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SUMMARY
Neurexin synaptic organizing proteins are central to a genetic risk pathway in neuropsychiatric disorders.
Neurexins also exemplify molecular diversity in the brain, with over a thousand alternatively spliced
forms and further structural heterogeneity contributed by heparan sulfate glycan modification. Yet, inter-
actions between these modes of post-transcriptional and post-translational modification have not been
studied. We reveal that these regulatory modes converge on neurexin-1 splice site 5 (S5): the S5 insert
increases the number of heparan sulfate chains. This is associated with reduced neurexin-1 protein level
and reduced glutamatergic neurotransmitter release. Exclusion of neurexin-1 S5 in mice boosts neuro-
transmission without altering the AMPA/NMDA ratio and shifts communication and repetitive behavior
away from phenotypes associated with autism spectrum disorders. Thus, neurexin-1 S5 acts as a synap-
tic rheostat to impact behavior through the intersection of RNA processing and glycobiology. These
findings position NRXN1 S5 as a potential therapeutic target to restore function in neuropsychiatric
disorders.
INTRODUCTION

The specification of synaptic properties such as presynaptic

neurotransmitter release probability and postsynaptic receptor

composition is fundamental for brain function. Such properties

are controlled by transcellular complexes of synaptic organizing

proteins, which recruit components to developing synapses.1–3

Among these, presynaptic neurexins (Nrxns) are perhaps the

best studied, in part because they are genetic risk factors for hu-

man brain-based disorders.4–6 Functionally disruptive mutations

in NRXNs have been consistently found in autism spectrum dis-

orders (ASDs) at the core of a synaptic pathway.7–9 NRXN1 is

also among the strongest single-gene mutations in schizo-

phrenia and Tourette’s syndrome.10,11 However, Nrxn regulatory

mechanisms that might be harnessed for therapeutic ap-

proaches have been poorly studied.

One of the challenges and simultaneous wonders of studying

Nrxns lies in their extensive heterogeneity. There are three

mammalian genes, Nrxn1–3, each utilizing multiple promoters

to generate longer a and shorter b forms and, for Nrxn1, a very

short g form. Nrxns undergo alternative splicing at up to six

splice sites, S1–S6, giving rise to thousands of variants.12–14
This is an open access article und
Nrxns are further modified post-translationally by a rare glycan

heparan sulfate (HS).15 In other such proteoglycans, both the

number of attached glycan chains and their sulfation patterns

contribute structural and functional diversity.16–19 Nrxns are

also notable for signaling through an extensive repertoire of

postsynaptic ligands including neuroligins (NLs), leucine-rich

repeat transmembrane proteins (LRRTMs), and glutamate re-

ceptor d via cerebellins.4,6,20

Although phenotypes of complete Nrxn1-null mice have not

yet been reported, mice lacking Nrxn1a show deficits in synap-

tic transmission and behavior. Nrxn1a knockout mice show

reduced miniature excitatory postsynaptic current (mEPSC) fre-

quency and reduced input-output response in the hippocampal

CA1 region,21 similar to reductions in synaptic transmission

upon mutation of NRXN1 in cultured induced human neurons.22

Behavioral phenotypes of Nrxn1a knockout mice include

reduced ultrasonic vocalization, increased grooming, altered

social interactions, impaired nest building, and increased

aggression of male mice.21,23–25 Targeted mouse analyses

also support the importance of both alternative splicing at

Nrxn1 S4 and HS modification. Specifically, mice expressing

HS-deficient Nrxn1, which reduces its interaction with NLs
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Figure 1. The Nrxn1 S5 insert reduces synaptic transmission and increases HS valency without altering ligand binding or presynaptic in-

duction in cultured neurons

(A) Nrxn1 sequences surrounding S5 show the constitutive HS modification site, mutant sequences, and an additional HS modification site (*) detected in a

Nrxn1 +S5 form.

(B and C) Excitatory transmission was impaired after Nrxn1,2,3 triple knockdown (shNrxn) and rescued by expression of RNAi-resistant Nrxn1 �S5 but not

Nrxn1 +S5. p < 0.0001 by Kruskal-Wallis with ***p < 0.001 and ****p < 0.0001 byDunn’s post hoc test comparedwith control shConwith CFP; #p < 0.05 comparing

shNrxn with Nrxn1 �S5 with shNrxn with Nrxn1 +S5; n = 18–36 cells from 3–7 independent experiments.

(D–F) The S5 insert increased HS valency of V5-Nrxn1, assessed from the ratio of 3G10/V5 signal of V5-Nrxn1b +S5 relative to �S5 (D and F; t test with Welch’s

correction **p < 0.01, n = 5). 3G10 recognizes the HS stub only after heparinase (Heps) treatment. HSmodification at the * site (A) in the absence of the constitutive

HS modification site was not a major modification in cultured neurons (D, comparing +S5 SA and DGAGmutants) but could be detected in purified concentrated

Nrxn1 ectodomain (E).

(G–I) Binding of purified ligand ectodomain Fc fusion proteins was indistinguishable on the surface of immature neurons expressing V5-Nrxn1b �S5 or +S5.

Scatchard analysis yielded apparent Kd (nM) values for Nrxn1 �S5 and +S5 of 6.3 and 7.8 (NL1-Fc), 6 and 7.5 (NL2-Fc), and 12.1 and 10.2 (LRRTM2-Fc) and

Bmax (nM) values of 2.3 and 2.2 (NL1-Fc), 1.2 and 1.2 (NL2-Fc), and 1.9 and 2.1 (LRRTM2-Fc). All p > 0.1 by extra sum-of-squares F-test, n R 15 cells per

concentration.

(J–M) SEP-Nrxn1b�S5 and +S5 did not differ in mediating recruitment of VGlut1 when aggregated with anti-GFP antibody-coated beads. Induced clusters were

distinguished from native synapses by the absence of PSD-95 as well as the presence of a bead. SEP-Nrxn1b�S5 and +S5mediated equal recruitment of VGlut1

(legend continued on next page)
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and LRRTMs, exhibit structural presynaptic and postsynaptic

deficits, impairments in presynaptic release, and reduced sur-

vival rate.15 Forced inclusion of S4 in Nrxn1 or in all 3 Nrxns,

which is required for interaction with cerebellins but blocks

interaction with LRRTMs, alters the AMPA/NMDA ratio and im-

pairs cognitive behavior.26,27

Among Nrxn1 splice sites, only S4 has been well studied. The

function of S5, the only splice site common to all Nrxn1 isoforms

a, b, and g, is not known. The unusual, essentially invariant

�50% inclusion of the Nrxn1 S5 insert in numerous cell

types28–31 suggests an important function. Here, we uncover a

surprising role of Nrxn1 S5 at the intersection of RNA processing

and glycobiology, acting as a rheostat for synaptic transmission

to impact mouse behavior.

RESULTS

Nrxn1 S5 insertion reduces synaptic function and
increases HS valency in cultured hippocampal neurons
As an initial test for the function of Nrxn1 S5, we used amolecular

replacement strategy in cultured hippocampal neurons. We

knocked down all Nrxns15 and rescued with a mixture of RNAi-

resistant Nrxn1a and -1b with or without the 3-amino acid S5

splice insert. Nrxn knockdown reduced mEPSC frequency

(Figures 1B, 1C, and S1B), consistent with our previous observa-

tions and with deficits in a-Nrxn- or b-Nrxn-deficient neu-

rons.15,32,33 Despite a transfection efficiency of �60%, this

reduction was fully rescued by Nrxn1 lacking the S5 insert

(Nrxn1 �S5), but no rescue was observed by Nrxn1 containing

the S5 insert (Nrxn1 +S5) (Figures 1B, 1C, and S1B). Thus, inclu-

sion of Nrxn1 S5 reduces synaptic function.

