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Pathogenic UNC13A variants cause a 
neurodevelopmental syndrome  
by impairing synaptic function
 

The UNC13A gene encodes a presynaptic protein that is crucial for setting 
the strength and dynamics of information transfer between neurons. 
Here we describe a neurodevelopmental syndrome caused by germline 
coding or splice-site variants in UNC13A. The syndrome presents with 
variable degrees of developmental delay and intellectual disability, 
seizures of different types, tremor and dyskinetic movements and, in some 
cases, death in early childhood. Using assays with expression of UNC13A 
variants in mouse hippocampal neurons and in Caenorhabditis elegans, 
we identify three mechanisms of pathogenicity, including reduction in 
synaptic strength caused by reduced UNC13A protein expression, increased 
neurotransmission caused by UNC13A gain-of-function and impaired 
regulation of neurotransmission by second messenger signalling. Based 
on a strong genotype–phenotype-functional correlation, we classify three 
UNC13A syndrome subtypes (types A–C). We conclude that the precise 
regulation of neurotransmitter release by UNC13A is critical for human 
nervous system function.

UNC13A, the major UNC13 paralog in mammals, is a highly con-
served presynaptic protein that is essential for chemical synaptic 
transmission. It is required for assembly of the SNARE complex that 
bridges between neurotransmitter-filled synaptic vesicles (SVs) and 
the plasma membrane, placing SVs in a fusion-competent, ‘primed’ 
state1–5. UNC13A expression levels are positively correlated with the 
size of the readily releasable SV pool (the RRP6) and with the signaling 
strength of synapses7–9. During periods of high-frequency synaptic 
activity, UNC13A supports the resupply of SVs to counterbalance 
SV consumption10–14, sustaining neurotransmission. UNC13A activ-
ity is enhanced through direct binding of Ca2+, Ca2+-calmodulin, 
Ca2+-phospholipids and diacylglycerol (DAG) to specific regulatory 
domains. The acceleration of UNC13A activity results in dynamic 
changes in neurotransmission strength, a phenomenon known as 
synaptic plasticity10–13,15,16.

In rodents, Unc13a is expressed in the vast majority of neuronal 
subtypes and in some cells of neural lineage17,18. Most neuronal subtypes 
additionally express the paralogs Unc13b and/or Unc13c17, which have 
similar functions. Mice that constitutively lack Unc13a die shortly 

after birth19,20 owing to a 90% loss of the RRP at excitatory synapses19. 
The combined elimination of Unc13a/Unc13b results in a complete 
block of neurotransmission at both excitatory and inhibitory syn-
apses owing to complete RRP loss20. Consequently, newborn Unc13a/b 
double knockout (DKO) mice are paralyzed but have intact nervous 
system development20,21.

A pivotal role for UNC13A in human neurological disorders is 
emerging. Two patients harboring homozygous truncating variants 
in UNC13A showed profound developmental delay and died during 
early childhood22,23. Another patient harboring a de novo missense 
variant (P814L) in UNC13A exhibited mild intellectual disability, dyski-
nesia and intention tremor24. Certain deep intronic single-nucleotide 
polymorphisms contribute to genetic risk for the neurodegenerative 
conditions amyotrophic lateral sclerosis (ALS) and frontotemporal 
dementia (FTD)25–27, and promote ALS/FTD disease progression26–33. 
Recent studies identified reduced UNC13A expression in neurons 
with ALS/FTD pathology owing to TDP-43-mediated alterations in 
splicing34,35, but the mechanisms linking reduced UNC13A expression 
to disease progression remain unknown33,36.
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We identified a neurodevelopmental syndrome caused by vari-
ants in the UNC13A gene. Systematic patient and variant characteriza-
tion enabled classification of three disease subtypes. Patients with 
a type A condition present with profound global developmental 
delay (GDD) and early-onset seizures. These patients harbor biallelic 
loss-of-function missense, truncating or splice-site variants that lead 
to a >50% reduction of UNC13A expression and to a severe reduction 
in neurotransmission strength in experimental models. Patients with 
a type B condition exhibit developmental delay, particularly speech 
delay, and ataxia, tremor or dyskinetic movements as hallmarks of the 
condition. These patients harbor de novo missense variants that result 
in a gain of UNC13A function, leading to enhanced neurotransmission. 
The type C condition is caused by a familial heterozygous missense vari-
ant that results in altered regulation of UNC13A function. The patients 
are mildly affected, exhibiting learning difficulties to mild–moderate 
intellectual disability and seizures.

Overall, we demonstrate that UNC13A disease-causing variants 
operate in a cell-autonomous fashion to change synaptic strength and 
plasticity. Importantly, we present evidence that reduction of UNC13A 
protein expression to 20–30% of wild-type (WT) levels strongly impairs 
synaptic transmission and plasticity and has severe consequences in 
humans, a finding that may be important to understand the role of 
UNC13A in ALS and FTD. The mechanisms identified here may inform 
the development of therapeutic approaches.

Results
A neurodevelopmental syndrome caused by pathogenic 
UNC13A variants
We identified diverse UNC13A variants in 48 index patients presenting 
with neurodevelopmental deficiencies (Supplementary Data 1). Based 
on genotype–phenotype-functional assessment, we classified variants 
in 20 patients as pathogenic (Fig. 1a) and in eight patients as (likely) 
benign. Variants in 20 patients remained of uncertain significance 
(Supplementary Data 1 and Extended Data Fig. 1).

A first group of six patients (18 months to ~15 years old; Fig. 1a,b 
(magenta), Supplementary Data 1 and Extended Data Figs. 2 and 3) 
presented with severe-to-profound GDD or intellectual disability, 
hypotonia and seizures of different types (largely controllable with 
medication) or death in early childhood caused by respiratory fail-
ure after pneumonia in one case. UNC13A variants in these patients 
were homozygous or compound heterozygous missense, insertion–
deletion or splice-site variants with gene-disrupting splicing effects 
proven by minigene assays (Supplementary Data 1 and Extended Data 
Figs. 2 and 3). Notably, parents of patients with biallelic variants in this 
study who were heterozygous carriers of loss-of-function missense 
or gene-disrupting splice-site variants, and parents of an individual 
in a previously published case22 with a homozygous gene-disrupting 

variant were all reportedly healthy, demonstrating possible tolerance 
to heterozygous loss-of-function UNC13A variants, as has also been 
shown in mice19.

A second group of 13 patients (21 months to 32 years old; Fig. 1a,b 
(black) and Supplementary Data 1) harbored pathogenic, heterozy-
gous de novo missense variants with multiple substitutions at amino 
acids 808, 811 and 814. They presented with variable degrees of GDD, 
hypotonia, seizures of different types (mainly refractory to treatment) 
and typically exhibited ataxia, tremor or dyskinetic movements rarely 
observed in other patients (Supplementary Data 1 and Supplementary 
Videos 1 and 2). The protein region spanning the seven highly conserved 
amino acids 808–814 forms a hotspot for an autosomal dominant 
pattern of inheritance and is predicted to be highly intolerant to vari-
ation based on the MetaDome database37 and AlphaMissense scores38 
(Fig. 1c,d). We term this region the ‘UNC13 hinge’ because it links a 
regulatory domain cluster with the MUN domain, which mediates 
SNARE complex assembly39,40 (Fig. 1b).

The third group of patients consisted of a family with at least four 
affected members across two generations (4 years to 35 years old; 
Fig. 1a,b (brown) and Supplementary Data 1) harboring a pathogenic 
heterozygous missense variant (C587F) that caused learning difficulties 
to mild–moderate intellectual disability as well as controlled seizures. 
The relatively mild presentation of this variant led to autosomal domi-
nant familial heritability.

Altogether, pathogenic variants in UNC13A cause a spectrum of 
neurodevelopmental deficiencies (Fig. 1e; mainly GDD or intellectual 
disability, hypotonia, seizures and abnormal movement features) 
with both autosomal dominant (de novo or inherited) and recessive 
inheritance, depending on the type and location of the variants. Addi-
tionally, we identified de novo heterozygous or biallelic variants of 
uncertain significance scattered throughout the UNC13A protein 
sequence (Extended Data Fig. 1 and Supplementary Data 1). Although 
many of these variants are high-level (hot) candidates for impacting 
protein function based on in silico predictions (Fig. 1d and Supple-
mentary Data 1), reliable readouts proving their pathogenicity are 
currently unavailable.

Characterization of UNC13A variant pathogenicity
UNC13A is a multidomain protein (Fig. 1b) impacting diverse synaptic 
transmission properties7,10–15,19,24. We selected a subset of variants with 
substitutions at key UNC13A domains (Fig. 2a) and comprehensively 
characterized their impact on synapse function. We show that variants 
E52K, R202H, C587F, G808D/C and P814L are pathogenic, while our 
assays did not detect phenotypic changes for R799Q and N1013S, which 
we therefore classify as (likely) benign (Supplementary Data 1–3 and 
Extended Data Fig. 4). A comparative summary of all genetic, clinical 
and experimental data is presented in Extended Data Fig. 5.

Fig. 1 | Landscape of UNC13A patient variants identified in this study. 
a, Location of validated pathogenic variants identified in 20 patients 
(Supplementary Data 1) mapped on a schematic representation of the UNC13A 
gene (NM_001080421.2). Variants with biallelic inheritance are in magenta 
(p.T117Rfs*18 and p.R202H, and c.767+1 G > T and c.4073+1 G > A are in a 
compound heterozygous state; others are in a homozygous state), heterozygous 
de novo variants are in black and a heterozygous, inherited variant is in 
brown. Variants p.G808D and p.P814L were detected in four and six patients, 
respectively. Exon colors correspond to the color of protein domains in b.  
b, Validated pathogenic missense variants overlaid on a schematic representation 
 of the UNC13A protein. The sequence of the hotspot region, termed here as the 
‘UNC13 hinge’, is magnified. c, UNC13A tolerance landscape generated based 
on the observed missense and synonymous variants in gnomAD and corrected 
for the sequence composition (MetaDome database37). The degree of tolerance 
for missense variants is color-coded (lowest scores, red, highly intolerant; 
highest scores, blue, highly tolerant). d, AlphaMissense scores38 plotted for 
all missense variants (pathogenic, of uncertain significance (VUS) and (likely) 

