic NLG-1 

orients NRX-1’s ectodomain in the synaptic cleft to promote binding to UNC-36.

UNC-36/α2δ binding to NRX-1/NX α is required for retrograde inhibition

Next, we asked if NRX-1 binding to UNC-36 is required for the retrograde signal. As we 

previously showed, nrx-1 null mutations block the retrograde inhibition of mEPSC rate in 

mir-1 mutants. This nrx-1 defect in retrograde inhibition is rescued by a transgene restoring 

NRX-1 expression to body muscles (Fig. 7A–B). By contrast, a mutant nrx-1 transgene 

lacking the LG1 domain (ΔLG1) lacked rescuing activity (Fig. 7A–B), suggesting that post-

synaptic NRX-1 binding to pre-synaptic UNC-36 is required for retrograde inhibition. To 
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confirm that the ΔLG1 protein was properly expressed, we analyzed a ΔLG1 protein 

containing an mCherry tag in the ectodomain (mChΔLG1). Animals expressing mChΔLG1 in 

muscles exhibited punctate fluorescence in the nerve cord (Fig. S4A), suggesting that 

deleting the LG1 domain did not prevent trafficking of NRX-1 to muscle arms. To further 

control for its expression and function, we confirmed that ΔLG1 expressed in HEK cells 

binds to an NLG-1/Fc fusion protein (Fig. S4B–C). Together these experiments suggest that 

ΔLG1 is expressed and properly folded but is unable to mediate retrograde inhibition of ACh 

release.

The retrograde signal decreases UNC-36/α2δ abundance at pre-synaptic elements

Thus far, our results suggest that post-synaptic NRX-1 inhibits tonic ACh release by binding 

to an auxiliary subunit (UNC-36/α2δ) of pre-synaptic UNC-2/CaV2 channels. We next 

asked if activating the retrograde signal alters the pre-synaptic localization of UNC-36. 

Consistent with this idea, we found that mngUNC-36 puncta fluorescence was significantly 

decreased in mir-1 mutants and that this effect was eliminated in mir-1; nrx-1 and mir-1; 
nlg-1 double mutants (where retrograde signaling is blocked) (Fig. 7C–D). By contrast, the 

decreased mngUNC-36 puncta intensity observed in unc-2 mutants was not prevented by 

mutations inactivating the retrograde signal (Fig. S4D–E). To determine if miR-1’s effects 

on mngUNC-36 are caused by decreased transgene expression or by a change in synaptic 

varicosities, we analyzed miR-1’s effects on soluble mCherry (co-expressed with 

mngUNC-36 in the DA/DB neurons). Unlike mngUNC-36, mCherry puncta intensity was 

unaltered in mir-1 mutants (Fig. S2A–B). The synaptic enrichment (ΔF/F) of mngUNC-36 

(normalized to mCherry) was also significantly reduced in mir-1 mutants (Fig. S2C). Thus, 

altered transgene expression and altered axonal morphology are unlikely to explain the 

decreased synaptic abundance of mngUNC-36 observed in mir-1 mutants. Collectively, these 

results suggest that trans-synaptic NLG-1/NRX-1 complexes decrease UNC-36 localization 

to pre-synaptic elements, thereby inhibiting ACh release.

NX-1α inhibits CaV2.2 channel function

The preceding results suggest that NRX-1 binding to pre-synaptic UNC-36/α2δ inhibits 

ACh release coupled to UNC-2/CaV2. To determine if α-NX binding alters CaV2 function, 

we reconstituted mammalian CaV2.2 channels by co-expressing the CaV2.2 α1, β3, and 

α2δ-3 subunits in HEK cells. Because NX proteins are localized pre-synaptically in 

mammalian neurons, we tested NX’s functional impact by co-expressing mouse NX-1α 
with CaV2.2 subunits. We found that NX-1α expression dramatically decreased calcium 

current density (Fig. 8A–B) without altering the voltage-dependence of CaV2.2 activation 

(Fig. 8C–D). This effect was not observed when we expressed a mutant NX-1α (ΔLG1/5) 

deficient for α2δ-3 binding (Fig. 8A–B), suggesting that α-NX binding to α2δ-3 limits the 

expression or function of CaV2.2. Calcium current was also unaffected when NX-1α was 

co-expressed with CaV2.2 channels containing either α2δ-1 or −2 subunits (Fig. S5). Thus, 

NX-1α can act in cis to limit the activity of CaV2.2, and this effect requires domains 

essential for α2δ binding (LG1 and 5), and is specific for channels containing α2δ-3 

subunits.
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NRX-1’s ectodomain is cleaved by SUP-17/ADAM10

Thus far, our results suggest that worm and mammalian α-NX and α2δ proteins form a 

biochemical complex that regulates synaptic transmission. Although conserved, this 

complex has different characteristics in different species. At the C. elegans cholinergic NMJ, 

NRX-1 is post-synaptic and binds UNC-36/α2δ via its LG1 domain. In mice, NX-1α is 

typically pre-synaptic and binds α2δ via both LG1 and LG5. Thus, both the binding 

domains and synaptic orientation differ for the α-NX/α2δ complex in the two species. 

Despite these differences, the binding mode in worms and mammals could be similar if the 

C. elegans NRX-1 ectodomain was proteolytically cleaved from the membrane spanning 

domain prior to UNC-36 binding. The ectodomains of transmembrane proteins are often 

shed following cleavage by membrane associated proteases (Blobel, 2002; Weber and Saftig, 

2012). The NL and β-NX ectodomains are both shed in mammalian neurons (Bot et al., 

2011; Peixoto et al., 2012; Suzuki et al., 2012). Thus, if NRX-1 were cleaved, the shed 

ectodomain could bind pre-synaptic UNC-36 in an orientation similar to that exhibited by α-

NX embedded in the pre-synaptic membrane.