In considering the proximity of S5 to the HS modification site

on Nrxn1 (Figure 1A) and previous data suggesting that Nrxns

are partially modified with HS,15 we wondered whether S5

might regulate the extent of Nrxn1 HS modification. To

address this, we used a monoclonal antibody, 3G10, which

recognizes the exposed stub on HS chains cleaved by hepa-

rinase.34 Indeed, we found that the 3G10 HS stub/V5-Nrxn1

ratio for heparinase-treated V5-Nrxn1 immunoprecipitated

from transfected cultured neurons was 3.9-fold higher for

Nrxn1 +S5 than for �S5, indicating an increase in the number

of HS chains, i.e., increased HS valency (Figures 1D–1F). The

S5 insert creates a second potential HS modification site at

the adjacent serine (S* in Figure 1A). In the absence of the

constitutive HS modification site, this second serine was not

a major modification site in cultured neurons but was detected

in an HS-modified form in a purified concentrated Nrxn1 +S5

ectodomain and was the only additional HS modification site

detected (Figures 1D and 1E). Taken together, these data sug-

gest that S5 enhances HS valency by conferring a distinct HS

attachment site that acts in synergy with the constitutive site

to post-translationally modify Nrxn1. Such synergy is consis-
immunofluorescence mean intensity per bead aggregate (K, normalized to the VG

Figure S1G, Mann Whitney test p > 0.1, n = 244 bead aggregates each from 3 in

p > 0.1). Bead aggregates analyzed did not differ in SEP-Nrxn1 (M, p > 0. 1). Sc

All data are reported as mean ± SEM. See also Figure S1.
tent with cooperativity displayed for HS modification at nearby

sites on other proteoglycans.35

Nrxn1 S5 regulates protein level but not binding to
canonical ligands or presynaptic induction
As the constitutive HS modification participates in Nrxn interac-

tion with canonical ligands NLs and LRRTMs15 and S5 alters HS

valency, we tested whether S5 affects Nrxn1 interaction with

these ligands. We used a neuron-based binding assay similar

to those used previously15,36 for the two major ligands of

Nrxn1 localized at excitatory hippocampal synapses, NL1 and

LRRTM2, and the major one localized at inhibitory hippocampal

synapses, NL2. Binding affinities of the three ligand ectodomain

Fc fusions to V5-Nrxn1b expressed on cultured hippocampal

neurons were not affected by the presence or absence of S5

(Figures 1G–1I, S1E, and S1F).

We next tested whether the ability of Nrxn1 to mediate presyn-

aptic differentiation is affected by S5. Based on the previous

finding that clustering of b-Nrxn on axons triggers the recruitment

of synaptic vesicles,37 we used anti-GFP antibody-coated beads

to cluster superecliptic pHluorin (SEP)-tagged Nrxn1b expressed

in cultured hippocampal neurons. Clustering of SEP-Nrxn1b, but

not negative control YFP-MDGA1, robustly triggered recruitment

of vesicular glutamate transporter 1 (VGlut1; Figures 1J–1M and

S1G). However, there was no difference in the extent of VGlut1

recruitment to bead-induced clusters of SEP-Nrxn1b �S5

versus +S5, assessed by VGlut1 or the VGlut1/SEP-Nrxn1 ratio

per bead aggregate, comparing beads of equal SEP-Nrxn.

Furthermore, the active zone proteins bassoon and ELKS were

also robustly recruited by SEP-Nrxn1b indistinguishably between

the �S5 and +S5 forms (Figures S1H–S1O). These results sug-

gest that Nrxn1 S5 does not regulate presynaptic induction activ-

ity or postsynaptic ligand interactions.

The possibilities remain that differential rescue of synaptic

function by Nrxn1�S5 versus Nrxn1 +S5 may be due to a differ-

ence in Nrxn surface trafficking or protein levels. We transfected

cultured hippocampal neurons with YFP-P2A-V5-Nrxn1b �S5

or +S5, using the P2A linker38 to express initial equimolar YFP

and V5-Nrxn1, and immunostained for surface and intracellular

recombinant Nrxn. Neurons expressing the �S5 splice form

showed higher levels of both surface and intracellular V5-Nrxn

relative to YFP than the +S5 form (Figures 2A–2D and S1A),

with no change in the efficiency of surface trafficking. To assess

whether these effects may be related to the change in HS va-

lency, we tested Nrxn1 +S5 AAGGL, leaving the S5 insert intact

but mutating the prior serine residues to remove the additional

HS modification site conferred by S5. Nrxn1 +S5 AAGGL

showed surface and total levels distinct from Nrxn1 +S5 and

indistinguishable from Nrxn1 �S5 (Figure 2A–2D and S1A).

These results suggest that the increase in HS valency induced

by the S5 insert mediates the reduction in steady-state protein

level of Nrxn1.
lut1 associated with beads clustering negative control YFP-MDGA1, images in

dependent experiments) and VGlut1/SEP-Nrxn1 ratio per bead aggregate (L,

ale bars: 10 (J, left) and 2 mm (J, right).
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Figure 2. Nrxn1 S5 exclusion reduces HS modification and elevates protein level and excitatory synapse numbers

(A–D) V5-Nrxn1b�S5 and V5-Nrxn1b +S5 AAGGL (AG) showed greater surface and intracellular expression than V5-Nrxn1b +S5, assessed from the V5-Nrxn1 to

YFP ratio from stoichiometric coexpression of YFP and Nrxn1 using the P2A linker. (B and C) p < 0.0001 by Kruskal-Wallis with ****p < 0.0001 by Dunn’s post hoc

test. (D) p < 0.05 by Kruskal-Wallis with *p < 0.05 by Dunn’s post hoc test. n = 59–122 neurons each from 3–6 independent experiments.

(E) Previous studies indicate a Nrxn1 �S5:+S5 ratio of �1:1 across multiple hippocampal samples.

(F) RT-PCRofWT andNrxn1DS5whole-brainmRNAwith primers flanking S5.Nrxn1DS5 shows complete conversion of Nrxn1 to the�S5 isoform, while inWT, 58%

is �S5. Recombinant plasmids encoding Nrxn1 �S5, Nrxn1 +S5, and an equimolar mixture were also run as PCR templates.

(legend continued on next page)
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Exclusion of Nrxn1 S5 does not affect mouse survival or
gross brain morphology but reduces Nrxn1 HS valency
and increases protein level in vivo

Typically, Nrxn alternatively spliced exon inclusion rates vary

among brain regions and cell types39 as for most alternative

splicing events. In sharp contrast, Nrxn1 S5 exhibits a

�1:1 �S5:+S5 splice program that is pervasive across multiple

brain regions, including the cortex, hippocampus, and cere-

bellum, as well as individual cell types (Figure 2E; Table S1).

Interestingly, this �50% inclusion of NRXN1 S5 also translates

to human induced neurons.29 Such tight unvarying regulation

supports a physiological importance of Nrxn1 S5 splicing.

To examine the function of Nrxn1 S5 in vivo, we generated a

CRISPR knockin mouse (Nrxn1DS5) with mutations at the second

splice donor site for S5 to convert all Nrxn1 +S5 to �S5 forms

(Figure S2A). RT-PCR of whole brain confirmed complete con-

version from Nrxn1 +S5 to �S5 in the mutant and reproduced

the �1:1 ratio of Nrxn1 �S5:+S5 in wild-type (WT) mice (Fig-

ure 2F). Neither litter size nor survival rate was affected, although

the S5 conversion resulted in mild reductions in body weight

(Figures S2B, S2C, S2F, and S2G). The mRNA levels of Nrxn1

as well as other Nrxns and various synaptic components were

not significantly altered in Nrxn1DS5 mice, and there was no

obvious difference in gross brain morphology (Figures S2D

and S2E).

We next determinedwhether the effects of Nrxn1 S5 onHS va-

lency and Nrxn1 protein level seen in cultured neurons also

occurred in vivo. HS chain valency, measured as the 3G10 HS

stub/Nrxn1 ratio in Nrxn1 immunoprecipitated from whole-brain

crude synaptosomes, was reduced 4.3-fold in Nrxn1DS5 mice

relative to WT (Figures 2G and 2H). A significant increase in

Nrxna and -b protein levels was also seen by immunoblotting

with either Nrxn1-specific or pan-Nrxn antibodies (Figures 2I–

2K). These results indicate that S5 insert functions to increase

Nrxn1 HS valency and reduce Nrxn1 protein levels in vivo and

suggest that the highly regulated ratio of Nrxn1 �S5:+S5 may

serve to maintain these at an optimal balance across synapses.

Nrxn1 S5 exclusion increases excitatory, but not
inhibitory, synapse density
Gene dosage effects of NRXN1 have been suggested based on

clinical phenotypes of mono- and biallelic mutations found in pa-

tients with neuropsychiatric disorders.9 This possibility, together

with our finding of increased Nrxn1 protein levels in Nrxn1DS5

mice, prompted us to probe for synaptic and functional conse-
(G and H) Nrxn1DS5 mice exhibit a 4.3-fold reduction in Nrxn1 HS valency, measu

synaptosomal fractions were immunoprecipitated with Nrxn1 antibody, treated as

t test with Welch’s correction **p < 0.01, n = 3 mice each.

(I–K) Nrxn protein levels are elevated in Nrxn1DS5 mice compared with WT. Nrx

fractions treated with Heps to condense the bands and signals normalized to th

t test with Holm-Sidak correction, **p < 0.01, *p < 0.05, n = 6 mice each (K).

(L and M) Spine numbers on CA1 pyramidal cells in stratum radiatum were elevat

n = 57 for WT and n = 49 dendrites for Nrxn1DS5 from 4–5 mice each.