benign) reported in this study (Supplementary Data 1; heterozygous de novo 
missense variants, bold typeface; heterozygous inherited or biallelic variants, 
non-bold typeface; validated pathogenic variants, red; VUS, gray; validated 
(likely) benign, blue). Notably, all validated pathogenic variants reported in this 
study are within the pathogenic AlphaMissense score range, and three out of four 
validated benign variants fall within the benign score range. We consider VUS 
variants in the pathogenic AlphaMissense score range as hot VUS (14 variants) 
and those within the benign/ambiguous score range as cold VUS (12 variants). 
e, Left: age of patients (with median and interquartile range; error bars, s.d.) 
at the latest physician visit, stratified by inheritance pattern. Middle: major 
clinical features of 20 patients with pathogenic variants (Supplementary Data 1), 
stratified by inheritance pattern. The presence or absence of features is shown 
by the indicated colors together with the respective percentage for different 
inheritance patterns. Right: standard deviation scores for growth parameters of 
patients with pathogenic variants at birth and at the latest visit are illustrated by 
inheritance pattern (HC, head circumference).
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UNC13A amino-terminal disease variants reduce UNC13A 
protein levels
Neurodevelopmental disorders have been linked to deficiencies in syn-
apse development41. To examine whether UNC13A variants affect synap-
togenesis or presynaptic UNC13A abundance, we cultured hippocampal 

neurons from Unc13a/b DKO mice in a microisland culture system42,43 
(Fig. 2b), where single neurons grow on astrocytic islands, making 
synapses onto themselves (‘autapses’). We re-introduced WT rat Unc13a 
cDNA (UNC13AWT; ~94% identity with human UNC13A) or UNC13A cDNA 
encoding disease-related variants using lentiviral transduction44 at day 
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Fig. 2 | UNC13A disease-causing variants change UNC13A expression levels 
at synapses. a, Location of studied variants within the UNC13A protein 
domains (not drawn to scale). b, Schematic representation of the autaptic cell 
culture system used in this study. c, Left: example images of cultured autaptic 
hippocampal neurons from Unc13a/b DKO mice that were transfected on DIV 2–3 
with UNC13A–GFP cDNA encoding WT or disease-related variants and stained 
with antibodies against the presynaptic marker VGLUT1, the postsynaptic 
marker Shank2, the dendritic marker MAP2 and with an antibody against GFP 
(n = 24–37). Right: magnification of the regions indicated by the white boxes in 
the merged image. d, Quantification of VGLUT1–Shank2 juxtapositioned puncta 
per neuron. NT, not transfected. e, Fraction of VGLUT1–Shank2 juxtapositioned 

puncta where UNC13A–GFP co-staining was detected. Bars and circles in d and 
e represent means and values for individual neurons, respectively; error bars, 
s.e.m. The P values in e refer to pairwise comparisons of mean fractions with WT 
using Dunn’s multiple comparison test. f, Cumulative probability distributions of 
UNC13A–GFP intensities at VGLUT1–Shank2 juxtapositioned puncta, reporting 
relative UNC13A expression levels at individual synapses. For each cell analyzed, 
the mean Munc13 intensity over all synapses was obtained and, subsequently, 
the pooled mean was calculated for each genotype (Supplementary Data 2). a.u., 
arbitrary units. The P values in f refer to pairwise comparisons of mean intensities 
with WT using Tukey’s multiple comparisons test. See Supplementary Data 2 for 
further details.
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in vitro (DIV) 2–3. Following immunocytochemical labeling, synapses 
were defined as VGLUT1-positive puncta (a presynaptic marker) colocal-
izing with Shank2-positive puncta (a postsynaptic marker). We found 
no significant change in the number of formed synapses between the 
different conditions (Fig. 2c,d and Supplementary Data 2). We then 
quantified the fraction of VGLUT1–Shank2 puncta exhibiting UNC13A 
immunoreactivity (Fig. 2c,e and Supplementary Data 2). UNC13AWT was 
detected in 93.4 ± 1.75% of the VGLUT1–Shank2-positive puncta, and 
similar colocalization levels were detected for UNC13A with variants 
in the Ca2+-phospholipid binding C2B domain (UNC13AR799Q), UNC13A 
hinge (UNC13AG808D) and MUN domain (UNC13AN1013S). Neurons express-
ing a UNC13A variant in the DAG-binding C1 domain (UNC13AC587F) 
exhibited a mild but statistically significant reduction in the degree 
of colocalization. Remarkably, neurons expressing either of the two 
amino-terminal variants, UNC13AE52K and UNC13AR202H, displayed a 
strong reduction in the fraction of synapses co-labeled for UNC13A 
(35 ± 3.9% and 32.5 ± 4% of WT levels, respectively). Moreover, substan-
tially weaker UNC13A labeling intensities were evident (UNC13AE52K, 
23 ± 11% of WT levels; UNC13AR202H, 20 ± 13% of WT levels; Fig. 2f and 
Supplementary Data 2). Taken together, UNC13A disease variants do 
not affect synapse number in vitro, but the E52K and R202H substitu-
tions cause a strong reduction of synaptic UNC13A levels.

UNC13A amino-terminal disease variants cause reduced 
neurotransmission
E52 is located at the interaction interface between the UNC13A C2A 
domain and RIMS1/RIMS2 (refs. 45–48) (Fig. 3a,b), while R202 is part 
of an intrinsically disordered region (IDR; amino acids 151 to ~450; 
Fig. 1a). The E52K and R202H disease variants are inherited in an 
autosomal recessive manner and cause a severe disorder (Fig. 3c,d). 
Expression of UNC13AE52K or UNC13AR202H in HEK293 cells, which lack 
UNC13A but express the misfolded protein detection machinery, 
showed no evidence that these variants cause inherent protein insta-
bility (Extended Data Fig. 6).

To assess how variants affect synaptic transmission, we conducted 
whole-cell voltage-clamp recordings in autaptic Unc13a/b DKO gluta-
matergic hippocampal neurons (Fig. 3e)20,42 transfected with UNC13AWT 
or UNC13A carrying disease variants. In UNC13AE52K-expressing neurons 
(Fig. 3f), we could not detect spontaneous miniature excitatory post-
synaptic currents (mEPSCs) or action potential (AP)-evoked excita-
tory postsynaptic currents (eEPSCs; Fig. 3g–j and Supplementary 
Data 3). Application of hypertonic sucrose solution to assess the size 
of the RRP6 revealed the absence of a measurable RRP in UNC13AE52K 
neurons, indicative of a severe SV priming deficit (Fig. 3k,l). Given that 
high-frequency AP firing can enhance UNC13A activity, we delivered 
trains of 40 APs at 40 Hz frequency but did not detect synaptic currents 
throughout the trains (Fig. 3m). Together, we conclude that UNC13AE52K 
does not rescue synaptic transmission to measurable levels.

By contrast, UNC13AR202H expression (Fig. 3n) rescued synaptic 
transmission, albeit with lower efficacy than UNC13AWT. Mean fre-
quency and amplitude of mEPSCs were similar to those measured in 
neurons expressing UNC13AWT (Fig. 3o–q), but the average eEPSC size 
(Fig. 3r,s) and RRP charge (Fig. 3t,u) were both reduced by ~40%. The 
mean vesicular release probability ( p̄vr), calculated as the charge trans-
fer during a single AP-induced eEPSC divided by the charge transfer in 
response to sucrose-evoked RRP release, was unaltered (Fig. 3v).

Taken together, these results demonstrate that two variants cause 
lower synaptic UNC13A abundance and reduced synaptic strength in 
mouse neurons. Affected patients presented with profound GDD and 
no motor development (Figs. 1e and 3c), consistent with decreased 
synaptic efficacy observed in vitro. Interestingly, although both substi-
tutions reduce UNC13A levels to similar extents (Fig. 2e,f), UNC13R202H 
expression partially rescues synaptic transmission, while UNC13E52K 
expression does not. This probably reflects the combined effect of 
lower UNC13A protein levels and functional consequences of the E52K 

exchange on the C2A domain function47. The substantial neurotrans-
mission in UNC13R202H-expressing neurons indicates that very low 
UNC13A levels are sufficient for synapse function.

UNC13A hinge variants cause a gain-of-function in 
neurotransmission
We identified 13 patients with de novo variants in the UNC13A hinge 
(Fig. 4a–d). We previously reported one patient with an UNC13A P814L 
variant24, causing a gain-of-function in synaptic transmission. To consol-
idate variant pathogenicity and establish functional causality between 
the expression of hinge variants and synaptic transmission properties, 
we studied the frequently affected residue G808 (Fig. 4a,d).

In autaptic hippocampal Unc13a/b DKO neurons expressing  
UNC13AG808D–GFP, we observed a greater than twofold increase in the 
frequency of mEPSCs compared to neurons expressing the WT variant, 
whereas mEPSC amplitudes were unaltered (Fig. 4e–g). Given that 
larger RRP size could underlie an increased mEPSC frequency, we 
estimated the RRP sizes and found similar values in UNC13AG808D- 
expressing and UNC13AWT-expressing neurons (Fig. 4h,i). Together, 
these findings are consistent with the notion that RRP SVs in  
resting UNC13AG808D-expressing neurons are more likely to fuse spon-
taneously, possibly indicating higher SV fusogenicity49 or a larger 
fraction of ‘tightly-docked’ SVs50. UNC13AG808D-expressing neurons also 
showed significantly larger eEPSC charges (Fig. 4j,k). Given that the 
average mEPSC charge and RRP size were unaltered (Fig. 4f,i), the 
increased eEPSC charge is indicative of a larger fraction of the  
RRP released by single APs (higher p̄vr; Fig. 4l). We conclude that  
UNC13AG808D leads to a gain-of-function in spontaneous and 
evoked neurotransmission.

Given that all UNC13A hinge variants were heterozygous, we tested 
whether a gain-of-function phenotype prevails in the presence of a WT 
allele. We generated homozygous and heterozygous C. elegans strains 
harboring the G808C and P814L substitutions using CRISPR–Cas9 
targeting of the unc-13 gene. The C. elegans and human UNC13A protein 
products are highly homologous (~50% identity, ~70% sequence similar-
ity) and serve similar functions51–54. As a behavioral readout of synaptic 
function, we assayed loss of movement in response to exposure to the 
acetylcholinesterase inhibitor aldicarb (Fig. 4m), with faster paralysis 
indicating acetylcholine hypersecretion. Compared with WT worms, 
paralysis occurred significantly faster and to a similar extent in homozy-
gous and heterozygous G808C and P814L mutant worms (Fig. 4n,o 
(green and blue)). These data are consistent with a gain-of-function in 
acetylcholine secretion, also in the presence of a WT allele.

Based on these results, we conclude that UNC13A hinge variations 
increase the degree of spontaneous and evoked neurotransmission. 
Given the substantial number of patients, and because the functional 
phenotypes of neurons expressing UNC13AP814L and UNC13AG808D in 
mouse neurons and G808C and P814L in C. elegans are nearly identical 
(Extended Data Fig. 5), we conclude that UNC13A hinge variations are 
pathogenic and act through a similar mechanism.