To test this idea, we asked if NRX-1 is proteolytically processed in vivo (Fig. 9). For this 

experiment, we expressed NRX-1 containing a GFP tag in the cytoplasmic domain 

(NRX-1GFP) in body muscles and analyzed GFP containing proteins in membrane extracts 

by western blotting. In wild type animals, the most abundant GFP containing protein 

exhibited an apparent molecular weight (~35 Kd) consistent with a carboxy-terminal 

fragment (CTF) cleaved in NRX-1’s juxtamembrane stalk region (Fig. 9A–B). A GFP 

containing band of ~195 Kd (consistent with full length NRX-1GFP) was faintly detected in 

wild type animals (Fig. 9A–B). To confirm that the NRX-1 ectodomain is shed, we 

expressed NRX-1 containing an mCherry tag in the ectodomain (mChNRX-1) in body 

muscles and analyzed fluorescence in the endolysosomal compartment of coelomocytes 

(Fig. 9C–D). Coelomocytes are scavenger cells that endocytose proteins secreted into the 

body cavity (Fares and Greenwald, 2001). Expressing mChNRX-1 in muscles produced 

brightly fluorescent coelomocytes whereas expressing the cytoplasmically tagged 

NRX-1GFP did not produce detectable coelomocyte fluorescence (Fig. 9C–D). Taken 

together, these results suggest that the NRX-1 ectodomain is shed from body muscles 

producing a soluble cleaved molecule.

Ectodomain shedding is typically mediated by membrane associated ADAM proteases. To 

identify the protease responsible for NRX-1 shedding, we analyzed mChNRX-1 fluorescence 

in mutants lacking SUP-17/ADAM10, ADM-4/ADAM17, and MIG-17/ADMTS. Shedding 

was assayed by analyzing mChNRX-1 coelomocyte fluorescence. Intact (uncleaved) NRX-1 

molecules were assayed by analyzing mChNRX-1 puncta intensity in the dorsal nerve 

cord. mChNRX-1 coelomocyte fluorescence was significantly reduced in sup-17 mutants 

(Fig. 9C–D), but was not obviously altered in the other two mutants (data not shown). 

Consistent with decreased NRX-1 shedding, mChNRX-1 puncta fluorescence in the dorsal 

nerve cord was significantly increased in sup-17 mutants (Fig. 9E–F). To confirm that 

SUP-17/ADAM10 is required for NRX-1 ectodomain shedding, we analyzed NRX-1GFP 

cleavage by western blotting. In sup-17 mutants, the abundance of the cleaved CTFGFP was 

dramatically reduced whereas the abundance of full length NRX-1GFP was significantly 
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increased (Fig. 9B), both consistent with decreased ectodomain cleavage. Collectively, these 

results suggest that a significant fraction of NRX-1 expressed in muscles is cleaved by 

SUP-17/ADAM10, producing a soluble ectodomain that is released into the body cavity.

NRX-1 shedding is required for retrograde synaptic inhibition

Next, we did several experiments to determine if the shed ectodomain is the active form of 

NRX-1 that mediates retrograde synaptic inhibition. The effects of mir-1 mutations on tonic 

ACh release were blocked in mir-1 sup-17 double mutants (Fig. 9G–H), suggesting that 

NRX-1 shedding is required for retrograde signaling. Next, we asked if NRX-1 shedding is 

enhanced during retrograde signaling. When the retrograde signal was activated (in mir-1 
mutants), mChNRX-1 coelomocyte fluorescence was significantly increased (Fig. 9C–D) 

while dorsal cord mChNRX-1 puncta fluorescence was decreased (Fig. 9E–F), both 

indicating increased NRX-1 shedding. The increased NRX-1 shedding observed in mir-1 
mutants was abolished in mir-1 sup-17 double mutants, as indicated by analysis 

of mChNRX-1 coelomocyte and puncta fluorescence. To further investigate the link between 

retrograde signaling and NRX-1 shedding, we analyzed shedding in two mutants that block 

retrograde signaling (mef-2 and ΔLG1) (Fig. S6). The enhanced NRX-1 shedding exhibited 

by mir-1 mutants was blocked in mir-1; mef-2 double mutants (Fig. S6), which could 

account for MEF-2’s effect on retrograde signaling (Hu et al., 2012; Simon et al., 2008). By 

contrast, deleting NRX-1’s LG1 domain had no apparent effect on coelomocyte fluorescence 

(Fig. S6). Thus, NRX-1 shedding does not require binding to UNC-36. This result also 

suggests that deleting the LG1 domain does not prevent NRX-1 delivery to the cell surface 

nor cleavage by SUP-17/ADAM10. Collectively, these results support the idea that the shed 

ectodomain is the active form of NRX-1 for retrograde signaling, and that miR-1 and MEF-2 

regulate NRX-1 shedding.

Discussion

Our results lead to seven principal conclusions. First, tonic and evoked ACh release at the C. 
elegans body wall NMJ are mediated by distinct classes of CaV channels. Second, 

UNC-36/α2δ is an essential auxiliary subunit for UNC-2/CaV2 but is not required for the 

function of EGL-19/CaV1. Third, in mir-1 mutants, trans-synaptic NLG-1/NRX-1 

complexes selectively inhibit release coupled to UNC-2/CaV2 but not that coupled to 

EGL-19/CaV1. Fourth, worm and rodent α-NX proteins bind with high affinity to α2δ 
proteins. Fifth, retrograde synaptic inhibition at the C. elegans NMJ is mediated by post-

synaptic NRX-1 binding to pre-synaptic UNC-36/α2δ. Sixth, α-NX binding to α2δ-3 

inhibits the function of mammalian CaV2.2 channels. And seventh, NRX-1 is cleaved by 

SUP-17/ADAM10 and the shed ectodomain mediates retrograde synaptic inhibition. 

Collectively, these results identify a conserved biochemical mechanism to explain how trans-

synaptic α-NX-NL complexes regulate presynaptic function. Below we discuss the 

significance of these findings.

Different CaVs for evoked and tonic release

Prior studies showed that spontaneous and evoked release are mediated by distinct pools of 

SVs (Sara et al., 2005) and is regulated by distinct sets of synaptic proteins (DiAntonio and 
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Schwarz, 1994; Groffen et al., 2011; Hobson et al., 2011; Hu et al., 2015; Littleton et al., 

1994; Martin et al., 2011; Pang et al., 2011; Pang et al., 2006). Here we show that different 

CaVs mediate tonic and evoked responses. Evoked EPSCs are nearly completely mediated 

by SVs coupled to UNC-2/CaV2 whereas tonic release comprises a mixture of UNC-2 and 

EGL-19/CaV1 coupled SVs. Although EGL-19/CaV1 coupled SVs account for roughly half 

of tonic release, it is intriguing that only UNC-2/CaV2 coupled SVs participate in evoked 

responses.