(N–U) Cultured Nrxn1DS5 hippocampal neurons exhibited an increase in excitato

unaltered. (O) ***p < 0.001 by t test with Welch’s correction; (P) Mann Whitney tes

3 independent experiments. (S–U) Mann Whitney test p > 0. 1, n = 57–58 dendri

Scale bars: 20 (A) and 2.5 mm (L, N, and R).

All data are reported as mean ± SEM. See also Figures S1 and S2 and Table S1
quences. Nrxn1 is broadly expressed, including throughout the

hippocampal formation. We first assessed synapses morpho-

logically using Golgi staining and counting dendritic spines in

the hippocampal CA1 stratum radiatum, where >90% of excit-

atory synapses form on spines.40 Spine density was significantly

increased in Nrxn1DS5 dendrites relative to WT (Figures 2L and

2M). Using an independent approach, an increase was found

in the number of apposed clusters of bassoon and excitatory

postsynaptic scaffold PSD-95 in hippocampal neurons cultured

from Nrxn1DS5 mice (Figures 2N–2Q). In the same cultures, there

was no genotype difference in the number of apposed clusters of

vesicular GABA transporter (VGAT) and inhibitory scaffold ge-

phyrin (Figures 2R–2U). There was no difference in the amount

of gephyrin, VGAT, or bassoon detected per synapse, but there

was an increase in PSD-95. Thus, Nrxn1DS5 hippocampal neu-

rons relative to WT showed an increase in spine density, excit-

atory synapse density, and PSD-95 content, with no changes

in inhibitory synapses.

Nrxn1 S5 exclusion boosts excitatory transmission and
presynaptic neurotransmitter release
As an initial functional test, we assessed spontaneous synaptic

transmission. mEPSCs recorded from CA1 pyramidal neurons

in slice showed a significant �2-fold increase in frequency in

Nrxn1DS5 male and female mice relative to WT (Figures 3A–3J).

An increase in mEPSC amplitude was also seen in males. Given

the ubiquitous �1:1 ratio of Nrxn1 �S5:+S5, we wondered

whether this boost in synaptic function extends to other excit-

atory synapses in the hippocampus. mEPSCs recorded from

CA3 neurons also showed a significant �2-fold increase in fre-

quency inNrxn1DS5male and femalemice, with no significant dif-

ference in mEPSC amplitude (Figures S3A–S3J). No differences

in frequency or amplitude were seen for miniature neurotrans-

mission at inhibitory synapses on CA1 pyramidal neurons

(Figures 3K–3O). Thus, Nrxn1 S5 exclusion boosts spontaneous

transmission at two distinct hippocampal excitatory synapses

but not at hippocampal inhibitory synapses.

To further assess the mechanism of increased excitatory syn-

aptic transmission at CA1 synapses, we used males, as the S5

exclusion effects were more robust in males than females. Mul-

tiple assays of evoked transmission at Schaffer collateral-CA1

synapses were used. EPSC input-output curves were enhanced

for AMPA and NMDA components (Figures 3P–3U), indicating

increases in evoked as well as spontaneous transmission in

Nrxn1DS5 mice. These changes in transmission could reflect, in
red as the 3G10 HS stub/Nrxn1 ratio and normalized to WT. Whole-brain crude

indicated with Heps to expose the 3G10 HS stub epitope, and immunoblotted.

n1 (I) and pan-Nrxn1,2,3 (J) levels were estimated from crude synaptosomal

e tubulin loading control. Long exposure times were used to visualize Nrxn1b.

ed after exclusion of Nrxn1 S5. (M) **p < 0.01 by t test with Welch’s correction,

ry synapse numbers and PSD-95 levels, while inhibitory synapse density was

t p > 0. 1; (Q) **p < 0.01 by Mann Whitney test, n = 56–59 dendrites each from

tes each from 3 independent experiments.

.
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Figure 3. Nrxn1 S5 exclusion boosts excitatory synaptic transmission and probability of release at hippocampal CA3-CA1 synapses

(A–J) Exclusion of S5 boosts excitatory synaptic transmission in Nrxn1DS5 mice. mEPSC frequency was 2.1-fold higher in male and 1.7-fold higher in female

Nrxn1DS5 CA1 pyramidal cells compared with WT. (D and I) Two-way ANOVA genotype p < 0.0001, sex p < 0.05 with ****p < 0.0001, **p < 0.01 by Sidak post hoc

test, n = 23–26 cells from 3–5 mice each. (B and G) p < 0.0001 by Kolmogorov-Smirnov test. (E and J) mEPSC amplitude was significantly increased in male, but

not female, Nrxn1DS5 CA1 pyramidal cells, two-way ANOVA genotype p < 0.01, sex p < 0.01 with **p < 0.01 by Sidak post hoc test. (C andH) Kolmogorov-Smirnov

test p < 0.001 male and p > 0.1 female.

(legend continued on next page)
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part, the increase in excitatory synapse density, but there could

also be changes in transmitter release. Indeed, paired-pulse ra-

tios were reduced (Figures 3V and 3W), suggesting an increased

probability of transmitter release inNrxn1DS5mice. The response

to stimulus trains was also increased at Nrxn1DS5 synapses

(Figures S3K–S3O). For these synapses that have low release

probability, these measures could reflect changes in the readily

releasable pool and/or in the probability of transmitter release.41

In contrast to these presynaptic alterations, and in contrast to the

effect of altering Nrxn1 S4,26 there was no difference in the

evoked AMPA/NMDA ratio in Nrxn1DS5 slices (Figures 3X and

3Y). This finding is consistent with the lack of effect of Nrxn1

S5 on interaction with NL1 and LRRTM2 (Figure 1), which link

to NMDA and AMPA receptors, respectively.42–44 Taken

together, our findings reveal a boost in presynaptic function

with no evidence for postsynaptic receptor changes resulting

from Nrxn1 S5 exclusion.

Nrxn1 S5 exclusion alters ultrasonic vocalization, object
recognition, and grooming behavior
To understand the consequences for the organism after Nrxn1

S5 exclusion, we assessed a range of developmental behaviors,

including behaviors related to ASD. Nrxn1DS5 pups did not differ

fromWT in the age at which they reached a series of neurodeve-

lopmental reflex milestones except a short delay in eye and ear

opening in females (Figures S4A and S4B). Communication

problems have long been recognized as a core feature of ASD,

and thus we studied mouse ultrasonic vocalization (USV).Nrxn1-

DS5 pups differed from WT in USVs during maternal isolation.

The number of calls was the same for both genotypes, but the

mean power of calls by both male and female Nrxn1DS5 pups

was greater than for WT (Figures S4C, S4D, 4A, and 4C). The na-

ture of the calls also differed as assessed from themean slope of

frequency/time (Figures 4B and 4D).

As a test of cognitive function, mice were assessed in a novel

object recognition task. Relative to WT, male Nrxn1DS5 mice

showed increased recognition of the novel over the familiar ob-

ject, while females showed no genotype difference (Figures 4E,

4F, 4J, and 4K). Thus, despite a slightly lower body weight, the

behavior of male Nrxn1DS5 pups was enhanced relative to WT

in both novel object recognition and USV assays.

Another core feature of ASD is restricted, repetitive, or stereo-

typed patterns of behaviors, for which a related behavior in mice

is grooming. Relative to WT, Nrxn1DS5 mice showed a decrease

in total duration of grooming (Figures 4G–4I and 4L–4N). In

males, this was associated with a reduced number of grooming
(K–O) Inhibitory synaptic transmission is largely unaffected in male Nrxn1DS5 mic

(P–R) Evoked excitatory transmission at CA3-CA1 synapses was bolstered by S

p < 0.0001, genotype stimulation intensity interaction p < 0.0001 with ****p < 0

****p < 0.0001. n = 15 cells from 4 mice each.

(S–U) Nrxn1 S5 exclusion increases NMDAR-mediated synaptic responses at C

tensity p < 0.0001, genotype stimulation intensity interaction p < 0.05 with **p < 0.

n = 13–14 cells from 4 mice each.

(V and W) Paired-pulse ratios of hippocampal CA3-CA1 synapses are reduced in

measures (RM) ANOVA with ****p < 0.0001, ***p < 0.001, and **p < 0.01 by Sidak

(X and Y) AMPA/NMDA ratio is not significantly altered at CA3-CA1 synapses ofNr

traces were scaled up. (Y) Mann-Whitney test p > 0.1, n = 21 cells from 7–11 mi

All data are reported as mean ± SEM. See also Figure S3.
bouts, while in females there was a reduction in mean bout dura-

tion. Thus, inmultiplemeasures,Nrxn1DS5mice showed reduced

grooming compared with WT mice.