A familial variant in the UNC13A C1 domain
We identified four patients harboring a heterozygous missense variant 
(c.1760_1761delinsTT; C587F) in the UNC13A DAG-binding C1 domain 
(Fig. 5a–d)15,55. In cultured WT synapses, the membrane-permeable DAG 
analog Phorbol 12,13-dibutyrate (PDBu) causes a greater than twofold 
increase in synaptic strength within seconds after application15,56. To test 
whether C587F hampers DAG sensing, we used a protein-translocation 
assay. In HEK293 cells, overexpressed UNC13AWT–GFP undergoes trans-
location to the plasma membrane upon PDBu application (Fig. 5e,f). A 
C1 domain point mutation, H554K, blocks this translocation14 (Fig. 5e,f). 
We found that the disease variant C587F blocks UNC13A translocation, 
while other variants in this study exhibit WT-like behavior (Fig. 5e).

We then characterized synaptic transmission and DAG respon-
siveness in autaptic neurons expressing UNC13AC587F (Fig. 5g–n and 
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Fig. 3 | Amino-terminal disease variants abate synaptic strength. a, Amino 
acid sequence alignment of the C2A domain and adjacent region for UNC13A 
homologs in different species (disease variants are highlighted by a bar; E52K, 
orange; R202H, green; HS, Homo sapiens; RN, Rattus norvegicus; CE, C. elegans). 
b, Structure of the UNC13A C2A domain (orange) in complex with the RIM zinc-
finger domain (blue) (PDB 2CJS)72. E52 is shown in a space-filled presentation. 
c, Pictures of three patients with pathogenic homozygous amino-terminal 
variants, showing narrow forehead, highly arched eyebrows, impression of 
hypertelorism, depressed nasal bridge, small nasal tip and underdeveloped, 
anteverted ala nasi, long philtrum, impression of retrognathia and large, mildly 
forward-facing earlobes. d, Representative pedigrees of patients with pathogenic 
biallelic amino-terminal variants, illustrating an autosomal recessive pattern of 
inheritance with apparently healthy carrier parents. e, Schematic illustration 
of electrophysiological recordings in autaptic neurons. f, Constructs used in 
electrophysiological experiments in g–m (NLS; nuclear localization signal).  
g–m, Characterization of synaptic transmission in autaptic hippocampal 

neurons expressing UNC13AWT (black), UNC13AE52K (orange) or GFP-NLS (gray). 
Example traces (g) and summary data showing mean frequencies (h) of mEPSCs. 
Example traces (i) and summary data showing mean charges (j) of eEPSCs. 
Example traces (k) and summary data showing mean charges (l) of sucrose-
evoked EPSCs as a measure of RRP size. No eEPSCs were elicited in UNC13AE52K-
expressing neurons during high-frequency AP trains (40 Hz) (m).  
n, The constructs used in electrophysiological experiments in o–v. Example traces 
(o), mean amplitudes (p) and mean frequencies (q) of spontaneously occurring 
mEPSCs in neurons expressing UNC13AWT (black) and UNC13AR202H (green).  
r,s, Example eEPSC traces (r) and mean eEPSC charge (s). Smaller sucrose-evoked 
EPSCs (t) indicate a reduced RRP size in UNC13AE52K-expressing neurons (u), while 
the mean vesicular release probability was unchanged (v). Data were obtained 
from at least three independent cultures per condition. Statistical analysis: 
Kruskal–Wallis test (g–m) and two-tailed Mann–Whitney test (o–v). In h, j, l, p, 
q, s, u and v, bars and circles represent means and values for individual neurons, 
respectively; error bars, s.e.m. See Supplementary Data 3 for further details.
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Supplementary Data 3). Basal spontaneous and AP-evoked synaptic 
transmission were largely similar in Unc13a/b DKO neurons expressing 
UNC13AC587F or UNC13AWT. This is consistent with a similar time course 
of aldicarb-induced paralysis in homozygous C587F worms and WT 
worms (Fig. 5o). However, PDBu failed to potentiate eEPSC ampli-
tudes in autaptic neurons (Fig. 5p–r), in agreement with the absence of 
PDBu-induced translocation (Fig. 5f). We conclude that the UNC13AC587F 
variation acutely changes the responsiveness of UNC13A to DAG sign-
aling, while not strongly interfering with basal synaptic transmission 
(see Extended Data Fig. 7 for molecular dynamics simulation data).

Finally, we tested whether other disease variants impair the 
PDBu-induced synaptic potentiation. Expression of UNC13AG808D, with 
a presumably intact C1 domain (Fig. 5e), resulted in little PDBu-induced 

potentiation (~20% of WT; Fig. 5s). Conversely, neurons expressing 
R202H exhibited a tendency towards stronger PDBu-induced poten-
tiation than UNC13AWT-expressing neurons (Fig. 5t). This is probably a 
consequence of already altered basal synaptic transmission properties: 
synaptic strength is enhanced in neurons expressing UNC13AG808D, which 
may partially occlude PDBu potentiation. By contrast, neurons express-
ing UNC13AR202H exhibit lower basal synaptic strength, which may allow 
stronger potentiation. These data suggest an unbalanced DAG signaling 
in UNC13AG808D-expressing and UNC13AR202H-expressing neurons.

UNC13A variants alter short-term synaptic plasticity
During repetitive activation, synapses exhibit short-term plasticity 
(STP)57, a use-dependent alteration of synaptic strength on a time scale 

Experimental design
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with pathogenic de novo hinge variants, displaying high anterior hairline with 
an appearance of tall forehead, impression of hypertelorism, deeply set eyes, 
attached earlobes, smooth, rather short philtrum, thin upper lip vermilion, 
everted lower lip vermilion, bulbous nasal tip and retrognathia. c, Representative 
pedigrees of patients with pathogenic de novo variants, illustrating an autosomal 
dominant pattern of inheritance. d, Crystal structure of the UNC13A (PDB 5UE8)  
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structured domains. e–l, Characterization of synaptic transmission in autaptic 
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Example traces (e) and summary data showing mean amplitudes (f) and mean 
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summary plots of eEPSC charge (k) and vesicular release probability (l). m, 
Schematic illustration of the aldicarb assay in C. elegans. Aldicarb-induced 
accumulation of ACh in the extrasynaptic space leads to receptor desensitization 
and to worm paralysis. Synaptic phenotypes associated with ACh hypersecretion 
lead to faster ACh accumulation and to faster paralysis. Reduced secretion results 
in slower paralysis. n, CRISPR-generated heterozygous (green) and homozygous 
(blue) knock-in UNC-13P814L (UNC-13P956L) worms exhibit faster aldicarb-induced 
paralysis than WT worms. o, Similar results obtained in heterozygous (green) 
or homozygous (blue) UNC-13G808C (UNC-13G950C) knock-in worms. Statistical 
analysis was performed by using a two-tailed Mann–Whitney test (f, g, i, k, l) 
or Kruskal–Wallis test followed by Dunn’s test (n, o). Bars and circles in f, g, i, 
k and l represent means and values for individual neurons, respectively; error 
bars, s.e.m. Data were obtained from at least three independent cultures per 
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Supplementary Data 3 for further details.
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Fig. 5 | UNC13 disease variations change the sensitivity of synaptic 
transmission to second messenger regulation by the DAG pathway.  
a, Sequence alignment for UNC13 paralogs highlighting H554 (blue) and C587 
(bold). Lines below indicate Zn2+-coordinating residues. b, Facial portraits of 
index patient 6, his father and aunt, carrying the pathogenic variant, displaying 
a high, broad forehead, impression of hypertelorism, deeply set eyes, fullness 
of the upper lateral eyelid, depressed nasal bridge, underdeveloped ala nasi and 
small nasal tip, smooth, broad philtrum and everted vermilion of the upper lip. 
c, A four-generation pedigree, with four individuals confirmed as harboring 
c.1760 G > T, p.(C587F). d, The C1 domain structure (top) and a zoomed-in view 
of one Zn2+-binding pocket. The corresponding amino acid numbers in the rat 
UNC13A are given in brackets. e, HEK293FT cells transiently transfected with 
UNC13A–GFP constructs encoding WT or patient variants, treated with 1 µM 
PDBu for 1 h (scale bar, 5 µm; n = 10–15 per condition; white arrowheads highlight 
UNC13A location (green)). f, Quantification of the cytosolic GFP signal in the 
presence or absence of PDBu. g–n, Characterization of synaptic transmission in 

autaptic hippocampal neurons expressing UNC13AWT (gray) or UNC13AC587F (red). 
Example traces (g) and summary plots showing mean amplitude (h) and mean 
mEPSC frequency (i). Example traces (j) and summary plots showing mean eEPSC 
charge (k). Example traces (l) and summary plots showing mean sucrose-evoked 
EPSC charge (m). n, Quantification of vesicular release probability. o, Time to 
paralysis in CRISPR-targeted C. elegans worms carrying a homozygous C587F 
(C729F) variation and exposed to aldicarb. p,q, Example eEPSCs before and 
after application of PDBu in neurons expressing UNC13AWT (p) or UNC13AC587F 
(q). r, The average time courses of eEPSC amplitude change. s,t, Similar data for 
UNC13AG808D (s, blue) or UNC13AR202H (t, green). In o and r–t, circles represent an 
average from >10 worms or an average of the indicated number of neurons. Bars 
and circles in f, h, i, k, m and n represent means and values for individual neurons, 
respectively. Data were obtained from at least three independent cultures per 
condition; error bars, s.e.m. Statistical analysis was performed by using a two-
tailed Mann–Whitney test (f, h, i, k, m, n) or Wilcoxon test (o). See Supplementary 
Data 3 for further details.
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of milliseconds to minutes. STP occurs when fusion-competent SVs are 
progressively consumed. UNC13A-mediated SV priming and its modula-
tion by second messengers counteracts SV depletion10–13, thus shaping 
STP. We next studied how disease variants in UNC13A affect this process.

We recorded eEPSCs during high-frequency trains, embedded in 
low-frequency stimulation (Fig. 6a,e), and observed strong changes 
during and after stimulus trains (Fig. 6b–d,f–h): in neurons expressing 
UNC13AC587F or UNC13AG808D, prominent short-term synaptic depression 
of eEPSC amplitudes was observed (Fig. 6c,d,g,h (gray arrow)), whereas 
UNC13AR202H-expressing neurons typically exhibited short-term syn-
aptic enhancement (Fig. 6b and Extended Data Fig. 8). To explore 
underlying mechanisms, we quantified the replenishment rate con-
stants of the RRP during 40 Hz AP trains, based on a single-pool model 
of SV priming12,58. RRP replenishment rate constants were reduced 
for neurons expressing UNC13AC587F or UNC13AG808D but tended to be 
accelerated in UNC13AR202H-expressing neurons (Fig. 6i).