What accounts for the failure of EGL-19/CaV1 coupled SVs to participate in evoked 

responses? This discrepancy could reflect differences in the coupling of motor neuron 

depolarization to calcium entry through UNC-2/CaV2 and EGL-19/CaV1. For example, if 

EGL-19/CaV1 activates at more positive membrane potentials than UNC-2/CaV2, direct 

stimulation of motor neuron cell bodies may not efficiently activate synaptic EGL-19. In this 

scenario, fusion of EGL-19/CaV1 coupled SVs would contribute more prominently to 

responses produced by inputs that more extensively depolarize nerve terminals.

α-NX proteins are directly coupled to CaV2 by binding to α2δ

Prior studies showed that mouse neurons lacking all α-NX proteins have dramatically 

reduced presynaptic CaV2 current and a corresponding decrease in synaptic transmission 

(Missler et al., 2003). Based on these findings, it has long been proposed that α-NX proteins 

are biochemically connected in some manner to CaV2. Our results suggest that α-NXs are 

coupled to CaV2 by their direct binding to α2δ subunits. Mammalian NX-1α binds directly 

to α2δ-1, 2, and 3 with high affinity and that this interaction is conserved between the 

corresponding C. elegans proteins (UNC-36/α2δ and NRX-1). However, co-expression of 

NX-1α with CaV2.2 channels in HEK cells did not produce a general enhancement of 

calcium currents. Instead, NX-1α expression significantly inhibited calcium currents formed 

by channels containing α2δ-3 subunits.

Our results suggest that trans-synaptic NX-NL complexes form a physical bridge linking 

release sites to clustered post-synaptic receptors. We find that NX-NL complexes associate 

with the pre-synaptic CaV2 channels that drive neurotransmitter release. Prior studies 

showed that NX-NL complexes immobilize receptor clusters at post-synapses (Aoto et al., 

2013; Heine et al., 2008; Kang et al., 2008; Nam and Chen, 2005; Tong et al., 2015). A 

recent study showed that pre-synaptic α2δ2 promotes post-synaptic accumulation of GluA4 

receptors at mouse inner hair cell synapses (Fell et al., 2016), providing further support for a 

direct link between release sites and post-synaptic receptors. Direct coupling of release sites 

to post-synaptic receptors could play several important roles in synaptic transmission. 

Coupling would be expected to shorten the latency between the presynaptic action potential 

and activation of post-synaptic currents (Sabatini and Regehr, 1996). Coupling would 

optimally localize clustered receptors within the post-synaptic density so that they could be 

efficiently activated by synaptic vesicle fusion (Franks et al., 2003). And coupling would 

decrease the frequency of post-synaptic failures.

Several studies proposed that α2δ subunits can promote synapse formation. α2δ-1 promotes 

excitatory synapse formation in cultured rat retinal ganglion cells (Eroglu et al., 2009). In 

this case, thrombospondin was implicated as the α2δ-1 ligand responsible for the 
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synaptogenic activity. Drosophila mutants lacking α2δ also exhibit decreased synapse 

formation; however, in this case, the ligand responsible for this effect was not identified 

(Kurshan et al., 2009). Our results suggest that α2δ proteins could promote synapse 

formation (or maturation) via their ability to bind α-NX proteins, which also exhibit 

synaptogenic activity (Graf et al., 2004; Nam and Chen, 2005).

A new mechanism for post-synaptic regulation of presynaptic release

Many studies have shown that post-synaptic cells have the capacity to alter presynaptic 

properties via retrograde synaptic signals. In some cases, production and release of 

retrograde signals are elicited by changes in the activity of post-synaptic cells. Examples of 

activity-induced retrograde signals include BDNF, nitric oxide, and endocannabinoids 

(Regehr et al., 2009). In other cases, the identity of the post-synaptic cell dictates a stable 

change in pre-synaptic properties. In layer 2/3 of the rat somatosensory cortex, pyramidal 

neurons provide direct synaptic input to Somatostatin (SOM) expressing and Parvalbumin 

(PV) expressing interneurons. Pyramid-SOM synapses exhibit low release probability and 

short term facilitation while the Pyramid-PV synapses have high release probability and are 

depressing (Koester and Johnston, 2005; Reyes et al., 1998). A similar example was also 

described in crickets (Davis and Murphey, 1993). Thus, divergent outputs from a single 

presynaptic cell can exhibit significantly different release probabilities and plasticity 

depending on the identity of the post-synaptic cell.

The molecular basis for these post-synaptic effects was identified in one case. In the mouse 

hippocampus, a post-synaptic protein (Elfn1) increases release probability at Pyramidal-

interneuron synapses (Sylwestrak and Ghosh, 2012). Our results suggest that the binding of 

trans-synaptic NX-NL complexes to presynaptic α2δ subunits provides a second potential 

mechanism for post-synaptic cells to alter presynaptic release and plasticity. α-NX proteins 

have multiple binding partners, including LRRTM2 (de Wit et al., 2009; Ko et al., 2009), 

calsyntenin (Pettem et al., 2013), cerebellin (Uemura et al., 2010), and neurexophilin 

(Missler et al., 1998). We propose that different forms of retrograde signaling could be 

mediated by this diverse set of α-NX binding partners. Our results also suggest that these 

trans-synaptic adhesive complexes will have different effects at synapses utilizing α2δ-1, 2, 

or 3 subunits.

A new role for α-NX ectodomain shedding

We showed that SUP-17/ADAM10 cleaves NRX-1 and that the shed ectodomain binds pre-

synaptic UNC-36/α2δ, thereby inhibiting ACh release. Although sup-17 mutations block 

retrograde signaling, our results do not exclude the idea that other proteases also play a role 

(accounting for the residual NRX-1 shedding in sup-17 mutants). Our results also do not 

exclude the idea that other SUP-17 substrates (in addition to NRX-1) also play a role in 

retrograde signaling. Interestingly, ADAM10 cleaves NL in mammalian neurons (Suzuki et 

al., 2012). The shed NL ectodomain inhibits neurotransmitter release at mammalian 

synapses (Peixoto et al., 2012); however, the mechanism for this effect has not been 

determined. Thus, in both worms and mammals, a post-synaptic protease (SUP-17/

ADAM10) induces shedding of a post-synaptic adhesion molecule (NL in mammals, NX in 

worms), thereby inhibiting neurotransmitter release. Because NRX-1 function in retrograde 
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signaling is mediated by the shed ectodomain, it could bind pre-synaptic UNC-36/α2δ in an 

orientation similar to that exhibited by α-NX proteins embedded in the pre-synaptic 

membrane. Thus, although the synaptic polarity of NX and NL may differ between 

synapses, reversed polarity does not require distinct biochemical functions for these 

complexes.