DISCUSSION

Since Nrxns were first discovered 30 years ago, much of the

effort invested into understanding how their functions in speci-

fying synaptic properties are regulated has been directed toward

splice site 4. In comparison, the biological significance of the

other five Nrxn splice sites or of glycanmodification or how these

modesmay interact have received little attention. Here, we show

that Nrxn1 S5 controls HS chain valency, steady-state protein

level, and excitatory synapse function. Mice with all Nrxn1

converted to the �S5 form are endowed with increases in

hippocampal excitatory synapse density, spontaneous and

evoked transmission, and presynaptic release probability, with

no changes detected at inhibitory synapses. Behaviorally,

enhanced USV power, enhanced novel object recognition, and

reduced grooming place Nrxn1DS5 mice in the opposite spec-

trum from Nrxn1 knockout lines and other ASD models.

We report an unusual convergence of RNA splicing and glyco-

biology, with Nrxn1 S5 alternative splicing regulating proteogly-

can HS valency. An interesting parallel occurs in a Nrxn ligand:

the inclusion of splice site A1 on NL1 confers increased HS bind-

ing and enhances synaptic transmission.36 Unlike splice site 4,

which is homologous among Nrxn1–3, S5 is highly divergent.

Critical functions of large inserts at the complex Nrxn3 S5 splice

site have been identified in binding C1ql2/3 and recruiting kai-

nate receptors45 or in conferring GPI anchoring for proper func-

tion of dendrite-targeting interneuron synapses.46 We identified

a distinct function for S5 in Nrxn1, where an insert of only 3 amino

acids increases HS valency and suppresses hippocampal excit-

atory synapses. This finding complements other studies showing

modes of regulating the extent of Nrxn HS modification by cis-

binding partners CA10 and FAM19A.47,48 While a complete

lack of HS onNrxn1 (DGAGwith 3 serinemutations as in Figure 1)

leads to synaptic impairments and reduced mouse survival,15

here we show that past a certain point, increased HS modifica-

tion is not associated with maximal synaptic function. Despite

having reduced Nrxn1 HS modification, Nrxn1DS5 mice exhibit

a 2-fold increase in synaptic transmission compared with WT

mice. The increased function by exclusion of S5 is linked to

increased Nrxn1 protein levels, suggesting more Nrxn1 present

at the synapse. Given the role of Nrxns in coupling presynaptic

calcium channels to release,32,49,50 it is likely that more Nrxn1
e.

5 exclusion. (Q) Two-way ANOVA genotype p < 0.0001, stimulation intensity

.0001, ***p < 0.001 by Sidak post hoc test. (R) t test with Welch’s correction

A3-CA1 synapses. (T) Two-way ANOVA genotype p < 0.0001, stimulation in-

01, *p < 0.05 by Sidak post hoc test. (U) t test with Welch’s correction *p < 0.05.

Nrxn1DS5 mice compared with WT. Genotype p < 0.01 by two-way repeated

post hoc test, n = 17–18 cells from 5–6 mice each.

xn1DS5mice compared withWT. (X) In the representative traces at right, theWT

ce each.
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Figure 4. Nrxn1 S5 exclusion alters vocalization and grooming behavior

(A–D) Quantitative analyses of isolation-induced ultrasonic vocalizations reveal increased mean call power and slope in both male and female Nrxn1DS5 pups.

Three-way ANOVA for power: genotype p < 0.0001, sex p < 0.001, age p < 0.0001, genotype sex interaction p < 0.0001, and genotype age interaction p < 0.0001;

three-way ANOVA for slope: genotype p < 0.0001, sex p < 0.0001, age p < 0.0001, genotype sex interaction p < 0.05, and genotype age interaction p < 0.0001with

****p < 0.0001, ***p < 0.001, **p < 0.01, and *p < 0.05 by Sidak post hoc test, n = 82–876 calls from 8–12 mice each.

(E, F, J, and K) Male Nrxn1DS5 mice showed improved performance in the novel object recognition task. At postnatal day 22 (P22), there was no significant

difference among groups; two-way ANOVA all p > 0.1. At P24, two-way ANOVA genotype p < 0.05, sex p < 0.01, genotype sex interaction p < 0.01 with

***p < 0.001 by Sidak post hoc test, n = 8–14 mice each.

(G–I and L–N) Nrxn1DS5 male and female mice exhibited reduced grooming behavior. Two-way ANOVA for total duration: genotype p < 0.001, sex p < 0.01, and

genotype sex interaction p > 0.1; two-way ANOVA for number of bouts: genotype p < 0.01, sex p < 0.01, and genotype sex interaction p < 0.05; two-way ANOVA

for mean bout duration: genotype and sex p > 0.1, and genotype sex interaction p < 0.05. **p < 0.01 and *p < 0.05 by Sidak post hoc test, n = 10–17 mice each.

All data are reported as mean ± SEM. See also Figure S4.
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at the synapse could be the driving force behind the increased

presynaptic release in Nrxn1DS5 mice through elevated calcium

channel coupling. The lack of effect of Nrxn1 S5 and the associ-

ated change in HS valency on binding to NLs is compatible with

the structure of the NL1-Nrxn1b complex (PDB: 3VKF) and the

observation that one HS chain on one of the two bound Nrxns

is sufficient to fill the HS-binding site at theNL1 dimer interface.15

Altogether, there seems to be a sweet spot of HS valency on

Nrxn1 for maximal synaptic function, achieved by Nrxn1 �S5.
8 Cell Reports 42, 112714, July 25, 2023
Behaviorally, Nrxn1DS5 mice display some phenotypes oppo-

site to those observed in Nrxn1 knockout animals and to behav-

iors implicated in ASD. Nrxn1a knockout mice exhibited an

increased number of bouts and total duration of grooming21

(but see also Grayton et al.24), in direct contrast to the Nrxn1DS5

mice. Nrxn1a knockout mice as well as several Nlgn and Shank

mouse models of ASD show deficits in USV,23,51,52 in contrast to

the increased call power in Nrxn1DS5 mice. Performance in the

novel object recognition task was indistinguishable in Nrxn1a
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knockout mice but enhanced in Nrxn1DS5male mice. Altogether,

Nrxn1 S5 exclusion enhanced performance in a cognitive test

and shifted behavior away from the autism spectrum in assays

related to communication and repetitive behavior.

Based on this behavioral phenotype and the enhanced excit-

atory transmission in Nrxn1DS5 mice, which directly contrasts

the reduced transmission seen in Nrxn1a knockout mice and

NRXN1+/� induced human neurons,21,22 we suggest that

NRXN1 S5 may be a suitable therapeutic target. Although the

S5 region is included in some disorder-associated NRXN1 dele-

tions, it is not a specific disease focus.9,29 Thus, we do not pro-

pose to correct the mutant NRXN1 allele but rather to alter S5

splicing of the remaining unaffected allele to partially restore

Nrxn1 protein levels and function. Specifically, in cases of het-

erozygous NRXN1 mutations in ASD and schizophrenia, exclu-

sion of S5 at the remainingWTNRXN1 allele may serve as a ther-

apeutic avenue to boost function of the remaining Nrxn1 and

alleviate deficits. The two Nrxn1 S5 isoforms did not show differ-

ences in presynaptic recruitment of VGlut1, bassoon, or ELKS or

in binding affinities to canonical postsynaptic ligands, and the

AMPA/NMDA ratio was unchanged inNrxn1DS5mice. Therefore,

exclusion of S5 as a rescue strategy may be a path to elevating

Nrxn level and function while maintaining the physiological bal-

ance of Nrxn interactors and postsynaptic receptors. Further-

more, the �1:1 ratio of Nrxn1 �S5:+S5 observed across WT

neuron types provides a wide dynamic range for functional

change. Our findings also raise the possibility of utilizing Nrxn1

S5 conversion to mitigate neurological deficits associated with

synaptic impairment brought on by mutations outside of

NRXN1 itself or even in neurodegenerative disorders.