Following AP trains, synaptic strength can transiently increase 
(Fig. 6b–d,f–h (black arrowheads)). We quantified such augmentation 
by measuring eEPSCs 2 s after the cessation of AP trains. Compared 
to UNC13AWT-expressing neurons, augmentation was significantly 
stronger when UNC13AR202H was expressed, whereas it was virtually 
absent in neurons expressing UNC13AC587F or UNC13AG808D (Fig. 6j,k and 
Extended Data Figs. 5 and 8).

Collectively, these data demonstrate that UNC13A disease vari-
ants have a complex impact on STP. Reduced UNC13A expression 
favors facilitation of synaptic responses during and strong augmen-
tation after an AP train, while gain of UNC13A function or diminished 
UNC13A PDBu/DAG regulation leads to increased depression during 
and reduced augmentation after AP trains.

Discussion
We report the identification of a neurodevelopmental syndrome caused 
by pathogenic UNC13A variants that cause cell-autonomous changes to 
synaptic transmission and plasticity. The UNC13A syndrome joins the 
group of SNAREopathies that arise from pathogenic variants in the core 
proteins mediating neurotransmitter release (Extended Data Fig. 5a,b). 
The most common SNAREopathy is the STXBP1 encephalopathy, which 
is diagnosed in 3.3–3.8 out of every 10,000 births59,60. STXBP1 encodes 
the MUNC18-1 protein, a functional interactor of UNC13A in SNARE 
complex assembly61–63.

Based on the genetic, clinical and functional evidence presented 
here (Extended Data Fig. 5c), we propose a categorization of the 
UNC13A syndrome. Type A comprises variants that cause full or partial 
UNC13A protein loss. This type is caused by biallelic missense (Fig. 3), 
splice-site (Extended Data Figs. 2 and 3) and nonsense variants based 
on our cohort and a few previously published cases22,23. These variants 
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Fig. 6 | UNC13A disease variants modulate neuronal short-term synaptic 
plasticity. a–d, Stimulation protocol (a) and average time courses of normalized 
eEPSC amplitudes recorded in autaptic hippocampal neurons expressing 
UNC13AWT (gray) or UNC13AR202H (b, green), UNC13AC587F (c, red) or UNC13AG808D 
(d, blue), before, during and after a 10 Hz train consisting of 30 APs. e–h, Average 
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quantified, and black arrowheads mark the first eEPSC following the train, used 
to estimate the magnitude of augmentation. i, Replenishment rate constants 
calculated based on a single-pool model of SV priming for neurons of the 
indicated genotypes. j,k, Magnitude of eEPSC augmentation after conditioning 
10 Hz (j) or 40 Hz (k) stimulation. Data were obtained from at least three 
independent cultures per condition. Statistical analysis was performed by using 
a two-tailed Mann–Whitney test (i–k). Bars and circles in i–k represent means and 
values for individual neurons, respectively; error bars, s.e.m.
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lead to profound GDD in all cases, and in some, cause death in early 
childhood owing to respiratory failure after pneumonia (Fig. 1 and 
Supplementary Data 1). All patients develop early-onset seizures that 
mostly respond to treatment. Based on a previously reported case23 
in which an individual was diagnosed with fatal myasthenia accord-
ing to electromyography findings, and based on patients 3 and 7 in 
our study (Supplementary Data 1 and Extended Data Figs. 2 and 3), 
we suggest considering myasthenic presentation in type A patients. 
Type A variants are associated with eliminated or strongly reduced 
UNC13A expression, weaker synaptic transmission under basal and 
low-frequency activity (Fig. 3) and a tendency towards enhanced syn-
aptic responses during and after AP trains, or by DAG signaling (Figs. 5 
and 6). We speculate that these variants impair UNC13A transport and/
or active zone recruitment.

The type B UNC13A condition comprises variants that cause an 
UNC13A gain-of-function. This type is caused by de novo heterozygous 
missense variants in the UNC13A hinge (G808D, G808C, G808V, K811E, 
P814L) (Figs. 1 and 4) and is characterized by developmental delay, pri-
marily in speech acquisition and, to a lesser extent, in motor skills. The 
overall severity of the developmental delay is less than that observed in 
type A, and no death in early childhood is reported. Epileptic seizures 
are severe and become refractory to treatment in most cases. A hall-
mark of this condition is ataxia and tremor or dyskinetic movements24 
(Fig. 1e, Supplementary Videos 1 and 2). As UNC13A is also expressed 
in motoneurons, it remains to be determined whether the imbalanced 
synaptic transmission at the neuromuscular junction contributes to 
this presentation. Functionally, type B variants cause a gain-of-function 
of synaptic transmission during spontaneous and low-frequency AP 
activity (Fig. 4), strong short-term synaptic depression and diminished 
augmentation during and after high-frequency activity (Fig. 6), as well 
as diminished potentiation by DAG signaling (Fig. 5).

Finally, the type C condition comprises a variant that results in 
UNC13A dysregulation. This type is caused by a familial heterozygous 
missense variant in the UNC13A C1 domain (C587F; Figs. 1 and 5), pre-
senting with mild delay in speech development, learning difficulties 
to mild–moderate intellectual disability and controlled seizures (Sup-
plementary Data 1). Neurons expressing this variant show near-normal 
synaptic transmission in response to low-frequency AP activity, but 
absent potentiation by DAG signaling (Fig. 5) and aberrant STP patterns 
during and after high-frequency activity (Fig. 6).

We anticipate additional pathogenic variants and disease sub-
types to emerge. In particular, loss of function without loss of protein 
is expected for variants that interfere with UNC13A function in SNARE 
complex assembly (for example, in the MUN or C2C domain), which 
may lead to a type A-like condition. Based on AlphaMissense scores and 
the rareness of variants in the hinge region (frequency in gnomADv4.1 
database), almost all possible hinge amino acid exchanges (42 out of 
45; 93%) show pathogenic predictions, and we anticipate additional 
variants to arise. UNC13A hyperfunction has been described in struc-
ture–function studies46,53,64, and variants in these regions may also lead 
to a type B condition. Missense or in-frame variants affecting Ca2+ or 
Ca2+/calmodulin binding may cause a type C condition.

Our functional assays were designed to investigate deficits caused 
by UNC13A variants and were therefore performed in the absence of a 
WT UNC13A allele (which is relevant for heterozygous variants) and in 
the absence of UNC13B/C. Co-expression of UNC13A/B/C is expected 
to modify the functional phenotypes we describe in a synapse-specific 
fashion, but to what extent is hard to predict and requires further exper-
imentation. UNC13B and UNC13C are expressed alongside UNC13A 
in distinct neuronal subtypes of the cerebellum (UNC13C) and of the 
cortex and hippocampus (UNC13B)17. Interestingly, UNC13B expression 
can fully compensate for UNC13A loss in hippocampal inhibitory neu-
rons, but UNC13B/C can only marginally compensate for UNC13A loss 
(<10%) in excitatory hippocampal synapses20,65. Reasons for the limited 
redundancy remain unclear and may involve active zone recruitment 

mechanisms66,67. Nonetheless, following full or partial loss of UNC13A 
(type A), co-expression of UNC13B may support synaptic transmission 
in inhibitory neurons to a larger extent than in excitatory neurons, 
shaping the inhibition-to-excitation ratio within neuronal networks. It 
is tempting to speculate that this might underlie the favorable response 
of epileptic seizures to medication in type A patients. In the type B 
condition, we demonstrated that UNC13AP814L exerts a similar effect in 
excitatory hippocampal and inhibitory striatal neurons24 and that the 
magnitude of the functional gain is similar in the presence or absence 
of UNC13AWT (Fig. 4n,o).

A key finding in this study is the identification of variants that 
reduced UNC13A expression levels below 50% of WT levels (E52K, 
R202H and, probably, some splice-site variants). Reduction of UNC13A 
expression levels has been recently highlighted as a pathogenic mecha-
nism in ALS and FTD. In healthy neurons, TDP-43 acts as a splicing 
regulator for UNC13A mRNA34,35,68, in which it represses the inclusion 
of a cryptic exon. In neurons with ALS or FTD pathology, TDP-43 is 
depleted from the nucleus69, resulting in the inclusion of the cryptic 
exon in up to 100% of the UNC13A mRNA, and thus in lower UNC13A 
protein levels34,35. Deep intronic UNC13A variants that possibly change 
the cryptic exon’s splicing propensity pose a strong genetic risk for 
ALS/FTD disease and disease progression25,27,34,35. How reduced UNC13A 
levels enhance ALS/FTD pathology remains to be established, and the 
minimal UNC13A levels required for proper synaptic function have 
not yet been determined. Several observations made here shed light 
on these issues.

We report that the R202H substitution severely interferes with 
human motor function (Fig. 1e), leads to reduced UNC13A expres-
sion levels (20–30% of WT levels; Fig. 2) and impairs synaptic func-
tion (Figs. 3, 5 and 6, and see ref. 70). Although we cannot exclude 
that R202H has additional effects on UNC13A function in addition to 
reducing its expression levels, these data suggest that altered neuro-
transmission may accompany ALS/FTD cellular pathology as UNC13A 
levels decline and potentially exacerbate disease symptoms. However, 
we also note that 20–30% of UNC13A expression levels are already suf-
ficient to support ~60% of neurotransmitter release in cultured neurons 
and that patients with low UNC13A expression levels have improved 
survival chances compared with patients with no functional UNC13A, 
who die in early childhood22,23. Together, we propose that therapeutic 
strategies that stabilize 20–30% as minimal UNC13A expression may 
already be beneficial. Given that UNC13A haploinsufficiency appears 
to be tolerated in humans (refs. 22,23 and this study) and in mice19, 
restoration of UNC13A to levels approaching 50% appears to be suf-
ficient as an upper target. Antisense oligonucleotide therapies71, for 
example, are approved for clinical use and could be well-used in ALS/
FTD and in patients with type B and C neurodevelopmental disorders. 
In the latter, antisense oligonucleotides that exclusively suppress the 
expression of pathogenic transcripts and increase the relative abun-
dance of the WT protein variant may improve disease symptoms. Our 
study underscores the importance of an experimentally validated 
mechanistic understanding of pathogenicity for diverse variants in 
the same gene, as different therapeutic strategies should be used to 
combat them.
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Methods
Study approval
This study was performed as part of a research study approved by the 
ethics commission of the Canton of Zurich (ID PB_2016-02520 (SIV 
11/09)). In addition, for each patient, ethical approvals and informed 
consent forms from parents or guardians were obtained by the respec-
tive research teams and institutions for data use and publication, 
including photographs or videos where applicable. Participants did 
not receive compensation. The use of Unc13a/b knockout mice was 
approved by the responsible local government organization (Nied-
ersächsisches Landesamt für Verbraucherschutz und Lebensmittel-
sicherheit; 33.19-42502-04-15/1817 and 33.19-42502-04-20/3589, and 
Landesamt für Gesundheit und Soziales; G106/20). Mice (Mus muscu-
lus, backcrossed to a C57BL/6N background) of embryonic day 18 or 
postnatal day 0–1 and of both sexes were used in electrophysiological 
experiments. Each culture was obtained from one or more mice, and 
two to four independent cultures were used per condition. Adult mice 
were kept under IVC/SPF conditions, on a 12 h light, 12 h dark cycle, at 
room temperature (22 ± 2 °C) and humidity levels of 55 ± 10%.