Identifying shed NRX-1 as the active mediator provides several insights into the 

mechanisms controlling retrograde signaling at this synapse. Although retrograde inhibition 

is induced by inactivating the muscle microRNA miR-1, prior studies did not provide a 

direct link between miR-1 and NRX-1. Here we show that mutations inactivating SUP-17/

ADAM10 block the retrograde signal and the enhanced NRX-1 shedding in mir-1 mutants. 

The sup-17 mRNA is a predicted miR-1 target (www.targetscan.org), which could explain 

how miR-1 alters NRX-1 function in muscle. Retrograde signaling is also blocked by mef-2 
mutations (Hu et al., 2012; Simon et al., 2008); however, nrx-1 is not a direct MEF-2 target. 

Here we show that mef-2 mutations prevent the enhanced NRX-1 shedding observed in 

mir-1 mutants, suggesting that a MEF-2 target promotes NRX-1 shedding in some manner. 

These results also suggest that regulation of ectodomain shedding could help explain Mef2’s 

effects on synapse stability in mammalian neurons (Flavell et al., 2006). Although pre-

synaptic NLG-1 is required for retrograde signaling, our prior studies had not defined how 

NLG-1 is linked to altered ACh release. Here we show that NLG-1 is associated with pre-

synaptic UNC-2/CaV2, where it promotes NRX-1 binding to UNC-36/α2δ. Because the 

active mediator is the proteolytically shed NRX-1 ectodomain, efficient binding to UNC-36 

may require the presence of NLG-1 as a co-receptor. Thus, identifying shed NRX-1 as the 

active mediator has significantly improved our understanding of how retrograde signaling 

operates at this synapse.

Implications for understanding Autism

Recurrent de novo mutations in NX, NL, CACNA2D3 (which encodes α2δ-3), and Mef2c 

have been shown to confer risk for Autism spectrum disorders (ASDs) (De Rubeis et al., 

2014; Iossifov et al., 2012; Neale et al., 2012; Novara et al., 2010). Because these molecules 

all function together to mediate retrograde regulation of presynaptic function, our results 

provide further support for the idea that defects in retrograde synaptic signals could play an 

important role in the pathophysiology of ASD (Hu et al., 2012). In this regard, it is 

intriguing that CACNA2D3 mutations but not CACNA2D1 or 2 mutations have been found 

in ASD, implying that altered α2δ-3 is selectively important for ASD. This selectivity for 

CACNA2D3 mutations in ASD mirrors our results whereby α-NX inhibited calcium 

currents only when CaV2.2 was reconstituted with α2δ-3, having no effect on channels 

containing α2δ-1 and −2. These results support the idea that changes in α-NX binding to 

α2δ-3 could be particularly important in some forms of ASD.

How might changes in retrograde signaling contribute to the cognitive and developmental 

defects observed in ASD? Our results suggest that α-NX binding to α2δ-3 provides a 

mechanism for retrograde regulation of presynaptic release and plasticity. Changes in short 

term plasticity (i.e. facilitation versus depression) provides a mechanism to control the 

timing of post-synaptic cell activation. In general, depressing inputs are optimized to rapidly 
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activate target cells during low frequency stimulation while facilitating inputs typically 

activate targets later and are tuned to higher frequency stimuli (Abbott and Regehr, 2004). 

Thus, by regulating release probability, α-NX binding to α2δ-3 is likely to alter the timing 

of post-synaptic responses in cortical circuits. If NX, NL, and CACNA2D3 mutations alter 

release probability at excitatory-interneuron synapses, the timing of synaptic inhibition 

would be disrupted, which could contribute to the changes in inhibitory transmission 

observed in several forms of ASD (Dani et al., 2005; Rubenstein and Merzenich, 2003).

STAR METHODS TEXT

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact Joshua Kaplan (kaplan@molbio.mgh.harvard.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

C. elegans strains—Strains were maintained at 20 °C under standard conditions, unless 

otherwise noted. OP50 E. coli was used as a food source for all experiments except 

electrophysiology where HB101 E. coli was utilized. Adult hermaphrodites were utilized for 

all experiments. A description of all alleles can be found at www.wormbase.org. Transgenic 

animals were prepared by micro injection, and integrated transgenes were isolated following 

UV irradiation.

Cell Lines—HEK293.ETN (ATCC) was obtained from Brian Seed (CCIB, MGH). 

HEK293.ETN and tsA201 cells were grown at 37°C, 5% CO2. Cells were transfected by 

using TransFectin (BioRAD). Sf9 cells were grown in suspension in CCM-3 medium at 

27°C in an air incubator with a cooling coil and shaken at 100rpm. Neither HEK293.ETN 

nor tsA201 cells were authenticated.

METHOD DETAILS

Antibodies—Antibodies were purchased from the vendors indicated above (see Key 

Resource Table) and were used as follows: mouse anti-GFP (1:1,000 for WB), mouse anti-

HA (1:1,000 for WB), mouse anti-Myc (1:1,000 for WB), mouse anti-Flag (1:1,000 for 

WB), mouse anti-HA agarose (40 µl of 1:1 suspension for IP), mouse anti-Flag agarose (40 

µl of 1:1 suspension for IP), rabbit anti-GFP Sepharose (20 µl of 1:1 suspension for IP), 

rabbit anti-Myc Agarose (40 µl of 1:1 suspension for IP).

Plasmids—All worm expression vectors are modified versions of pPD49.26 (A. Fire). 

Standard methods were utilized to construct all plasmids. A 3kb myo-3 myosin promoter 

was used for expression in body muscles, a 2.6 kb unc-129 promoter was used for 

expression in DA and DB motor neurons. NRX-1a (C29A12.4a), and UNC-36 (C50C3.9a) 

cDNAs were amplified from a cDNA library using gene specific primers. Mouse NX-1a 

cDNA was provided by T. Sudhof (Stanford). Rat α2δ1, mouse α2δ2 and mouse α2δ3 

cDNAs were provided by A. Dolphin (UCL). nuIs553 contains an mNeonGreen (mng) 

tagged UNC-36 construct (mng inserted immediately after signal peptide). nuIs502 contains 

sfGFP tagged UNC-36 and FLAG (2 copies) tagged NRX-1 constructs, where both tags 
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were inserted immediately after the signal peptide. nuIs499 contains mCherry tagged 

NRX-1 where mCherry was inserted in frame immediately after the signal peptide. nuls449 
contains sfGFP tagged NLG-1 (tag inserted in the cytoplasmic tail 20 amino acids prior to 

the carboxy-terminus). The sfGFP-UNC-36/pcDNA3.1 construct (KP#2444) contains 

sfGFP-UNC-36 in pCDNA3.1 (sfGFP inserted after the signal peptide). Full length and 

chimeric NRX-1 constructs (KP#3241) contain the MYC tag (inserted after signal peptide) 

in pCMV.