Limitations of the study
First, while our data suggest that Nrxn1 S5 acts through altering

HS valency and protein level, we cannot rule out a role for addi-

tional molecular interactions. Further studies will be required to

determine whether S5, or HS, regulates Nrxn1 binding to cere-

bellins or novel synaptic partners. Second, we focused on hippo-

campal CA1 and CA3 synapses and a subset of behaviors. It will

be important to determine brain wide which circuits are affected

by Nrxn1 S5 splicing to assess a broader range of behaviors and

to relate specific circuit changes to behavior. Third, further tests

of the idea that Nrxn1 S5 exon skipping may restore function in

cases of Nrxn1 haploinsufficiency are warranted in animal

models and human cells. In a broader context, the potential for

Nrxn1 S5 exon skipping to alleviate deficits in synaptic transmis-

sion in more diverse situations will depend on the affected mo-

lecular pathways and circuits.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice
The Nrxn1DS5 knock-in mouse line was custom generated by The Jackson Laboratory on a C57BL/6J background. Three bp substi-

tutionmutations were introduced in embryos through injection of Cas9mRNA, a guide RNA against Nrxn1 exon 22, and donor ssDNA

oligonucleotide with targeted mutations (described in Figure S2A). Mouse genotyping was performed by PCR and sequencing, and

the targetedmutations confirmedby sequencing after germline transmission. Primers used for routine genotyping areNrxn1_genoF1:

ATCACCACTTCTGTGTCCAC and Nrxn1_genoR: GAAATCCTTATCCTCTGTCC. The size of the PCR products are 551 bp from both

wild-type and Nrxn1DS5 knock-in mice. They are then sent for direct Sanger sequencing to check for the three-bp mutation using

sequencing primer Nrxn1_genoF: AGTTCAGTGTCTTGAGGAAG. The wild-type mice generated from initial heterozygous

Nrxn1DS5/+ crosses were bred in parallel to generate age-matched controls for all experiments. Mice were limited to 10 generations

of inbreeding before backcrossing with C57BL/6J mice from The Jackson Laboratory to mitigate genetic drift. Mice were housed in

breeding pairs or in same-sexgroupsof 2–5with free access to foodandwater under specific pathogen-free conditions. Survival rates

were not significantly different betweenmales and females and data were pooled. Mice were procedure- and test-naive for all exper-

iments except where indicated below.Mice for biochemistry and electrophysiology were housed in a regular 12-h light/dark cycle. All

procedures were approved by the Animal Care Committees at the University of British Columbia and at Dalhousie University.

Primary neuron culture
Primary rat hippocampal or cortical neuron cultures were prepared from embryonic day 18 pooled male and female rat embryos.56

Briefly, hippocampal neurons were cultured at low density on poly-L-lysine-coated glass coverslips inverted over a feeder layer of

astroglial cells in neurobasal medium (Invitrogen) supplemented with B27. Cytosine arabinoside (5 mM) was added to hippocampal

neuron culture dishes at 2 days in vitro (DIV) to prevent overgrowth of glial cells. Cortical neurons were cultured on poly-L-lysine-

coated 12-well plates in the same medium. WT and Nrxn1DS5/DS5 mouse hippocampal neuron cultures were generated from Nrxn1-

DS5/+ x Nrxn1DS5/+ crosses, derived from timed-pregnant dams at embryonic days 17–18. Mouse hippocampi were dissected from

individual embryos and stored at 4�C in Hibernate E (Invitrogen) pending parallel genotyping of tail tissue.Mouse neuronswere disso-

ciated using papain (20 units/ml, 15 min, 37�C) and cultured as described above for rat hippocampal neurons with additional

25 mg/mL bovine pancreatic insulin (Sigma) in the media.

Cell line culture
Human embryonic kidney 293 (HEK293) cells were cultured in Dulbecco’s Modified Eagle’s medium (DMEM; Invitrogen) supple-

mented with 10% bovine growth serum (BGS). This line was obtained from ATCC and is not authenticated.

METHOD DETAILS

Plasmid constructs
All Nrxn1 constructs use mouse cDNAs lacking the S4 insert to allow binding to LRRTMs. For expression in neurons, pLL3.7-hSyn-

CFP-P2A-V5-Nrxn1a(-S5), pLL3.7-hSyn-V5-Nrxn1b(-S5), and pLL3.7-hSyn-YFP-P2A-V5-Nrxn1b(-S5)15 were modified by site-

directed mutagenesis to generate pLL3.7-hSyn-CFP-P2A-V5-Nrxn1a(+S5), pLL3.7-hSyn-V5-Nrxn1b(+S5), and pLL3.7-hSyn-YFP-

P2A-V5-Nrxn1b(+S5), respectively. Producing the +S5 isoform required the addition of the short 3-amino acid S5 insert, GGL.

Nrxn1 a and b rescue constructs were mutated to be shRNA resistant while leaving original protein sequences intact. pLL3.7-

hSyn-V5-Nrxn1b(+S5)SA was generated by site-directed mutagenesis from pLL3.7-hSyn-V5-Nrxn1b(-S5)SA.15 The SA mutants

have a single amino acid mutation at the constitutive HS site of Nrxn1, converting the serine residue to alanine, SA (316). pLL3.7-

hSyn-V5-Nrxn1b(+S5)DGAG was generated based on pLL3.7-hSyn-V5-Nrxn1b(+S5)SA by further introducing two additional serine

to alanine mutations at the serines adjacent to S5, SSAA (332, 333). pLL3.7-hSyn-YFP-P2A-V5-Nrxn1b(+S5) AAGGL was generated

by mutating these two serines adjacent to S5 to alanines in pLL3.7-hSyn-YFP-P2A-V5-Nrxn1b(+S5). pLL3.7-hSyn-V5-Nrxn1b(-S5)-

SEP was derived from pLL3.7-hSyn-V5-Nrxn1b(-S5), inserting the SEP sequence immediately before exon 20 (corresponds to splice

site 4 in Nrxn1 isoforms with the S4 insert). Site-directed mutagenesis was used to modify pLL3.7-hSyn-V5-Nrxn1b(-S5)-SEP to

generate pLL3.7-hSyn-V5-Nrxn1b(+S5)-SEP. pLL3.7-hSyn-YFP-MDGA153 expresses YFP-tagged surface protein MDGA1 which

can be clustered by the anti-GFP-coated beads as a negative control for presynaptic differentiation. Nrxn1 constructs used for pro-

tein purification were based on pcDNA4-Nrxn1a(DGAG)-PLAP-Myc-His.15 pcDNA4-Nrxn1a(SA)-PLAP-Myc-His was generated by

switching the two alanines adjacent to S5 back to serine by site-directed mutagenesis, leaving just the constitutive HS site mutated.

pcDNA4-NL1-Fc and pcDNA4-NL2-Fc53 express neuroligin ectodomains fused to Fc. pcDNA4-LRRTM2-Fc was made by subclon-

ing the mature extracellular region of LRRTM2 (aa 34–421) between the neurexin1b signal sequence and the human IgG Fc cDNA in

the vector pc4-sp-Fc modified from pcDNA4.57
Cell Reports 42, 112714, July 25, 2023
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Neurexin molecular replacement in culture
For Nrxn triple knockdown and rescue experiments, hippocampal neurons were transfected at DIV 0 using AMAXA nucleofection

(Lonza). Constructs used were shRNA-resistant CFP-P2A-V5-Nrxn1a and V5-Nrxn1b with or without the S5 insert mixed at a 10:1

ratio of a:b plasmid, or the same amount of CFP vector only, all using the same pLL3.7-hSyn vector backbone. For AAV-mediated

Nrxn knockdown, Nrxn triple knockdown AAV vector AAV6-rNrx-TKD (shNrxn) or control AAV6-GFP-4xshRNA (shCon) was used.15

One round of AAV infection was done on DIV 3 and repeated at DIV 6.

Whole-cell patch clamp recordings of mEPSCs were performed in cultured hippocampal neurons at room temperature at DIV 14.

Neurons were continuously perfused (1 mL/min) with the extracellular solution containing (in mM): NaCl 140, CaCl2 1.3, KCl 5.4,

MgCl2 1, HEPES 25, glucose 33 (pH 7.35). Tetrodotoxin (0.5 mM; Abcam), bicuculline methiodide (10 mM; Abcam), and DL-2-

Amino-5-phosphonopentanoic acid sodium salt (APV, 100 mM; Abcam) were added prior to recordings to block action potentials,

GABA receptor-mediated inhibitory synaptic currents, and NMDA receptor-mediated excitatory synaptic currents, respectively.

Patch pipettes were pulled from borosilicate glass capillary tubes (World Precision Instruments) using a PP-830 pipette puller

(Narishige). The resistance of pipettes varied between 4 and 6 MU. The patch pipette solution contained (in mM): Cs gluconate

122.5, CsCl 17.5, MgCl2 2, HEPES 10, BAPTA 10, ATP 4, and QX314 5 (pH 7.2). Neurons were voltage clamped at �60 mV, and re-

cordedwith aMultiClamp 700B amplifier (Molecular Devices). Recordswere filtered at 2 kHz, and acquiredwith pCLAMP10 software

(Molecular Devices). The series resistance in the recordings varied between 6 and 10 MU, and recordings where series resistance

varied by more than 10% were rejected. Electronic compensation for series resistance was not employed, and cells that demon-

strated a change in ‘‘leak’’ current of more than 10% were rejected from the analysis. Traces were analyzed using the

MiniAnalysis 6.0 software (Synaptosoft). Analyses were done by experimenters blind to the experimental groups.