Patient identification and characterization
Individuals included in this study underwent exome or genome 
sequencing on diverse sequencing platforms on a clinical or research 
basis in academic institutes or diagnostic labs worldwide. Using Gen-
eMatcher73 and personal communication with colleagues enabled us 
to assemble clinical and genetic details on a total of 48 index patients 
with de novo or inherited heterozygous or biallelic variants in UNC13A 
(NM_001080421.3), including two previously published cases harbor-
ing c.154 G > A, p.(E52K) (case 74 described in ref. 74) and c.4379 C > T, 
p.(A1460V) (case UPN-0740 described in ref. 75) variants with further 
follow-up information. Standard deviation of growth parameters was 
calculated as previously described76. Variant nomenclature was verified 
using VariantValidator77. De-identified clinical data from collaborat-
ing institutions were obtained with local institutional review board 
approval and informed consent from parents or guardians of affected 
individuals, including consent for publication of facial photographs for 
individuals in Figs. 3–5, Extended Data Figs. 1 and 2 and Supplementary 
Videos 1 and 2.

Minigene splicing assay
For splicing assays, the pSplicePOLR2G3 vector was digested and puri-
fied as described previously78. Inserts of UNC13A exons and their flank-
ing intronic regions were amplified using the Q5 HotStar High-Fidelity 
Taq Polymerase kit (New England Biolabs), and cloning reactions were 
performed with the In-Fusion HD Cloning kit (Clontech) following 
the manufacturer’s recommendations. Transient transfection of 
HEK293T cells was performed with WT and mutated plasmid constructs 
(1 μg per well) complexed with the jetPEITM transfection reagent (Poly-
plus Transfection). Total RNA was extracted 48 h post transfection with 
the NucleoSpin RNA Plus kit (Macherey-Nagel). Reverse transcription 
was performed with the ProtoScript II First Strand cDNA Synthesis 
Kit (New England Biolabs), and fluorescent PCR was performed as 
described previously79. PCR products were size-separated on a 3130xl 
Genetic Analyzer (Applied Biosystems). Output data were analyzed 
with Peak Scanner software (Applied Biosystems).

DNA construct and virus preparation
Unless otherwise indicated, cDNA encoding rat UNC13A tagged with 
EGFP at the carboxy terminus80 was used. Mutated amino acids are 
indicated throughout the paper according to the human nomen-
clature, and Supplementary Table 1 lists the respective amino acids 
mutated in the rat cDNA. Lentiviral preparation was carried out by 
the Viral Core Facility of the Charité–Universitätsmedizin Berlin (vcf.
charite.de). The FUGW vector81, in which the ubiquitin promoter was 
exchanged with the human synapsin 1 promoter, was used according 

to a previously published81, modified protocol82, using helper plas-
mids (Addgene, 8454 and 8455; ref. 44). In a subset of experiments, 
constructs encoding NLS-GFP-P2A-UNC13A-Flag under the synapsin 
promoter were used82. In Fig. 5e, pEGFP–N1–UNC13AWT and correspond-
ing mutants were used. Viral transfection of neurons was carried out 
on DIV 2–3. Plasmid and primer sequence information are summarized 
in Supplementary Table 1.

Antibodies
Antibodies used in this study are listed in Supplementary Table 2.

Microisland cultures of mouse hippocampal neurons and 
electrophysiological recordings
Neurons were prepared from the brains of E18 Unc13a/b DKO mice 
and plated on WT astrocyte microisland cultures according to pub-
lished protocols83. Cultures were kept at 37 °C and 5% CO2 until record-
ings were made at DIV 13–16. Whole-cell voltage-clamp data were 
acquired using an Axon Multiclamp 700B amplifier, Digidata 1440A 
data acquisition system and pCLAMP 10 software (Molecular Devices). 
All recordings were performed using a standard external solution 
containing 140 mM NaCl, 2.4 mM KCl, 10 mM HEPES, 10 mM glucose, 
4 mM CaCl2 and 4 mM MgCl2 (320 mOsm l−1). The standard internal 
solution contained 136 mM KCl, 17.8 mM HEPES, 1 mM EGTA, 4.6 mM 
MgCl2, 4 mM NaATP, 0.3 mM Na2GTP, 15 mM creatine phosphate and 
5 U ml−1 phosphocreatine kinase (315–320 mOsm l−1), pH 7.4. eEPSCs 
were evoked by depolarizing the cell from −70 mV to 0 mV for a 1 ms 
duration. Basal eEPSCs were recorded at a frequency of 0.1 Hz. Rapid 
external solution exchange around individual neurons was achieved by 
using a custom-made fast-flow system controlled by a stepper motor. 
Recordings were made at room temperature (~22 °C). The size of the 
RRP was estimated from the integrated charge of EPSCs evoked by 
application of 500 mM sucrose (7 s or 5 s in Fig. 3k–l) after subtraction 
of the steady-state current to correct for ongoing SV pool replenish-
ment. mEPSCs were recorded for 100 s in the presence of 300 nM 
tetrodotoxin. In Fig. 3g,h, additional recordings in the presence of 
NBQX (3 μM, Tocris Bioscience) were used to subtract false-positive 
events from traces recorded in extracellular solution. mEPSC traces 
were filtered at 1 kHz, and miniature events were identified using a 
sliding template function in Axograph or in Igor Pro (5–200 pA; rise 
time, 0.15–1.5 ms; half-width, 0.5–5 ms). PDBu (1 μM) was applied for 
1 min. Analyses were performed using Axograph (v.1.4.3) (Molecular 
Devices) or Igor Pro (Wavemetrics). Data were obtained from at least 
two cultures, and for the majority of data, from four cultures.

Immunocytochemistry
Quantifications of synapse number, signal intensity and colocalization 
were made by immunostaining of microisland hippocampal cultures. 
Lentiviral-transfected samples were briefly washed with PBS and fixed 
at DIV 13 with 4% paraformaldehyde (PFA) in PBS for 18 min with gentle 
agitation. After three PBS washes, the remaining PFA was quenched 
with 50 mM glycine for 10 min, and samples were washed again with 
PBS. Before permeabilization, samples were treated with four drops 
of Image-iT FX signal enhancer in 1.5–2 ml PBS per well (in a six-well 
plate) and maintained shaking for 20 min. Samples were permeabilized 
for 30 min with 0.1% Triton X-100 and 2.5% normal goat serum (NGS) 
diluted in PBS while gently shaking. Blocking was performed with 2.5% 
NGS in PBS, twice for a total of 15 min. The primary antibodies were 
diluted in blocking solution, and coverslips were mounted upside down 
on 150 μl antibody solution placed on parafilm and kept for 2.5 h at 
room temperature or overnight at 4 °C, both in a wet chamber. Cover-
slips were washed three times with 0.1% Triton X-100 and 2.5% NGS in 
PBS and subsequently mounted upside down in 150 μl secondary anti-
body solution in a dark, wet chamber for 45 min at room temperature. 
Finally, the coverslips were washed five times with 0.1% Triton X-100 
and 2.5% NGS in PBS for 2–5 min. The coverslips were briefly washed in 
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double-distilled water, excess water was removed and the coverslips 
were mounted on a glass slide using Aqua-Poly/Mount.

Image acquisition and analysis
Microislands containing one hippocampal neuron were efficiently 
localized by first acquiring a low-magnification overview image of 
the entire coverslip using a Zeiss LSM 880 confocal laser scanning 
microscope. Specifically, upon 405 nm excitation, a ×10 air objective  
(0.45 NA) was used to image Alexa Fluor 405-stained MAP2 (410–470 nm).  
The overview image served as a map based on which the motorized 
stage of the Zeiss LSM 880 was moved to selected autaptic neurons, 
from which high-resolution (x, y, z: 208, 208, 309 nm) z-stacks of 
VGLUT1 (637–758 nm), Shank2 (570–624 nm), UNC13A–eGFP (490–
552 nm) and MAP2 (410–470 nm) were acquired with a ×40 oil immer-
sion objective (1.40 NA). Overlapping fields of view for subsequent 
image stitching were acquired with the above settings, in case the 
autaptic neuron did not fit in one field of view.

All image processing was conducted with the same automated 
Imaris (v.9.10.0) batch process. Initially, the respective MAP2 
three-dimensional surface was generated, followed by surfaces based 
on the respective VGLUT1, Shank2 or UNC13A–eGFP signal located 
within the 0.5 μm MAP2 periphery. Overlapping Shank2 and VGLUT1 
surfaces were used to estimate the total number of synapses contacting 
individual autaptic neurons. Subsequently, the synapses overlapping 
with the UNC13A–eGFP signal were identified, and in a reciprocal man-
ner, UNC13A–eGFP surfaces that overlap with synapses were identified. 
The data generated by the Imaris batch process were organized with 
the KNIME Analytics Platform (v.4.7.1) and further quantified with 
GraphPad Prism (v.9.0.0). For illustration, representative images were 
processed with the FIJI software package84 (v.2.14.0/1.54f) and assem-
bled in Adobe Illustrator.

Translocation assay
HEK293T cells were seeded on poly-L-lysine-coated glass coverslips 
and cultured in DMEM supplemented with 1% MEM, 1% GlutaMAX, 1% 
penicillin–streptomycin and 10% FBS at 37 °C under 5% CO2. Cells were 
transfected with UNC13A–GFP cDNA in pEGFP–N1 vector80 carrying the 
respective disease-related variations under the CMV promoter using 
Lipofectamine 2000 and 1 μg DNA per well in a six-well plate, accord-
ing to the manufacturer’s recommendations. After 3.5 h of incubation, 
the medium was replaced with culture medium, and the cells were 
incubated overnight. Translocation was induced by applying 1 µM 
PDBu for 1 h. Cells were washed with PBS, fixed with 4% PFA in PBS at 
room temperature for 10 min, washed with PBS and treated with 50 mM 
glycine in PBS for 10 min to quench remaining PFA. Cells were washed 
in PBS and incubated with 1 µg ml−1 DAPI in PBS at room temperature 
for 15 min. Cells were then washed again with PBS and mounted using 
Aqua-Poly/Mount. Fluorescence imaging was performed on a confocal 
laser scanning microscope (Zeiss LSM710-CONFOCOR3). Excitation 
wavelengths were 405 nm for DAPI and 488 nm for EGFP.