Recombinant Cow NX-1α purification—pFastBac btNrx-1 L1-L6 his6 was a generous 

gift from G. Rudenko. We generated and amplified the baculovirus in Sf9 cells according to 

standard procedures, and protein purification was carried out as described (Chen et al., 2011) 

with minor modifications. Briefly, Sf9 cells were infected with baculovirus and allowed to 

secrete protein in the medium for 90hrs; supernatants were pooled, concentrated and 

adjusted to 500mM NaCl; pH was adjusted to 7.2, then the supernatant was pumped over a 

HisTrap Excel column. After several washes (20mM HEPES pH 7.5 + 500mM NaCl and 

20mM HEPES pH 7.5 + 150mM NaCl), btNrx-1 his6 was eluted with 20mM HEPES / 

150mM NaCl /250mM imidazole pH 7.5 (10 column volumes). After dialysis into 20mM 

HEPES pH 7.5 + 50mM NaCl, the protein was further purified on a MonoQ column using a 

50mM-1M NaCl gradient. Positive fractions were pooled, concentrated and applied to a 

Superdex200 16/600 column and eluted with PBS; positive fractions were pooled, 

concentrated and used fresh for experiments. The bovine Nrx-1 L1-L6 thus purified was free 

of contaminants (as judged by Coomassie staining).

Electrophysiology—Electrophysiology was done on dissected C. elegans adults as 

previously described (Hu et al., 2013). Worms were superfused in an extracellular solution 

containing 127 mM NaCl, 5 mM KC1, 26 mM NaHCO3, 1.25 mM NaH2PO4, 20 mM 

glucose, l mM CaCl2 and 4 mM MgCl2, bubbled with 5% CO2, 95% O2 at 20°C. Whole cell 

recordings were carried out at −60 mV using an internal solution containing 105 mM 

CSCH3SO3, 10 mM CsCl, 15 mM CsF, 4 mM MgCl2, 5mM EGTA, 0.25 mM CaCl2, 10 

mM HEPES and 4 mM Na2ATP, adjusted to pH 7.2 using CsOH. Under these conditions, 

we only observed cholinergic mEPSCs. Stimulus-evoked EPSCs were evoked by placing a 

borosilicate pipette (5–10 µm) near the ventral nerve cord (one muscle distance from the 

recording pipette) and applying a 0.4 ms, 85 µA square pulse using a stimulus current 

generator (WPI). Statistical significance was determined using a two-tailed Student’s t-test. 

Currents mediated by EGL-19/CaV1 channels in body muscles were recorded by 

depolarizing the membrane potential from −60mV to +10mV. For analysis of calcium 

currents, the extracellular solution contained 140 mM TEA-C1, 5 mM CaCl2, 1 mM MgCl2, 

3 mM 4-aminopyridine, 10 mM glucose, 5 mM sucrose, and 15 mM HEPES (pH 7.4 

adjusted by CsOH, 330 mOsm). The pipette solution consisted of 140 mM CsCl, 10 mM 

TEA-C1, 5 mM MgCl2, 5 mM EGTA, and 10 mM HEPES (pH 7.2 adjusted by CsOH, 320 

mOsm) (Gao and Zhen, 2011). The EGL-19/CaV1 current was completely blocked by bath 

application of 10 µM Nemadipine-A.

Microscopy—For imaging studies, images were captured using a 60x objective (NA 1.45) 

on an Olympus FV-1000 confocal microscope at 5x digital zoom. Worms were immobilized 
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with 0.1µm polystyrene microspheres (Polysciences), and pads composed of 10% agarose in 

M9 salts. Maximum intensity projections of Z-series stacks were made using Metamorph 7.1 

software (Universal Imaging). Line scans of dorsal cord fluorescence were analyzed in an 

automated manner using Igor Pro (WaveMetrics). Mean fluorescence of Reference Slides, 

which was measured during each experiment, was used to control for changes in 

illumination intensity. All fluorescence values are normalized to wild type controls to 

facilitate comparison. To assess synaptic accumulation of fluorescent proteins, we measured 

ΔF/F = Fpuncta-Faxon/Faxon. Statistical significance was determined by oneway ANOVA or 

student t-tests.

Co-Immunoprecipitation—All tagged protein constructs were transfected or co-

transfected into HEK293.ETN cells using the TransFectin reagent (Biorad), and cells were 

harvested 60 hours post-transfection.

Membrane extracts were prepared from transfected HEK cells as described (Eroglu et al., 

2009). Briefly, cells were pelleted and re-suspended in ice-cold hypotonic buffer (10mM 

Tris pH 7.4, 1mM CaCl2 and 1mM MgCl2and protease inhibitors), and incubated on ice for 

15 minutes. Washed cells were disrupted by using a dounce homogenizer. The nuclei and 

unbroken cells were removed by centrifugation (5 minutes, 300g). The membranes were 

isolated from the post-nuclear supernatant by centrifugation (20 minutes, 20,000g). The 

membranes were solubilized in RIPA buffer (20mM HEPES PH7.4, 150mM NaCl, 2mM 

MgCl2, 0,1mM EDTA, 1% Triton and proteinase inhibitors) and insoluble debris was 

removed by centrifugation (20 minutes, 20,000g). The resulting membrane extracts were 

incubated with agarose or sepharose beads conjugated to anti-HA (Sigma-Aldrich) or anti-

GFP antibodies overnight at 4°C while rotating. Bound proteins were eluted with sample 

buffer and loaded on gradient SDS-PAGE gels (4–12% or 3–8%, Invitrogen).

Worm Co-Immunoprecipitation—Extracts were prepared from young adult worms 

expressing sfGFP-UNC-36 and Flag-NRX-1 using a microfluidizer in buffer A (50 mM 

HEPES PH7.7, 50 mM KAc, 2mMgAc2, 250 mM sucrose, 1 mM EDTA and proteinase 

inhibitors). Worm extracts were clarified by centrifugation (12 min, 7000g, 4°C). 