Neuron culture immunoprecipitation
Cortical neuronswere transfected at DIV 0 using AMAXA nucleofection (Lonza) with the series of pLL3.7-hSyn-V5-Nrxn1b constructs.

At DIV 18–19, cultured cortical neurons were washed with chilled PBS twice and lysed in cold lysis buffer (50 mM Tris-HCl pH 7.4,

150 mM NaCl, 1% Triton X-100, 0.03% deoxycholic acid sodium, supplemented with Protease Inhibitor Cocktail (Roche)). Lysate

was centrifuged for 20 min at 21,130 g at 4�C, after which supernatant was incubated with anti-V5 (Millipore, AB3792) antibody

for 2 h at 4�C. Protein G agarose was added to the lysates and samples were rotated overnight at 4�C. After three washes with

wash buffer (20 mMM Tris-HCl, pH 7.4, 150 mMNaCl, 0.1% Triton X-100, protease inhibitors), samples were treated with or without

Heparinase I, II, and III (1 U/ml) for 2 h at 37�C. The resulting samples were dissolved in SDS loading buffer and run on 10% poly-

acrylamide gels. Gels were transferred onto Immobilon P membranes which were blocked in 5% skimmilk and 3% BSA in Tris-buff-

ered saline/0.05% Tween 20 for an hour at room temperature followed with 3G10 anti-heparan sulfate stub region (1:3000; AMSBIO).

Membranes were then incubated with goat anti-mouse HRP conjugated secondary antibody (SouthernBiotech 1030-05) for chem-

iluminescence. The ImmobilonWestern Chemiluminescent HRP Substrate (MilliporeWBKLS0500) was used for signal detection. Im-

munoblots were then stripped at 55�C for 15 min, washed three times with Tris-buffered saline/0.025% Tween 20, blocked with 5%

milk, and probed with anti-V5 (1:5000; Thermo Fisher Scientific, R960-CUS).

Ectodomain fusion protein production
For purification of recombinant Nrxn1a proteins, pcDNA4-Nrxn1a+S5-PLAP-Myc-His or pcDNA4-Nrxn1aDGAG-PLAP-Myc-His was

transfected with TransIT-LT1 (Mirus Bio) into HEK293 cells cultured in DMEM with 10% BGS for four weeks in the presence of

0.5 mg/mL Zeocin. Zeocin-selected cells were grown in serum-free AIM V media for an additional four weeks, during which media

was collected every three days. For purification of recombinant proteins used for ligand binding assays, either stable cell lines were

generated and conditioned media collected as above or constructs were transiently transfected into HEK293 cells. For transient

transfection, polyethylenimine branched (Sigma 408727) was used, cells were switched to serum-free DMEM 24 h post-transfection

and media collected over the next 48 h. Conditioned media was concentrated in PBS with Centricon Plus-70 filters (Millipore).

Recombinant His-tagged proteins were purified using Ni-NTA agarose beads (QIAGEN) and eluted with 200 mM imidazole. Recom-

binant Fc-tagged proteins were purified using Protein G beads (GE Healthcare) and eluted with 0.2 M glycine (pH 2.5) followed by

addition of 1 M Tris-HCl (pH 8.5) to neutralize pH. Purified proteins were then washed with PBS and concentrated using Amicon

Ultra-15 centrifugal filter units (50 kDa cutoff, Millipore). Protein concentrations were quantitated by SDS-PAGE with bovine serum

albumin standards using Sypro Ruby gel stain.

Immunocytochemistry
All imaging and analyses were done blind to experimental conditions. Coverslips with hippocampal neurons were fixed for 12 min

using warm parafix (4% paraformaldehyde and 4% sucrose in PBS, pH 7.4). Fixation was followed by permeabilization with 0.2%

Triton X-100 in PBS, except for experiments that required surface staining. Coverslips were blocked with blocking solution

(3% bovine serum albumin and 5% normal goat serum in PBS) for 30 min at 37�C and then incubated with primary antibodies in

the blocking solution overnight at 4�C. Neuronswere then incubated with the appropriate Alexa Fluor-conjugated (1:1000, Invitrogen;

Alexa 488, Alexa 568, and Alexa 647) or AMCA-conjugated (donkey IgG; 1:400; Jackson ImmunoResearch, 703-155-155) secondary

antibodies for 45 min at 37�C. After washing 6 3 2 min with PBS, coverslips were mounted in elvanol (Tris-HCl, glycerol, polyvinyl
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alcohol, and 2% 1, 4-diazabicyclo[2,2,2]octane). Sets of cells were imaged with identical settings on a Zeiss LSM700 microscope

with an 40x/1.4 NA objective, a Hamamatsu Orca-Flash4.0 CMOS camera, and custom filters.

For surface expression of Nrxn1 -S5, +S5, and +S5 AAGGL, DIV 3 coverslips were incubated with anti-V5 (mouse IgG2a; 1:5000;

Thermo Fisher Scientific, R960-CUS) on the same day as fixation to visualize surface V5-Nrxn1. Neuronswere permeabilized the next

day and incubated with anti-V5 (rabbit; 1:5000; Cell Signaling Technologies, D3H8Q) for 1 h at 37�C to stain intracellular V5-Nrxn1.

Alexa 568-and 647-conjugated secondary antibodies were used to assess surface and intracellular Nrxn1, respectively. For quan-

tification, a mask was generated from the anti-V5 (Alexa 568) signal. Average intensities of YFP, surface V5-Nrxn1 (Alexa 568) and

intracellular V5-Nrxn1 (Alexa 647) within this mask was measured using ImageJ (NIH) after subtracting average off-cell background

intensities from each channel. Surface V5-Nrxn1 and intracellular V5-Nrxn1 signals were normalized to corresponding YFP signals to

account for differences in plasmid expression levels. To combine data frommultiple experiments, all measurements were normalized

to the mean values of the YFP-P2A-V5-Nrxn1b-S5 group.

For endogenous synapse counts, anti-bassoon (mouse IgG2a; 1:2000; Enzo Life Sciences, ADI-VAM-PS003-F) and anti-PSD-95

(mouse IgG1; 1:500; ThermoFisher, MA1-046) were used to visualize excitatory synapses. Inhibitory synapses were visualized with

anti-VGAT (guinea pig; 1:3000; Synaptic Systems, 131 004) and anti-gephyrin (mouse IgG1; 1:300; Synaptic Systems, 147 021). Anti-

MAP2 (chicken polyclonal IgY; 1:8000; Abcam, ab5392) was used to label dendrites. For quantification, dendritic regions that

appeared to be of good health as assessed using the MAP2 channel were chosen at random. ROIs with pixel overlap between sepa-

rately thresholded bassoon and PSD-95 channels or VGAT and gephyrin channels were classified as excitatory and inhibitory syn-

apses, respectively. Synapse number is reported per length of MAP2-positive dendrite. To combine data frommultiple experiments,

all intensity measurements were normalized to the mean values of WT.

Ligand binding assays
For the ligand binding assay, primary neurons were used for appropriate post-translational modification of expressed neurexins.

pLL3.7-hSyn-V5-Nrxn1b +S5 or -S5 constructs were transfected into the primary rat hippocampal neurons by nucleofection. At

DIV 4, neuron coverslips were incubated with conditioned medium containing the purified NL1-Fc, NL2-Fc, or LRRTM2-Fc proteins

for 1 h in the cell culture incubator on an ice pack to inhibit endocytosis. After binding, the coverslips were washed and subject to

immunocytochemical procedure without permeabilization. To visualize V5-tagged Nrxn1b, we used anti-V5 (mouse IgG2; 1:5000;

ThermoFisher, R960-25). Alexa Fluor 594-conjugated goat anti-human IgG (Fc fragment specific; 1:1000, Jackson Immuno

Research; 109-585-008) was used to visualize Fc-tagged proteins. Cells were chosen for imaging based on the expression of trans-

fected construct and a lack of contact with another high-expression cell. For quantification, the surface V5-Nrxn1b positive region

was selected for quantifying any encompassing Fc signals within that region. Protein binding signal is reported as a ratio of the in-

tegrated intensities of bound Fc-tagged protein to surface V5-Nrxn1b.

Bead induction assays
PLL3.7-hSyn-SEP-V5-Nrx1b -S5 or +S5 or control YFP-MDGA1 constructs were transfected into rat hippocampal neurons by nu-

cleofection. At DIV14, neuron coverslips were incubated with anti-GFP coated beads to cluster the transfected proteins. To prepare

anti-GFP coated beads, NeutrAvidin-labeled FluoSpheres (Invitrogen; F-8777; aqueous suspensions containing 1% solids) were

rinsed in PBS containing 100 mg/mL BSA (PBS/BSA) then incubated with biotin-conjugated anti-GFP (Rockland Immunochemicals;

600-106-215) at�6 mg antibody per ml beads in PBS/BSA at RT for 2 h and then rinsed in PBS/BSA. The beads were resuspended in

conditioned medium and added dropwise to the neurons on coverslips for 1 h. Neuron coverslips were then put back to their home

glia dishes and cultured for 24 h. Immunocytochemical procedures were then performed under permeabilizing conditions.