C. elegans strains and behavioral assays
Strains were maintained and genetically manipulated as previously 
described85. Animals were raised at 20 °C on nematode growth media 
seeded with OP50. Control strains used included N2 and unc-13(nu641). 
unc-13(nu641) harbors a C-terminal mScarlet in the unc-13 locus as 
described previously86. UNC-13 residue numbering is based on 
the UNC-13L isoform accession number NP_001021874. CRISPR–
Cas9-mediated genome editing was performed to generate the desired 
genetic modifications in C. elegans. The CRISPR–Cas9 system was 
implemented using a co-injection strategy with Cas9 protein, CRISPR 
RNA (crRNAs) and repair templates.

For crRNA design, crRNAs targeting the desired genomic loci were 
initially designed using the Benchling online tool and custom crRNA 
design software from Integrated DNA Technologies (IDT). crRNAs were 

selected based on proximity of the cut site to the desired mutation, 
high on-target efficiency and minimal predicted off-target mutations. 
crRNAs were ordered from IDT, resuspended in 4 μg μl−1 in nuclease-free 
water and diluted to a working concentration of 0.4 μg μl−1 before add-
ing to the injection mix.

For Cas9 preparation, recombinant Cas9 protein purchased from 
IDT (Alt-R S.p. Cas9 Nuclease V3) was stored at −20 °C and used at 
0.25 mg ml−1. Trans-activating CRISPR RNA (tracrRNA) was purchased 
from IDT, diluted to 4 μg μl−1 in IDT nuclease-free duplex buffer and 
aliquots were stored at −20 °C.

Repair template design. For precise edits, single-stranded oligodeoxy-
nucleotides were used as repair templates. These templates included 
the desired modification flanked by 20–50 bp homology arms and an 
engineered restriction site. Single-stranded oligodeoxynucleotides 
were ordered from IDT (Ultramer DNA Oligonucleotides).

Injection mix preparation. The injection mix was prepared as follows: 
0.5 µl Cas9 protein (10 mg ml−1 stock), 5 µl tracrRNA (0.4 µg µl−1 stock), 
2.8 µl mutant crRNA (0.4 µg µl−1 stock) and 2.8 µl mutant co-CRISPR 
crRNA (0.4 µg µl−1 stock). The mixture was incubated at 37 °C for 15 min 
to allow ribonucleoprotein complex formation. If a PCR repair template 
was used, it was melted during this step. Following ribonucleoprotein 
formation, 2 µl of mutant repair oligonucleotide (100 µM stock) and 
2 µl of co-CRISPR repair oligonucleotide were added. Nuclease-free 
water was added to bring the final volume to 20 µl.

Microinjection and recovery. Young adult worms (either N2 or 
unc-13(nu641)) were immobilized on 2% agarose pads in halocarbon 
oil. The CRISPR–Cas9 injection mix was manually injected into the 
gonads of P0 worms using a Picospritzer III microinjector (Parker). The 
worm gonad was visualized using an Olympus IX51 inverted microscope 
with a ×40 air objective. Injected worms were recovered on seeded 
nematode growth medium plates at 20 °C for 3–4 days.

Screening for edited worms. F1 progeny expressing the co-injection 
marker (unc-58) were selected for screening and grown to the young 
adult stage. Genomic DNA was extracted from worm lysates, and the tar-
geted locus was amplified by PCR. PCR products were digested with the 
engineered restriction site to identify potential edits. Worms containing 
the restriction site and lacking the unc-58 gain-of-function phenotype 
were singled out, and homozygous progeny were isolated. Genomic 
DNA was then re-extracted and sequenced using nanopore sequencing 
(Plasmidsaurus) to confirm the presence of the desired edits. Animals 
were then outcrossed at least four times with the parent strain. Sequence 
information for C. elegans strains can be found in Supplementary Note 1.

Aldicarb assay. To measure aldicarb sensitivity in C. elegans, 20–25 
animals were placed on OP50-seeded agar plates containing 1 mM 
aldicarb (CarboSynth) as described previously87,88. Animals were scored 
for paralysis every 10 min for 2 h for each genotype. During an assay, 
the experimenter was blind to all genotypes, and each genotype was 
assayed at least ten times. Paralysis curves for each genotype were 
generated by averaging individual time courses.

Molecular model building and molecular dynamics 
simulations
A model of UNC13A consisting of the C1, C2B and MUN domains (resi-
dues 505–985) was predicted with AlphaFold (v.2.0; 01-JUL-21)89 using 
the UniProt sequence Q9UPW8 as input. The resulting model showed, 
as expected, a high similarity (root mean squared deviation, 1.08 Å) 
to the known 3D structure of rat MUNC-13 (PDB 5UE8)90. In addition 
to the protein, the two Zn2+ ions in the C1 domain were included. The 
Zn2+-coordinating cysteines and histidines were modeled as unproto-
nated and protonated on their Nε, respectively. All other amino acids 
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were protonated at pH 7.0. Single mutations in the loop region (G808C, 
G808D, K811E, P814L), adjacent to the loop R799Q, and at the C1 domain 
(C587F, H554K) were incorporated with PyMol. Subsequently, WT 
UNC13A and all single mutants were solvated in cubic boxes of SPC/E 
water91 with the dimension of approximately 12.8 nm3. The net charges 
of the models were neutralized with K+Cl−, and an ionic strength of 
150 mM K+Cl− was added. Additionally, five Ca2+ ions were inserted, 
replacing water molecules. To prevent ion aggregation, a previously 
published parameter set92 was applied. The protein was described by 
the Amber99SB*-ILDN force field93.

The subsequent molecular dynamics simulations were performed 
with the Gromacs 2021.2 package. After energy minimization and 
thermal equilibration with gradually decreasing position restraints, 
all periodic models were allowed to move freely during the following 
1 µs-long production runs. To ensure reasonable statistics, all simula-
tions were repeated five times. The temperature was maintained at 
300 K and the pressure at 1 atm with the V-rescale scheme94 and the 
Parrinello-Rahman barostat95, respectively.

Constraining all bonds containing hydrogen atoms with the Lincs 
algorithm96 allowed a time step of 2 fs. Short-range electrostatics and 
van der Waals interactions were truncated at 1.2 nm, while long-range 
electrostatics were calculated with the Particle Ewald summation97.

Analysis. Images of 3D structures were generated with VMD98, graphs 
were drawn with the Matplotlib library included in Python99, and dipole 
moments were calculated with the MDAnalysis tool100.

Protein stability assay
HEK293T cells were transfected with a plasmid encoding WT GFP–P2A–
FLAG–MUNC13-1 without or with disease-related variants. As a negative 
control, non-transfected cells were used. Cells were transfected with 
Lipofectamine 2000 (according to the manufacturer’s manual) and 
1 µg of the plasmid. Then, 24 h after transfection, cells were lysed in RIPA 
buffer (150 mM NaCl, 1% IGEPAL CA 630, 1% sodium-deoxycholate, 0.1% 
SDS and 30 mM Tris-Cl, pH 7.4, supplemented with aprotinin, leupeptin 
and phenylmethylsulfonyl fluoride). Lysates were sonicated and cen-
trifuged at 4 °C for 15 min at 21,000g. Supernatants were transferred 
into a fresh tube, and protein concentration was determined. Samples 
were diluted in Laemmli buffer and incubated for 5 min at 95 °C. Next, 
10 μg of the samples were separated on 8% Bis–Tris gel in cold MOPS 
buffer at 150 V, blotted on a nitrocellulose membrane (Protran 0.2 NC, 
Amersham) and stained with the Pierce reversible protein stain and 
destain kit (according to the manufacturer’s manual; Thermo Fisher 
Scientific, 46430) for a sample loading control. The membranes were 
cut and incubated with an anti-Flag antibody, anti-GFP antibody (see 
Supplementary Table 2) and corresponding secondary antibodies, and 
the chemiluminescence signal was detected on an ECL ChemoStar imager 
(Intas). Signal intensity quantification was done in Fiji101. Protein levels 
were first normalized to the total protein staining of the corresponding 
lane, and ratios between the GFP and Flag signals were calculated.

Statistics
Electrophysiological data are presented as means ± s.e.m., and statisti-
cal significance was determined using the non-parametric two-tailed 
Mann–Whitney test. For the C. elegans paralysis assay, data were ana-
lyzed using a non-parametric Kruskal–Wallis test followed by Dunn’s 
test for all pairwise comparisons. Western blots and imaging data are 
presented as means ± s.e.m., and statistical significance was evaluated 
using a non-parametric Kruskal–Wallis test. All analyses used two-sided 
tests and were performed using R statistical software (v.4.4.2)102 and 
the R packages ‘coin’ and ‘dunn.test’.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
All data supporting the findings of this study are available within the 
paper, Supplementary Data 1–3, the Source Data file and in the Sup-
plemental Information file. Molecular dynamics simulation data are 
available at https://doi.org/10.5281/zenodo.14554776 (ref. 103). All 
other primary data will be made available on request from the cor-
responding authors. Publicly available databases used in this study 
include GeneMatcher (https://genematcher.org), MetaDome web 
server (https://stuart.radboundumc.nl/metadome/), ClinVAR (https://
www.ncbi.nlm.nih.gov/clinvar), Genome Aggregation Database (gno-
mAD; http://gnomad.broadinstitute.org), OMIM (http://www.omim.
org), UCSC Genome Browser (https://genome.ucsc.edu), Ensembl 
(https://www.ensembl.org) and UniProt (https://www.uniprot.org). 
Source data are provided with this paper.