Membranes were isolated from the resulting supernatant by ultracentrifugation (40 min, 

45,000g). Membrane proteins were solubilized with a dounce homogenizer (5 times) in IP 

buffer (20 mM HEPES PH7.4, 150 mMNaCl, 2 mMMgCl2, 0,1 mMEDTA, 1% Triton and 

proteinase inhibitors), and insoluble debris was removed by centrifugation (10 minutes, 

20,000g). The resulting membrane extracts were incubated with anti-GFP sepharose beads 

overnight at 4°, the beads were washed three times with IP buffer, and bound proteins were 

eluted with loading buffer.

Fc pull down assays—NLG-1/Fc fusion protein constructs were transfected into 

293.ETN cells using the Transfectin reagent (Biorad), conditioned medium was harvested 72 

hours post-transfection, and Fc proteins were purified with protein A- sepharose beads.

293.ETN cells transfected with NRX- 1 or NRX-1ΔLG1 were subjected to membrane prep, 

and membrane proteins were solubilized with RIPA buffer (HEPES/KOH PH7.4, 0. 1mM 

EDTA, 1% Triton, 2mM CaCl2, MgCl2 with protease inhibitors). Cell debris was removed 
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by centrifugation (20 minutes, 10,000g). Membrane extracts were incubated overnight (at 

4 °C) with protein A-Sepharose bound to Fc or NLG-1/Fc. Beads were washed three times 

with RIPA buffer, re-suspended in sample buffer, and eluted proteins were analyzed by 

Western blot.

Rat CaV2.2 recordings—We used the human tsA201 cell line to assess calcium currents 

expressed with different combinations of subunits. TsA201 cells were transfected at 70–

80 % confluence with cDNA plasmids encoding CaV2.2 (#AF055477), CaVβ3 (#M88751), 

and one of CaVα2δ1-HA (KP#2097), CaVα2δ2-HA (KP#2098), or CaVα2δ3-HA (KP#2099) 

with or without mouse NX-1α [WT (KP#3241) or ΔLG1/5 (KP#3265)] or empty vector 

pcDNA3.1 at 1:1:1:1 molar ratio using Lipofectamine 2000 (Invitrogen). Enhanced green 

fluorescent protein cDNA (eGFP; BD Bioscience) was included in the transfection mix to 

detect transfected cells. Cells were cultured in DMEM supplemented with 10% FBS.

Whole-cell CaV2.2 currents in tsA201 cells were recorded by patch clamp 24 h post-

transfection. Recordings from cells expressing different combinations of subunits were 

interleaved each day, by an experimenter unaware of the identity of the transfected 

constructs in each experiment. For each combination of expression vectors, we recorded 

currents from cells from 8 independent transfections using Axopatch 200B amplifier 

(Molecular Devices, LLC). Currents were filtered at 5 kHz (-3 dB) and sampled at 50 kHz 

(Digidata 1440A; Molecular Devices). Recording pipettes were filled with an internal 

solution containing (in mM): 126 CsCl, 10 EGTA, 1 EDTA, 10 HEPES, 4 Mg-ATP, pH 7.2 

with CsOH and had resistance of 2–4 MΩ. Series resistances were < 5 MΩ and compensated 

to −80% with a 10 µs lag-time. External solution contained (in mM): 1 CaCl2, 4 MgCl2, 10 

HEPES, 135 choline chloride, pH adjusted to 7.2 with CsOH. Macroscopic CaV2.2 currents 

were evoked by 35 ms voltage steps applied from a holding potential of-100 mV. Leak 

currents were subtracted online using P/-4 protocol. All recordings were made at room 

temperature.

QUANTITATION AND STATISTICAL ANALYSIS

Quantitation and statistical details can be found in the figure legends or Method Details 

section. All data are reported as mean ± s.e.m. Statistical significance between means was 

calculated ONE-way ANOVA or student t-tests. *p < 0.05; **p < 0.01; *** p < 0.001. 

Sample sizes are reported and defined in each figure. For C. elegans imaging experiments, 

sample sizes refer to the number of animals analyzed for each genotype. For C. elegans 
electrophysiology experiments, sample size refers to the number of muscle cell recordings 

for each genotype. For co-immunoprecipitation experiments, sample sizes refer to the 

number of independent replicate experiments.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

A. Mouse and C. elegans α-Neurexins bind CaVα2δ with high affinity

B. C. elegans NRX-1 inhibits ACh release by binding to pre-synaptic 

UNC-36/α2δ

C. SUP-17/ADAM10 cleaves NRX-1 and the shed ectodomain inhibits ACh 

release

D. Mouse α-Neurexin inhibits the activity of CaV2.2 channels that contain 

α2δ-3
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Figure 1. Effects of UNC-2/CaV2 and EGL-19/CaV1 on evoked and tonic ACh release
(A) A schematic drawing is shown illustrating a cholinergic neuron pre-synaptic nerve 

terminal. The C. elegans genome encodes a single N-type (UNC-2/CaV2) and L-type 

(EGL-19/CaV1) channel. Release coupled to UNC-2/CaV2 was blocked by recording 

EPSCs in unc-2 null mutants. Release coupled to EGL-19/CaV1 was blocked by recording 

EPSCs in the presence of Nemadipine, an EGL-19 antagonist (Fig. S1). (BE) Evoked ACh 

release (assessed by recording stimulus-evoked EPSCs) was nearly completely blocked in 

unc-2 mutants, whereas Nemadipine treatment had either no effect or modestly reduced 

evoked responses. By contrast, tonic ACh release (assessed by recording spontaneous 

mEPSCs) was mediated by both UNC-2/CaV2 and EGL-19/CaV1 channels. Neither unc-2 
mutations nor Nemadapine treatment altered mEPSC amplitudes, suggesting that muscle 

sensitivity to ACh was unaltered. Averaged evoked responses (red trace) and representative 

traces of mEPSCs (black trace) in control (above) or nemadipine treated worms (below) are 

shown for each genotype (B). Mean evoked EPSC amplitude (C), mean mEPSC rate (D), 

and mean mEPSC amplitudes (E) are shown. Values that differ significantly are indicated 
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(***, p <0.001; **, p <0.01; n.s., not significant). The number of animals analyzed is 

indicated for each genotype. Error bars indicate SEM.
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Figure 2. UNC-36/α2δ is an essential auxiliary subunit for UNC-2/CaV2 channels in cholinergic 
motor neurons
(A) Tonic and evoked ACh release defects of unc-36 mutants were fully rescued by a 