For imaging, fields were chosen based on expression of the transfected construct and surrounding staining patterns of PSD-95 at

endogenous synapses. To assess the presynaptic induction, we used anti-VGluT1 (mouse IgG1; 1:4000; NeuroMab, 75-066), anti-

bassoon (mouse IgG2a; 1:2000; Enzo Life Sciences, ADI-VAM-PS003-F) or anti-ELKS (mouse IgG2a; 1:250; Sigma, E4531). To

exclude endogenous synapses, we used anti-PSD-95 (mouse IgG2a; 1:500; ThermoFisher, MA1-045) for VGlut1 experiments,

and anti-PSD-95 (mouse IgG1; 1:500; ThermoFisher, MA1-046) for bassoon and ELKS experiments. Anti-MAP2 (chicken polyclonal

IgY; 1:8000; Abcam, ab5392) was used to label dendrites. Alexa-fluorophore conjugated secondary antibodies generated in goat

toward the appropriate species (1:500; Invitrogen; Alexa 568 andAlexa 647 labeled secondary antibodies) were then used to visualize

the synaptic proteins. AMCA conjugated anti-chicken IgY (donkey IgG; 1:400) was used to visualize dendrites. Signals of the SEP-

Nrxn1b or YFP-MDGA1 clusters at the beads were not amplified by any antibody. Presynaptic inducing activity was measured as

mean intensity of punctate VGlut1, bassoon, or ELKS within the area of bead-associated clustered SEP-Nrxn1b or YFP-MDGA1,

choosing beads away from MAP2-positive dendrites and excluding any overlap with punctate PSD-95 to exclude native synapses.

RT-PCR and qPCR
Whole mouse brains (three male mice of each genotype at similar ages between 3 and 4 months old) were homogenized and total

RNA was extracted with PureLink RNAmini Kit (Thermofisher) as per the manufacturer’s protocol. 1 mg total RNA was used for cDNA

synthesis with QuantiTect Reverse Transcription Kit (Qiagen). Relative mRNA expression was compared by qPCR using the Applied

Biosystems 7300 Real-Time PCR System with Power SYBR 2X mixture (Thermofisher) and the primers listed in Table S2. For ratio-

metric RT-PCR to assess the fraction of Nrxn1 without the S5 insert, 2 mL cDNA was used with Quick-Load Taq 2X Master Mix (NEB
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M0271S), 200 nM forward primer 50-AGGACATTGACCCCTGTGAG-30 and 200 nM reverse primer 50-CACCTACTCTGGTGGGGTTG-

3’. To probe PCR efficiency between -S5 and +S5, a mixture of linearized plasmids encoding mouse Nrxn1b(-S5) and (+S5) (500 pg

each) was used as PCR template.

DAPI staining for gross brain morphology
Male mice (3–4 months old) were intracardially perfused with 4% PFA in PBS. Brains were rapidly removed and postfixed with the

same fixative overnight at 4�C. Sagittal hippocampal slices (100 mm) were prepared using a vibratome (VT1000s, Leica), DAPI

stained, and mounted in Vectashield Plus (Vector Laboraties). DAPI images were obtained using a Zeiss ApoTome.2 microscope

equipped with a Plan-NeoFluar Z 2.33 objective and stitched using Adobe Photoshop.

Preparation of crude synaptosomal fraction
Brains from 2 to 3 months old female mice were rapidly removed and rinsed with cold PBS. Individual brains were homogenized in

1:10 (weight:volume) buffer A (5 mM HEPES pH 7.4, 1 mM MgCl2, 0.5 mM CaCl2, 1 mM DTT, 320 mM sucrose) supplemented with

Protease Inhibitor Cocktail (Roche) in a glass Teflon homogenizer (eight strokes, 1200 rpm). Brain homogenate was centrifuged for

10 min at 1000 x g twice to remove cellular nuclei. The supernatant S1 fraction was centrifuged for 10 min at 12,000 x g, after which

pellet P2 was resuspended in buffer B (6 mM Tris pH 8.1, 0.32 M sucrose) supplemented with EDTA-free Protease Inhibitor Cocktail

and centrifuged for 15 min at 14,500 x g. This yielded the final pellet, P20 crude synaptosomal fraction, which was stored at �80�C.

Immunoprecipitation and immunoblotting
Crude synaptosomal fraction samples were incubated with or without 1U/ml each of Heparinase I (Sigma, H2519), II (Sigma, H6512),

and III (Sigma, H8891) for two and half hours at 37�C in buffer containing 20 mM Tris-HCl, pH7, 100 mM NaCl, 1.5 mM CaCl2, and

EDTA-free Protease Inhibitor Cocktail (Roche). For immunoprecipitation, crude synaptosomal fractions were treated with Hepa-

rinases as above and then directly lysed in cold lysis buffer (50 mM Tris-HCl pH 7.4, 150mM NaCl, 1% Triton X-100, 0.03% deox-

ycholic acid sodium and 1mM EDTA) with Protease Inhibitor Cocktail (Roche) for 30 min on ice. Lysate was centrifuged for 20 min

at 21,130 g at 4�C. Supernatant was incubated with anti-Nrxn1 (Synaptic System, 175103) antibodies for 2 h at 4�C. Washed Protein

G agarose beadswere added to the lysates and the samples rotated overnight at 4�C. After threewasheswith the heparinase enzyme

buffer, the resulting pellets were dissolved in SDS-loading buffer and run on 7.5% polyacrylamide gels. Gels were transferred onto

Immobilon P membranes which were blocked in 5% skim milk in Tris-buffered saline/0.025% Tween 20 for 30 min at room temper-

ature followedwith anti-Nrxn1 (1:1000; Synaptic System, 175103) antibody in 3%BSA in Tris-buffered saline/0.025%Tween 20 over-

night at 4�C. Membranes were further incubated with Clean-Blot IP Detection Reagent (Thermo Scientific) for chemiluminescence

before being detected using the SuperSignal West Atto Ultimate Sensitivity Chemiluminescent Substrate (ThermoFisher). Immuno-

blots were then stripped at 55�C for 15 min, washed three times with Tris-buffered saline/0.025% Tween 20, blocked, and blotted

with 3G10 anti-heparan sulfate stub region (1:3000; AMSBIO) at 4�C overnight. Membranes were then incubated with goat anti-

mouse HRP conjugated secondary antibodies (Millipore) for chemiluminescence. Immunoblots were then detected using the

SuperSignal Chemiluminescent kit (Thermo Scientific).

For direct immunoblotting, synaptosomal fractions were treated with Heparinases and run on a polyacrylamide gel without immu-

noprecipitation, followed by transfer and blocking as described above. Membranes were incubated with anti-Nrxn1 (1:1000; Synap-

tic System, 175103) or anti-pan-Nrxn (1:2000; Millipore, ABN161) primary antibodies at 4�C overnight followed by incubation with

appropriate HRP conjugated secondary antibodies at room temperature for 1 h. Immunoblots were detected using SuperSignal

West Atto Ultimate Sensitivity Chemiluminescent Substrate (ThermoFisher) for Nrxn1 or SuperSignal Chemiluminescent kit (Thermo

Scientific) for pan-Nrxn. Subsequent stripping, blocking, re-probing, and detection of anti-tubulin (1:10,000; Millipore, 05–829) were

performed as described above. Protein level is reported as a ratio of signal intensities of either Nrxn1 or pan-Nrxn to tubulin, normal-

ized to WT.

Golgi staining and spine counts
P30 brains from female mice were rapidly dissected after isoflurane anesthesia and processed according to instructions provided by

the FD Rapid GolgiStain Kit (FD NeuroTechnologies). Sections of 100 mm were used. z stack images of secondary and tertiary den-

drites in hippocampal CA1 stratum radiatum were collected (optical thickness: 0.5 mm). Spine density and dendrite length were

analyzed using a quantification software called ‘RECONSTRUCT’ (http://synapses.clm.utexas.edu).

Hippocampal slice electrophysiology
For CA1 recordings, brains were rapidly extracted from mice aged P14-P17 and submerged in ice-cold artificial cerebrospinal fluid

(ACSF) containing (in mM): 125 NaCl, 2.5 KCl, 2 CaCl2, 2 MgCl2, 1.25 NaH2PO4, 26 NaCO3, 25 glucose, pH 7.35 (oxygenated with

95% O2 and 5% CO2, 310–320 mOsm). Coronal hippocampal slices (400 mm) were prepared using a vibratome (VT1000s, Leica).