Code availability
No code was developed for this study.
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Extended Data Fig. 1 | Facial photographs of six patients from this study harboring compound heterozygous (CH) or de novo (DN) UNC13A variants of uncertain 
significance (VUS). See details in Supplementary Table 1.
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Extended Data Fig. 2 | Clinical and/or genetic information for patients 3  
and 4. a, Photographs of patient 3 harboring a pathogenic homozygous variant 
c.523+6 T > C in intron 7 of UNC13A. b, UNC13A c.523+6 T > C variant exhibits a 
strong, deleterious splicing impact leading to exon 7 skipping (a.u., arbitrary 
units). c, d, Neurophysiologic findings at Nasalis muscle in repetitive nerve 
stimulation (RNS) recordings. c, Decrementing response (19.7%) induced by  

low-frequency (3 Hz) repetitive nerve stimulation. d, Incrementing response 
(17.8%) induced by high-frequency (20 Hz) repetitive nerve stimulation. The 
findings are compatible with a compromised presynaptic neuromuscular 
junction function. e, A three-generation pedigree illustrating two affected 
cousins, patients 4a and 4b, harboring identical pathogenic homozygous 
variants p.(R202H) in UNC13A.
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Extended Data Fig. 3 | Minigene in vitro analysis of three UNC13A intronic 
variants. a, b, UNC13A c.767+1 G > T (intron 9) and c.4073+1 G > A (intron 34) 
variants inherited in compound heterozygous state exert strong, deleterious 
impact on UNC13A exon 9 (a) and exon 34 splicing (b), respectively. c, an UNC13A 

c.2186+5 G > A variant (intron 18) inherited in a homozygous state revealed 
strong, deleterious impact on UNC13A exon 18 splicing. All events are predicted 
to cause mis-splicing and downstream nonsense-mediated mRNA decay. a.u., 
arbitrary units.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Electrophysiological characterization of UNC13AR799Q 
and UNC13AN1013S in Unc13a/b DKO neurons reveals no evidence for variant 
pathogenicity. a-l, Data obtained from neurons expressing UNC13AWT (gray) or 
UNC13AR799Q (brown). a, Example traces of spontaneous miniature excitatory 
postsynaptic currents (mEPSCs), and b, quantification of mEPSC frequency and 
c, mEPSC amplitude. d, Example traces and e, quantification of the charge 
transfer during a single action-potential evoked excitatory postsynaptic currents 
(eEPSCs). f, Example traces and g, quantification of the readily-releasable pool of 
SVs by application of hypertonic sucrose. h, Average vesicular release probability 
p̄vr. i, Changes in eEPSC amplitude in response to PDBu application during a 

0.1 Hz action potential stimulation recorded in UNC13AWT (gray) or UNC13AR799Q 
(brown) expressing neurons. j,k, Averaged time courses of normalized eEPSC 
amplitudes, before, during and after a high-frequency action potential train at 
10 Hz (j) or 40 Hz (k), for the indicated genotypes. l, Replenishment rate constant 
calculated based on a single-pool model58 for neurons of the indicated 
genotypes. m-x, similar data for neurons expressing UNC13AWT (gray) or 
UNC13AN1013S (purple). Bars and circles in a-h, l, m-t and x represent means and 
values for individual neurons, respectively. Error bars, s.e.m. Statistical analysis: 
two-tailed Mann-Whitney test. See Supplemental table 2 and 3 for further details.
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Extended Data Fig. 5 | Landscape of the UNC13A disorder. a, Illustrations of 
the synapse (left) and the core molecular machinery of the active zone (right). 
Variations in the genes encoding for these proteins are cause for SNAREopathy 
disorders. b, Spectrum of pathogenic variants, patterns of inheritance and 
associated phenotypes reported for genes encoding neuronal SNAREs and 
associated AZ proteins. Frequency of diverse disease-causing variants and their 
patterns of inheritance are shown based on the data in the Human Gene Mutation 
Database (HGMDv.4.1). Size of circles corresponds to the frequencies of reports 
in the literature with respective numbers labelled. Spectrum of associated 
phenotypes derived from clinical synopses in OMIM, GeneReviews and HGMD 

is shown with light blue boxes for each gene. AD, autosomal dominant; AR, 
autosomal recessive; ASD, autism spectrum disorder; CNV, copy number 
variant; DD, developmental delay; ID, intellectual disability; LGD, likely gene 
disrupting. c, Summary of the key data defining the UNC13A condition, stratified 
according to the three subtypes defined in the present study. d, Summary of 
the key experimental findings for each of the characterized disease variants. 
The data is normalized to the respective control (dotted vertical lines) to allow a 
comparison of magnitudes and directions of variant-associated changes. SEMs 
were calculated by Gaussian error propagation. Data for the P814L variant are 
obtained from24. N.A; not analyzed, N.D; not determined.
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Extended Data Fig. 6 | UNC13A disease variants do not affect UNC13A stability 
in HEK293FT cells. a, A GFP-P2A-UNC13A-FLAG (top) is cleaved in cells to 
produce two fragments (bottom), GFP and UNC13A-FLAG. b, An example blot 
including total protein stain (up), an anti-FLAG immunoblot (IB; middle), 
and an anti-GFP immunoblot (down) from one of four experiments used to 
determine the expression level of UNC13A-FLAG with or without disease variants 

in comparison to that of GFP. c, Changes in the ratio of UNC13A-FLAG to GFP 
intensity were statistically not significant, which agrees with the notion that 
disease variants do not interfere with UNC13A stability. Circles represent four 
independent biological replications. Error bars represent ± SEM. Statistical 
anaylsis: Kruskal-Wallis test.
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Extended Data Fig. 7 | Molecular Dynamics (MD) simulation predicts variant-
specific reorganization of the UNC13A C1 domain. The C1 domain structure 
is maintained by a zinc-cluster104. Two Zn2+ ions are coordinated each by one 
histidine and three cysteine residues105. C587, in which a disease variation was 
found, and H554 (H567 in the rodent UNC13A homolog; Fig. 5d) are Zn2+-
coordinating residues. The finding that the C587F variant has a minor effect on 
basal synaptic transmission properties is surprising, because knock-in mouse 
neurons expressing a H567K mutation that abolishes PDBu/DAG binding14,15,49 
have impaired synaptic transmission properties. To understand the cause of 
this difference, we compared the effect of H554K and C587F on the structural 
integrity of the human UNC13A C1 domain using molecular dynamics (MD) 
simulations. The human UNC13A models comprising the C1, C2B, and MUN 
domains (residues 505 to 985) were predicted with Alphafold289 using the 
UniProt sequence Q9UPW8 as input. We ran five independent 1 µs-long MD 

simulations for the WT protein, H554K, C587F, and for other disease variants 
as controls (see materials and methods). a, Averaged dipole moments of the C1 
domain during the last 250 ns of five simulations (black dots). We did not observe 
unbinding of the Zn2+ ion or unfolding of the domain within the simulation time 
period. b, Representative snapshots of the Zn2+ ion binding pocket in the WT 
UNC13A C1 domain and in the UNC13A C1 domain carrying the C587F and H554K 
substitutions, after 1 µs MD simulations (‘relaxed’) compared to the initial state. 
The Zn2+ ion is represented by as a blue sphere. The adjacent E586 replaces F587 in 
the coordination of the Zn2+ ion, but not K554. c, The averaged minimal distances 
between Zn2+ and E586 of the last 250 ns of five independent MD simulations 
(black dots). The structural and electrostatic changes observed in MD simulations 
support the notion that C587F exerts a different effect on the C1 domain structure 
than H554K, although both abolish PDBu sensitivity. In a and c the standard 
deviation is indicated by black bars. Averages are highlighted as gray dots.
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Extended Data Fig. 8 | The UNC13A R202H disease variant leads to reduced 
synaptic strength and enhances short-term facilitation and augmentation. 
Recordings in autaptic hippocampal neurons were made in the presence of 2 mM 
Ca2+/2 mM Mg2+ in the extracellular solution. a, EPSC charge, b, RRP size and c, the 
average vesicular release probability p̄vr  are reduced in UNC13AR202H-expressing 
neurons. Note that p̄vr  was unchanged under the experimental conditions in  
Fig. 3. d, Potentiation of the EPSC amplitude by the DAG analog PDBu is stronger 

in UNC13AR202H-expressing neurons. e,f, Stronger facilitation during and larger 
augmentation after AP trains at 1 Hz or 10 Hz are observed in neurons expressing 
UNC13AR202H. Note that before and after the high frequency trains, EPSCs were 
probed at frequency of 0.2 Hz, and not at 0.1 Hz as in the rest of the manuscript. 
Bars and circles in a-d represent means and values for individual neurons, 
respectively. Error bars represent ± SEM. Statistical anaylsis: two-tailed 
Mann-Whitney test.

http://www.nature.com/naturegenetics


1

nature portfolio  |  reporting sum
m

ary
April 2023

Corresponding author(s):

Noa Lipstein, Leibniz-Forschungsinstitut für 
Molekulare Pharmakologie (FMP), Germany 
Reza Asadollahi, University of Greenwich, UK

Last updated by author(s): Feb 14, 2025

Reporting Summary
Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency 
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection pCLAMP 10 software (Molecular Devices) 

Data analysis Electrophysiological recordings were analyzed using lgorPro (v6) and AxoGraph (v X) and organized using Graph Pad Prism 9.0.0. 
Imaging data was analyzed by lmaris (9.10.0),a nd organized with the KNIME Analytics Platform 4.7.1. Staistical comparisons were performed 
by Graph Pad Prism 9.0.0 or R 4.4.0. For illustration,representative images were processed with the FIJI software package version 2.14.0/1.54f. 
MD simulations: the following software packages were used: VMD 1.93,G romacs 2021.2,AlphaFold2 (01 JUL 21),M atlibplot 3.1.3, 
MDAnalysis 2.4.2.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

1

nature portfolio  |  reporting sum
m

ary
April 2023

Corresponding author(s):

Noa Lipstein, Leibniz-Forschungsinstitut für 
Molekulare Pharmakologie (FMP), Germany 
Reza Asadollahi, University of Greenwich, UK

Last updated by author(s): Feb 14, 2025

Reporting Summary
Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency 
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection pCLAMP 10 software (Molecular Devices) 

Data analysis Electrophysiological recordings were analyzed using lgorPro (v6) and AxoGraph (v X) and organized using Graph Pad Prism 9.0.0. 
Imaging data was analyzed by lmaris (9.10.0),a nd organized with the KNIME Analytics Platform 4.7.1. Staistical comparisons were performed 
by Graph Pad Prism 9.0.0 or R 4.4.0. For illustration,representative images were processed with the FIJI software package version 2.14.0/1.54f. 
MD simulations: the following software packages were used: VMD 1.93,G romacs 2021.2,AlphaFold2 (01 JUL 21),M atlibplot 3.1.3, 
MDAnalysis 2.4.2.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.



2

nature portfolio  |  reporting sum
m

ary
April 2023

Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A description of any restrictions on data availability 
- For clinical datasets or third party data, please ensure that the statement adheres to our policy 

 

Data availability statement: All data supporting the findings of this study are available within the paper and in Source Data Tables 1-4. MD simulation data are 
available in https://zenodo.org/uploads/14554776. All other primary data will be made available on request from the corresponding authors. Publicaly available 
databases used in this study include GeneMatcher (https://genematcher.org), MetaDome web server (https://stuart.radboundumc.nl/metadome/), ClinVAR 
(https://www.ncbi.nlm.nih.gov/clinvar), Genome Aggregation Database (gnomAD; http://gnomad.broadinstitute.org), OMIM (http://www.omim.org), UCSC 
Genome Browser (https://genome.ucsc.edu), Ensembl (https://www.ensembl.org), and UniProt (https://www.uniprot.org). 
 