transgene expressing mNeonGreen-tagged UNC-36 (mngUNC-36) in all neurons. The 

averaged evoked EPSC (red trace) and a representative trace of mEPSCs (black trace) in 

rescued animals, mean evoked EPSC amplitude, and mean mEPSC rate are shown. (B) 

mngUNC-36 is concentrated at pre-synaptic terminals. When expressed in DA/DB motor 

neurons, mngUNC-36 exhibited a punctate distribution in dorsal nerve cord (DNC) axons 

and a diffuse distribution in ventral nerve cord (VNC) dendrites. mngUNC-36 axonal puncta 

co-localized with a synaptic vesicle marker (mCherry tagged UNC-57/Endophilin). (C–E) 
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The synaptic enrichment of mngUNC-36 and mCherry (co-expressed in DA/DB neurons) 

are compared. Representative images (C), ΔF/F of synaptic puncta (D), and Pearson’s 

correlation coefficient of mngUNC-36 with endophilin and mCherry (E) are shown. (F–G) 

UNC-36 synaptic localization requires endogenously expressed UNC-2/CaV2 channels. 

mngUNC-36 puncta intensity in DNC axons was significantly decreased in unc-2 and 

unc-10 mutants, but was unaffected in unc-13 mutants. Representative images (F) and mean 

puncta intensity (G) are shown for each genotype. Values that differ significantly from wild 

type controls are indicated (***, p <0.001; **, p <0.01; *, p <0.05; n.s., not significant). The 

number of animals analyzed is indicated for each genotype. Error bars indicate SEM. Scale 

bars indicate 10 µm.
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Figure 3. The retrograde signal inhibits tonic release coupled to UNC-2/CaV2 channels
In mir-1 mutants (where the retrograde signal is activated), tonic release was significant 

reduced and this effect was blocked by mutations inactivating UNC-2/CaV2 (A–B) and by 

those inactivating UNC-36/α2δ (C–D) but was unaffected by Nemadipine (an EGL-19/

CaV1 antagonist) (A–B). Tonic ACh release was assessed by recording mEPSCs from adult 

body muscles of the indicated genotypes. Representative mEPSC traces (A,C) and mean 

mEPSC rates (B,D) are shown. Values that differ significantly are indicated (***, p <0.001; 
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n.s., not significant). The number of animals analyzed is indicated for each genotype. Error 

bars indicate SEM.
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Figure 4. α-NX proteins bind with high affinity to α2δ proteins
α-NX and α2δ proteins carrying the indicated epitope tags were expressed in transfected 

HEK cells and detected by immunoprecipitation and western blotting. Direct binding 

interactions were observed between α-NX and α2δ proteins from C. elegans (A) and 

rodents (B–F). Interaction with mouse NX-1α was observed for α2δ-1, 2, and 3 (B–C). Co-

immunoprecipitation of rat NX-1α and α2δ-3 was efficiently blocked by adding purified 

recombinant cow Neurexin (btNX-1α) as a competitor (E). Co-immunoprecipitation was 

unaffected by adding an unrelated competitor (BSA, F). The ectodomain of btNX-1α was 

expressed as a soluble secreted protein in insect cells infected with a recombinant 

baculovirus. A coomassie stained gel of purified btNX-1α is shown (D). Representative gels 

(A,B,E,F) and quantitation of mouse NX-1α recovery in co-immunoprecipitates (C) are 

shown. Values that differ significantly are indicated (***, p <0.001; n.s., not significant). 

Error bars indicate SEM.
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Figure 5. The LG1 and LG5 domains of α-NX mediate binding to α2δ proteins
(A) A schematic is shown illustrating the domains found in α-NX proteins. Laminin-like 

globular domains (LG1-6), EGF-like domains (E1-3), the stalk region (S), and the 

transmembrane domain (TM) are indicated. This domain structure is found in mammalian 

NX-1α and in C. elegans NRX-1. Mouse NX-1α ectodomain fragments (Ecto1-3) used to 

map α2δ binding domains are indicated. (B–D) α-NX domains required for co-

immunopreciptation with α2δ binding were mapped using mammalian (B–C) and C. 
elegans (D) proteins. For mouse NX-1α, a mutant lacking these domains (ΔLG1/5) failed to 

co-immunoprecipitate with α2δ-3 (C). A mutant NRX-1 lacking LG1 (ΔLG1) failed to co-

immunoprecipitate with UNC-36/α2δ (D). Proteins carrying the indicated epitope tags were 

expressed in transfected HEK cells and detected by immunoprecipitation and western 

blotting. Further mapping of the α-NX binding domains are shown in Fig. S3.

Tong et al. Page 31

Neuron. Author manuscript; available in PMC 2018 July 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. Pre-synaptic NLG-1 promotes NRX-1 binding to UNC-36/α2δ
(A–B) NRX-1 binding to UNC-36 was detected in worm extracts. Membrane extracts were 

prepared from wild type or nlg-1 mutant worms that express FLAG-tagged NRX-1 (myo-3) 

and GFP-tagged UNC-36 (unc-36), using the indicated promoters. NRX-1 was recovered in 

immunoprecipitates formed with anti-GFP antibodies but not those formed with an unrelated 

antibody (anti-MYC). (C–D) NLG-1 synaptic abundance is decreased in mutants lacking 

UNC-2/CaV2 channels. NLG-1 carrying a cytoplasmic GFP tag (NLG-1-GFP) was 

expressed in DA/DB motor neurons with the unc-129 promoter, in animals with the 

indicated genotypes. Representative images (C) and mean synaptic enrichment (ΔF/F) (D) 

are shown. Values that differ significantly (***, p < 0.001; *, p <0.05). The number of 

replicate experiments (B) and the number of animals analyzed (D) is indicated for each 

genotype. Error bars indicate SEM. Scale bar indicates 10 µm.
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Figure 7. NRX-1 binding to UNC-36/α2δ is required for retrograde inhibition
(A–B) Inhibition of tonic release in mir-1 mutants (where the retrograde signal is activated) 

was blocked by mutations inactivating NRX-1. The defect in retrograde inhibition in mir-1; 
nrx-1 double mutants was rescued by expressing wild type NRX-1 in body muscles whereas 

a mutant lacking the LG1 domain (ΔLG1) lacked rescuing activity. Tonic ACh release was 

assessed by recording mEPSCs from adult body muscles. Representative mEPSC traces (A) 

and mean mEPSC rates (B) are shown. (C–D) Activating the retrograde signal decreases 