Freshly cut slices were placed in a recovery chamber with carbogenated ACSF at 31�C for at least 30 min and then kept at room

temperature for 60 min before recording. For CA3 recordings, the brain was rapidly extracted and submerged in ice-cold su-

crose-based solution containing (in mM): 87 NaCl, 25 NaHCO3, 2.5 KCl, 1.25 NaH2PO4, 7 MgCl2, 0.5 CaCl2, 25 glucose, and 75 su-

crose (oxygenated with 95% O2 and 5% CO2). Hippocampal slices (400 mm) were cut following58 and moved to a heated (31�C)
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sucrose-based solution containing the same formulation as mentioned above. Slices were allowed to recover for at least 30 min and

then kept at room temperature for 60 min before recording.

Slices were transferred to a recording chamber continuously perfused with carbogenated ACSF (2 mL/min). Patch pipettes were

pulled from borosilicate glass capillary tubes (World Precision Instruments) using a pipette puller (P-97, Sutter Instruments), with

pipette resistances varying between 3 and 6MU. For all whole-cell CA1 recordings exceptmIPSCs, CA1 pyramidal cells were voltage

clamped at �70 mV and the patch pipette solution contained (in mM): CsMeSO3 130, NaCl 8, MgCl2 2, HEPES 10, EGTA 0.5, ATP 4,

and QX-314 5 (pH 7.2). For CA1 mIPSCs, the patch pipette solution contained (in mM): CsCl 140, CaCl2 0.1, MgCl2 2, HEPES 10,

BAPTA 10, ATP 4, and QX314 5 (pH 7.2). CA3 pyramidal cells were voltage clamped at �70 mV and the patch pipette solution con-

tained (in mM): Cs gluconate 122.5, CsCl 17.5, MgCl2 2, HEPES 10, BAPTA 10, ATP 4, and QX314 5 (pH 7.2). mEPSCswere recorded

in the presence of tetrodotoxin (1 mM; Abcam) and bicuculline methiodide (10 mM; Abcam), whereas mIPSCs were recorded in the

presence of tetrodotoxin (1 mM; Abcam), CQNX (20 mM; Abcam), and APV (50 mM; Abcam). Evoked EPSCswere recorded in the pres-

ence of bicuculline methiodide (10 mM; Abcam). CQNX (20 mM; Abcam) was also added for NMDAR-mediated EPSC input-output

curves. All evoked responses were elicited with bipolar tungsten stimulating electrodes (FHC) placed in stratum radiatum of area

CA1. For paired pulse ratio recordings (PPR), extracellular field EPSPs (fEPSPs) were recorded with a glass microelectrode filled

with ACSF (resistances, 2–3 MU). After establishing a stable baseline, responses were set at 40% of maximum and paired pulses

were applied while varying the interstimulus interval. Paired pulse ratio is calculated as the ratio of the peak amplitude of the second

response over the first response. For evoked whole-cell recordings, the stimulating electrode was placed in stratum radiatum within

�100–200 mm from the whole-cell patched CA1 pyramidal cell. For input-output curves, cells were held at �70 mV and +40 mV to

assess evoked primarily AMPA EPSCs and NMDA EPSCs with 1X stimulation intensity being just below the minimal intensity to elicit

both successes and failures. Stimulationwas then increased in amultiplicativemanner. For responses to stimulus trains, EPSCswere

evoked at a low-frequency rate of 0.2 Hz to establish a stable baseline, after which stimulus trains were delivered at a rate of 20 Hz.

The last 14 cumulative EPSC points for each genotype were fitted with a linear regression line and back-extrapolated to stimulus

number = 0. For AMPA/NMDA ratio recordings, evoked AMPAR-mediated and NMDAR-mediated currents were recorded at

�70 mV and +40 mV, respectively. The NMDAR component was analyzed 70 ms after stimulus to ensure that it was free of

AMPA receptor contamination. Recordings were low-pass filtered at 2 kHz, and series resistance was left uncompensated except

while assessing input-output curves, stimulus trains, and AMPA/NMDA ratios. In those experiments, series resistances were

compensated by 40–50%. Cells with changes >20% in series resistance during recording were discarded.

Behavior
Mice for behavior were housed in a reversed 12-h light/dark cycle and assays performed during the dark phase of the cycle to mimic

the natural nocturnal behaviors. All behavioral studies were completed with researchers blind to genotype. Generally, the samemice

were assessed in all behaviors, although the grooming assay also included some naive mice.

Neurodevelopmental milestones
The neurobehavioral development testing commenced on postnatal day 2 (P2) and was completed on even-numbered days until

P24. On each test day, pups were weighed and examined for pinnae detachment and eye opening. The ages at which the pinnae

were separated from the head and at which both eyes were first opened were recorded. Pups were tested for a number of reflex

responses as outlined below between P2 and P10, and for the auditory startle reflex between P6 and P16.59–63

For forelimb and hindlimb grasp reflexes, pups were held up and both the left/right forelimbs or hindlimbs were stroked with slight

pressure using a 1 mm diameter copper wire. The age at which stroking caused the stimulated forelimb or hindlimb to grasp the wire

(flexion of digits around wire) was recorded.

The crossed extensor reflex, where pinching of one hindlimb causes extension of the opposite hindlimb, is present for the first

several days after birth.61 Pups were held up and the left and right hindlimb were gently pinched between the thumb and forefinger

of the experimenter. The age at which contralateral limb extension ceased was recorded.

In the rooting reflex assay tomeasure tactile reflexes andmotor coordination,63 a cotton swabwas slowly brushed from the front to

back along the side of the pup’s head three times. The age at which the pup responded by orienting its head in the direction of the

stimulation was recorded.

To assess the vibrissea reflex, pups were held by the tail and lowered toward a flat surface. Before development of the vibrissae

system, the pup’s head will make contact with the table, while after development, the pup will respond to vibrissae stimulation by

raising its head to avoid hitting the table.61 The age at which the pup raised its head and extended its forepaws downward was

recorded.

To assess the auditory startle reflex, pups were placed on a flat surface and a clicker (70 dB) was sounded next to the pup. Three

trials were completed per day and the day at which a startle response (whole body flinch) was observed was recorded.

Novel object recognition
Visual recognition memory was assessed using the novel object recognition test at P22 and P24. Two identical objects (approxi-

mately 6 cm 3 2 cm x 4 cm) were placed 8 cm from each other in the center of a 25 cm 3 25 cm x 30 cm chamber. Beginning at

P22, pups were placed in the center of the chamber and allowed to investigate the identical objects for 5 min 1 h later, a second
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5-min trial was completed, but with one similarly sized novel object placed 8 cm from the familiar object. The side of the chamber that

the novel object was placed was randomly assigned each trial. Trials were recorded with a camera (SX50 HS, Canon) for subsequent

analysis. Pups were allowed to investigate both the familiar object and the novel object. The ratio of time spent investigating the novel

object and the familiar object was used for statistical analysis.

Ultrasonic vocalization
Observation of ultrasonic vocalizations (USV) began on P1 and occurred on every second day until P15 because this period is when

USV emittance is most abundant.64 For tests, pups were isolated from their mother for 15 min in order to elicit the vocalizations. After

the 15-min isolation period, pups were taken one-by-one into the testing room and placed into a glass beaker before going into the

recording apparatus (Avisoft-RECORDER USGH UV). Once in the recording apparatus, pups had their vocalizations recorded for

3 min at room temperature with the lights off. USV audio files were analyzed using DeepSqueak software.54

Grooming
Mice were tested at 2–3 months of age. Mice were removed from their home cage and placed individually in a recording chamber

made entirely of plexiglass and mirrors with an angled mirror under the floor for observing the underside of the mouse. Mice were

recorded on a Canon PowerShot digital camera for 1 h in the chamber. Videos were analyzed using the BORIS program.55 The start

and end of each bout of grooming was recorded, with grooming defined as instances of paw licking, nose, face, and head washing,

body grooming, leg licking, and tail and genitals grooming.65 The start and endpoints of grooming bouts were used to calculate the

number of grooming bouts, the total grooming duration, and the mean bout duration.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification is described in corresponding Method Details sections. Basic statistical information is provided in the figure legends

and full statistical details are provided in Table S3. Analysis was performed using GraphPad Prism 8, the statistical program R (www.

R-project.org), ImageJ (NIH), andMicrosoft Excel. In all cases, data was tested for normality using the D’Agostino and Pearson test. If

all datasets passed the test, statistical comparisons were made with Student’s unpaired t test or ANOVA followed by post hoc tests

for comparisons among multiple groups. Otherwise, nonparametric tests were used. All data are reported as the mean ± standard

error of the mean (SEM).
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