Code availability statement: Code has not been developed in this manuscript.  

Research involving human participants, their data, or biological material
Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation), 
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender The sex of identified patients is indicated in supplemental table 1, no further sex or gender-related analysis was made.

Reporting on race, ethnicity, or 
other socially relevant 
groupings

We do not report on the race, ethnic affiliation, or other socially relevant groupings in our patient cohort.

Population characteristics Our study population includes patients with neurodevelopmental features, ranging in age from 11 months to 32 years, who 
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Figures 1 and 2) were obtained from collaborating institutions based on these informed consents.

Recruitment Individuals included in this study underwent exome or genome sequencing on diverse sequencing platforms on a clinical or 
research basis in academic institutes or diagnostic labs worldwide. Using GeneMatcher1 and personal communication with 
colleagues enabled us to assemble clinical and genetic details on a total of 48 individuals with de novo or inherited 
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PB_2016-02520 [SIV 11/09]). In addition, for each patient, ethical approvals and informed consent forms from parents or 
guardians were obtained by the respective research teams and institutions for data use and publication, including 
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Sample size Sample size calculations for each of the recorded parameters were not performed prior to these experiments. In general, for the 
electrophysiological experiments presented, we were interested in detecting large and therefore likely biologically significant effects, i.e. 
differences in sample means of 0.8 to 1 times SD, corresponding to a 'Large effect' according to Cohen. Sample sizes (n) to resolve such effects 
are >= 17-26 for each group for a statistical power of 0.8 and a significance level of 0.05. For all experiments, n was >=19."

Data exclusions In electrophysiological experiments, all data which fulfilled the quality criteria (e.g. leak current etc) was included in the analysis. No 'outliers 
detection' or related procedures were applied. 

Replication Data was collected from two or more cultures. In the vast majority of experiments, data was independently obtained by two experimenters 
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Replication (Figure 3 - in different laboratories, in Figures 4-7 by different experimenters), to ensure reproducibility of the observations. Approximately 
equal numbers of WT and Munc13-1-variant recordings were obtained during each measurement day. 

Randomization Randomization was not used in this study, as it is not relevant in the experiments described here.

Blinding Blinding was not used in this study. Instead, for each of the variants, recordings were performed by two or three independent experimenters 
and across two or three different labs, and all phenotypes were confirmed.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Clinical data

Dual use research of concern

Plants

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used Antibody; Source; Dilution used; RRID; Identifier; clone ID (when relevant)   

Ab 1. Mouse monoclonal GFP; Merck Millipore; 1:250; AB_94936; MAB3580, Clone ID: N/A 
Ab 2. Rabbit polyclonal VGLUTl; Synaptic Systems; 1:1000; AB_887877; 135 302  
Ab 3. Guinea pig polyclonal Shank 2; Synaptic Systems; 1:250; AB_2619861; 162 204  
Ab 4. Chicken polyclonal MAP2; Novus Biologicals; 1:1000; AB_2138178; NB300-213   
Secondary Abs for immunostaining  
Ab 5. Goat anti-Mouse Alexa 488; Thermo Fisher; 1:2000; AB_2534088; A11029  
Ab 6. Goat anti-Rabbit Alexa 633; Thermo Fisher; 1:2000; AB_141419; A21071  
Ab 7. Goat anti-Guinea Pig Alexa 568; Abeam; 1:2000; AB_2864763; Abl 75714  
Ab 8. Goat anti-Chicken Alexa 405; Abeam 1:1000; AB_2890171; Ab175674   
Primary antibodies for Western Blot analysis  
Ab 9. Polyclonal rabbit anti-FLAG; Sigma-Aldrich; 1:2000; AB_ 439687; F7425  
Ab 10. Monoclonal mouse anti- Green Fluorescent Protein (1E4); Enzo Life Sciences; 1:1000; A11. ADI-SAB-500-E; Clone ID: 1E4 
 
Secondary antibodies for Western Blot analysis  
Ab 12. Peroxidase AffiniPure Goat Anti-Mouse lgG (H+L), Jackson immunoResearch; 1:5000; AB_2307392; 115-035-146  
Ab 13. Peroxidase AffiniPure Goat Anti-Rabbit lgG (H+L), Jackson immunoResearch; 1:30000 AB_2307391; 111-035-144 

Validation Ab 1. Mouse monoclonal GFP; Merck Millipore; 1:250; AB_94936; MAB3580 
Recognizes a protein tag 
Website information: Antibody validated for use in ELISA, IC, IH & WB. 
In this study: immunostaining signal was absent in a non-transfected control (Figure 2c, 2e) 
 
Ab 2. Rabbit polyclonal VGLUT1; Synaptic Systems; 1:1000; AB_887877; 135 302 
Website information: Antibody was validated using KO samples, citations can be found in https://sysy.com/product/135302#list 
 
Ab 3. Guinea pig polyclonal Shank 2; Synaptic Systems; 1:250; AB_2619861; 162 204 
Website information: Antibody was validated using KO samples (PMID: 2997098) 
 
Ab 4. Chicken polyclonal MAP2; Novus Biologicals; 1:1000; AB_2138178; NB300-213 
Website information: Knockdown Validated (PMID: 32294442). More publications in https://www.novusbio.com/products/map2-
antibody_nb300-213?srsltid=AfmBOorEtC2sqRWpEaMtjX36c2y8L3tkHsKuvStTIAsTiKx6DkunwKBB#reviews-publications 
 
Ab 9. Polyclonal rabbit anti-FLAG; Sigma-Aldrich; 1:2000; AB_ 439687; F7425 
Recognizes a protein tag 
In this study: validated in this study by targeting a non-transfected control using western blot (Supplementary figure 4b) 
 
Ab 10. Monoclonal mouse anti- Green Fluorescent Protein (1E4); Enzo Life Sciences; 1:1000; ADI-SAB-500-E 
Recognizes a protein tag 
In this study: validated in this study by targeting a non-transfected control using western blot (Supplementary figure 4b) 
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Ab 7. Goat anti-Guinea Pig Alexa 568; Abeam; 1:2000; AB_2864763; Abl 75714  
Ab 8. Goat anti-Chicken Alexa 405; Abeam 1:1000; AB_2890171; Ab175674   
Primary antibodies for Western Blot analysis  
Ab 9. Polyclonal rabbit anti-FLAG; Sigma-Aldrich; 1:2000; AB_ 439687; F7425  
Ab 10. Monoclonal mouse anti- Green Fluorescent Protein (1E4); Enzo Life Sciences; 1:1000; A11. ADI-SAB-500-E; Clone ID: 1E4 
 
Secondary antibodies for Western Blot analysis  
Ab 12. Peroxidase AffiniPure Goat Anti-Mouse lgG (H+L), Jackson immunoResearch; 1:5000; AB_2307392; 115-035-146  
Ab 13. Peroxidase AffiniPure Goat Anti-Rabbit lgG (H+L), Jackson immunoResearch; 1:30000 AB_2307391; 111-035-144 

Validation Ab 1. Mouse monoclonal GFP; Merck Millipore; 1:250; AB_94936; MAB3580 
Recognizes a protein tag 
Website information: Antibody validated for use in ELISA, IC, IH & WB. 
In this study: immunostaining signal was absent in a non-transfected control (Figure 2c, 2e) 
 
Ab 2. Rabbit polyclonal VGLUT1; Synaptic Systems; 1:1000; AB_887877; 135 302 
Website information: Antibody was validated using KO samples, citations can be found in https://sysy.com/product/135302#list 
 
Ab 3. Guinea pig polyclonal Shank 2; Synaptic Systems; 1:250; AB_2619861; 162 204 
Website information: Antibody was validated using KO samples (PMID: 2997098) 
 
Ab 4. Chicken polyclonal MAP2; Novus Biologicals; 1:1000; AB_2138178; NB300-213 
Website information: Knockdown Validated (PMID: 32294442). More publications in https://www.novusbio.com/products/map2-
antibody_nb300-213?srsltid=AfmBOorEtC2sqRWpEaMtjX36c2y8L3tkHsKuvStTIAsTiKx6DkunwKBB#reviews-publications 
 
Ab 9. Polyclonal rabbit anti-FLAG; Sigma-Aldrich; 1:2000; AB_ 439687; F7425 
Recognizes a protein tag 
In this study: validated in this study by targeting a non-transfected control using western blot (Supplementary figure 4b) 
 
Ab 10. Monoclonal mouse anti- Green Fluorescent Protein (1E4); Enzo Life Sciences; 1:1000; ADI-SAB-500-E 
Recognizes a protein tag 
In this study: validated in this study by targeting a non-transfected control using western blot (Supplementary figure 4b) 
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Eukaryotic cell lines
Policy information about cell lines and Sex and Gender in Research

Cell line source(s) HEK293T (ATCC-CRL-3216), human embryonic kidney, commercially available

Authentication The cell line was not authenticated.

Mycoplasma contamination Mycoplasma contamination was not detected.

Commonly misidentified lines
(See ICLAC register)

Not relevant

Animals and other research organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in 
Research

Laboratory animals Mice: We used mice at embryonic day 18 (E18) to prepare primary hippocampal neuronal cultures 
Strain: Unc13a/b double knock-out mice (MGI Unc13atm1Bros and Unc13btm2Bros) - made in the lab of co-authors of this 
study (Dr. Nils Brose). Adult mice were kept under IVC/SPF conditions, at 12h/12h light/dark cycle, at room temperature of 
22 +/-2°C, and humidity levels of 55 +/-10%. 
C. elegans: Control strains used: N2, unc-13(nu641). unc-13(nu641) harbors a C-terminal mScarlet in the unc-13 locus. 
CRISPRmodified strains were outcrossed at least four times and the relevant genomic region was sequenced to confirm the 
target mutation.

Wild animals No wild animals were used

Reporting on sex Mice: Sex was not considered and both female and male embryonic mice were used to make cultures 
C. elegans: hermaphrodite worms were used

Field-collected samples The study did not invlove samples collected from the field.

Ethics oversight The use of the Unc13a/b knockout mice were approved by the responsible local government organizations in Germany 
(Niedersächsisches Landesamt für Verbraucherschutz und Lebensmittelsicherheit; 33.19-42502-04-15/1817 and 
33.19-42502-04-20/3589, and Landesamt für Gesundheit und Soziales; G106/20)

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches, 
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the 
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe 
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor 
was applied.

Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If 
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Authentication Describe any authentication procedures for each seed stock used or novel genotype generated. Describe any experiments used to 
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism, 
off-target gene editing) were examined.
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