UNC-36 synaptic abundance. mngUNC-36 puncta intensity in DNC axons was significantly 

decreased in mir-1 mutants and this effect was blocked by mutations inactivating NRX-1 and 

NLG-1 (which block retrograde inhibition). Representative images (C) and mean puncta 

intensity (D) are shown for each genotype. Values that differ significantly from wild type 
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controls are indicated (***, p <0.001; **,p <0.01; * p <0.05; n.s., not significant). The 

number of animals analyzed is indicated for each genotype. Error bars indicate SEM. Scale 

bar indicates 10 µm.
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Figure 8. Mouse NX-1α decreases current density of CaV2.2 channels containing α2δ-3
Properties of whole cell CaV2.2 currents recorded from tsA201 cells expressing CaV2.2, 

CaVβ3 and α2δ-3 subunits, co-transfected with empty pcDNA3.1 (CON), mouse NX-1α 
(NX-1α) or mutant NX-1α lacking LG1 and LG5 (ΔLG1/5). All recordings were performed 

using 1 mM calcium as the charge carrier and the identity of the co-transfected construct 

was unknown by the experimenter at the time of recording. The experimenter was unblinded 

after the analysis.

(A) Individual whole cell CaV2.2 current recordings from three different tsA201 cells 

expressing CaV2.2, CaVβ3; and α2δ-3 co-transfected with the indicated constructs. Currents 

were evoked by 30 ms step depolarization to +10 mV from a holding potential of-100 mV, 

and tail currents were captured during a 5 ms repolarizing step to −60 mV.
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(B) Peak CaV2.2 current densities, evoked by step depolarization to +10 mV from holding 

potential of -100 mV, from cells co-transfected with the indicated constructs. Each point 

represents measurement from one cell. Mean and SEM are shown for each condition. The 

number of cells in each data set is shown in parenthesis below each condition. CON and 

NX-1α data did not fit a normal distribution, Shapiro-Wilk tests: CON, p = 0.003; NX-1α, p 

= 0.05; and ΔLG1/5, p = 0.83. Non-parametric Kruskal-Wallis test (KW) with Dunn’s 

multiple pairwise testing (DMP) were as follows: CON vs NX-1α, p = 0.0006 (KW) and p = 

0.0399 (DMP); CON vs ΔLG1/5, p = 0.4833 (KW); and ΔLG1/5 vs NX-1α, p = 0.0004 

(KW). Indicating that NX-1α co-expression significantly reduced peak current densities.

(C) Average peak CaV2.2 current voltage (I–V) relationships measured in cells co-

transfected with CON (n = 17), NX-1α (n = 13), and ΔLG1/5 (n = 12). Currents were 

evoked by depolarizing steps of increasing amplitudes in 5 mV intervals from a holding 

potential of −100 mV. Boltzmann-linear functions were fit to individual data sets from each 

cell and used to estimate activation mid-point (V1/2), slope factor (k) and reversal potential 

(Vrev) in Table S1.

(D) Activation curves generated from peak tail CaV2.2 current amplitudes captured at −60 

mV plotted against the value of the preceding test depolarization in cells co-transfected with 

CON (n = 14), NX-1α (n = 9), and ΔLG1/5 (n = 10). Voltage steps were applied every 10 

sec, in 5 mV increments, between −60 and +85 mV. I/Imax was measured for tail currents 

over the range of test potentials. Boltzmann functions were fit to data from each cell and 

average V1/2 and k values estimated and documented in Table S1. CaV2.2 activation curves 

were not distinguishable across these conditions.
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Figure 9. Retrograde inhibition is mediated by a soluble form of the NRX-1 ectodomain
(A) A schematic drawing is shown illustrating the domains found in α-NX proteins. The 

arrow indicates the location of the predicted SUP-17/ADAM10 cleavage site in the stalk 

domain. The carboxy-terminal fragment (CTF) produced by proteolytic cleavage is 

indicated. (B) SUP-17/ADAM10 cleaves NRX-1 in the stalk region. NRX-1 containing a 

cytoplasmic GFP tag (NRX-1GFP) was expressed in body muscles. NRX-1GFP cleavage was 

assayed by analyzing the abundance of full length (FL) and the CTF fragment of NRX-1 in 

western blots of membrane extracts. In sup-17 mutants, FL-NRX-1 abundance was increased 

Tong et al. Page 37

Neuron. Author manuscript; available in PMC 2018 July 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and CTF abundance was decreased, both indicating decreased NPvX-1 cleavage. (C–F) 

NRX-1 ectodomain shedding is increased when the retrograde signal is activated. NRX-1 

containing an mCherry tag in the ectodomain (mChNRX-1) was expressed in body muscles. 

Shedding of mChNRX-1’s ectodomain was assayed by analyzing mCherry fluoresence in the 

endolysosomal compartment of coelomocytes (C–D). Coelomocyte fluorescence was not 

detected in animals expressing the cytoplasmically tagged NRX-1GFP (C). Intact 

(uncleaved) mChNRX-1 molecules were assayed by analyzing the fluorescent intensity of 

mCherry puncta in the dorsal nerve cord (E–F). When the retrograde signal was activated (in 

mir-1 mutants), coelomocyte fluorescence was significantly increased (C–D) while dorsal 

cord fluorescence was decreased (E–F), both indicating increased NRX-1 shedding. The 

increased NRX-1 shedding observed in mir-1 mutants was abolished in mir-1 sup-17 double 

mutants. Representative images (C,E), mean coelomocyte fluorescence (D), and mean dorsal 

cord puncta intensity (F) are shown. (G–H) Retrograde signaling is blocked in sup-17 
ADAM10 mutants. Tonic ACh release was assessed by recording mEPSCs from adult body 

muscles. Representative traces (G) and mean mEPSC rates (H) are shown. Activating the 

retrograde signal (in mir-1 mutants) decreases the mEPSC rate and this effect was blocked in 

mir-1 sup-17 double mutants. For all experiments involving the sup-17(n1258ts) mutation, 

mutant and contemporaneous controls were grown at the non-permissive temperature 

(25°C). Values that differ significantly are indicated (***, p <0.001; **, p <0.01; as., not 

significant). The number of animals analyzed is indicated for each genotype. Error bars 

indicate SEM. Scale bar indicates 10 µm.
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