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ABSTRACT 

The neuromodulatory gene DISC1 is disrupted by a t(1;11) translocation that is highly 

penetrant for schizophrenia and affective disorders, but how this translocation affects DISC1 

function is incompletely understood. N-Methyl-D-Aspartate receptors (NMDAR) play a 

central role in synaptic plasticity and cognition, and are implicated in the pathophysiology of 

schizophrenia through genetic and functional studies. We show that the NMDAR subunit 

GluN2B complexes with DISC1-associated trafficking factor TRAK1, while DISC1 interacts 

with the GluN1 subunit and regulates dendritic NMDAR motility in cultured mouse neurons. 

Moreover, in the first mutant mouse that models DISC1 disruption by the translocation, the 

pool of NMDAR transport vesicles and surface/synaptic NMDAR expression are increased. 

Since NMDAR cell surface/synaptic expression is tightly regulated to ensure correct function, 

these changes in the mutant mouse are likely to affect NMDAR signalling and synaptic 

plasticity. Consistent with these observations, RNASeq analysis of translocation carrier-

derived human neurons indicates abnormalities of excitatory synapses and vesicle 

dynamics. RNASeq analysis of the human neurons also identifies many differentially 

expressed genes previously highlighted as putative schizophrenia and/or depression risk 

factors through large-scale genome-wide association and copy number variant studies, 

indicating that the translocation triggers common disease pathways that are shared with 

unrelated psychiatric patients. Altogether our findings suggest that translocation-induced 

disease mechanisms are likely to be relevant to mental illness in general, and that such 

disease mechanisms include altered NMDAR dynamics and excitatory synapse function. 

This could contribute to the cognitive disorders displayed by translocation carriers. 

 

KEY WORDS 

Schizophrenia, t(1;11) translocation, induced pluripotent stem cell-derived neurons, DISC1, 

GluN1, TRAK1, NMDA receptor trafficking 
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INTRODUCTION 

NMDAR are vital for synaptic plasticity and cognitive processes, and are strongly implicated 

in the pathophysiology of schizophrenia in particular1. GRIN2A, encoding the NMDAR 

GluN2A subunit was recently reported to show genome-wide significant association with 

schizophrenia2, while genomic copy number variants (CNVs) enriched in schizophrenia 

patients target GRIN1, encoding the GluN1 subunit3,4. Such findings support a role for 

NMDAR in psychiatric disorders but direct mechanistic insight is still required. 

 NMDAR function is regulated at many stages including subunit expression and 

composition, and dynamic modulation of surface and synaptic levels. The latter can be 

elicited through control of NMDAR forward trafficking to the plasma membrane, subsequent 

insertion into synapses, or endocytosis5. The obligatory GluN1 subunit is incorporated into 

all NMDAR, along with other subunit types including GluN2A/B. GluN1 is synthesised in 

excess and stored within the endoplasmic reticulum (ER) where NMDAR are assembled 

prior to transportation to the Golgi and onwards to the cell surface5. Every stage of NMDAR 

forward trafficking is tightly modulated to ensure that the required quantity of receptors is 

present at the cell surface and synapse5. Genetic dysregulation of forward trafficking would 

be predicted to adversely affect NMDAR function, with knock-on effects for synapse strength 

and plasticity5.  

 DISC1 is disrupted in a large, multi-generation family by a chromosomal t(1;11) 

translocation that is linked to major mental illness6-8. DISC1 is critical for several processes 

in the developing and adult brain9,10, and has been connected to NMDAR function through 

regulation of downstream processes that underlie synaptic plasticity11,12. DISC1 also 

regulates neuronal microtubule-based cargo transport, including trafficking of mitochondria, 

synaptic vesicles, and messenger RNAs13-15, and associates with the motor protein adaptors 

TRAK1 and TRAK216,17. 

  Here we demonstrate direct interaction between GluN1 and DISC1, and association 

between GluN2B and TRAK1. Applying a novel live-imaging method, we demonstrate that 

DISC1 regulates dendritic NMDAR motility. Utilising a mouse model of DISC1 disruption by 
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the translocation we show that mutant mouse neurons exhibit increased NMDAR fast active 

transport and cell surface/synaptic NMDAR expression. These observations implicate 

dysregulated NMDAR dynamics/ signalling and excitatory synapse dysfunction in the 

psychiatric disorders displayed by translocation carriers. In further support of a general 

disease mechanism revealed by the translocation, we find that it impacts biological pathways 

highlighted by independent schizophrenia and depression GWAS and CNV studies. 

 

MATERIALS AND METHODS 

Detailed materials and methods for all experiments are provided in the supplementary 

information. Essential information is included below. 

 

Generation of induced pluripotent stem cells (IPSC) from dermal fibroblasts 

Dermal fibroblasts were reprogrammed using non-integrating episomal plasmids 

incorporating Oct3/4, shRNA to p53, SOX2, KLF4, L-MYC and LIN2818, and converted to 

neural precursor cells by dual-SMAD signaling inhibition19. 

 

Generation of a mouse model of the t(1;11) translocation 

Mice were genetically engineered using Regeneron’s GEMM platform (VelociMouse®). 

Disc1 was targeted in embryonic stem cell clones using a vector containing mouse Disc1 

genomic DNA encompassing exons 6, 7 and 8 as the 5’ homologous arm, and sequences 3’ 

of Disc1 as the 3’ homologous arm. Human chromosome 11 genomic DNA, encompassing 

putative exons 4, 5, 6, 7a, and 7b of DISC1FP120 followed by a loxP-flanked neo cassette, 

was inserted between the mouse homologous arms. Homologous recombination removed 

98,550bp of mouse Disc1 downstream of exon 8, and inserted 114,843bp of human 

DISC1FP1 sequence. The edited endogenous mouse Disc1 locus mimics the 

DISC1/DISC1FP1 gene fusion event on the derived chromosome 1 in translocation carriers, 

and the mutation is referred to as Der1.  
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RNA sequencing 

Three control and three translocation-carrying neural precursor lines were each 

differentiated to neurons independently in triplicate. RNA was extracted and sequenced to a 

depth of 60 million paired-end reads. Differential gene expression was analysed at the whole 

gene and single exon levels using DESeq2 from the R statistical package21, and DEXSeq22, 

respectively. 

 

Dendra2 NMDAR trafficking assay 

A Dendra2 tag was fused to the GluN1 C-terminus. Dendra2 exhibits green fluorescence, 

but can be photoconverted to red fluorescence. DIV7 hippocampal neurons were co-

transfected with GluN1-Dendra2 plus HA-GluN2B to maximise NMDAR assembly, and 

therefore trafficking outwith the ER. Dendra2 was photoconverted within a region of interest 

positioned on a primary dendrite. Time-lapse images were captured every 15 seconds for 

three minutes and red fluorescence bidirectional movement along dendrites was quantified. 

Essentially, dendrites were divided into 5m bins, and red fluorescence intensity was 

quantified within each bin at each timepoint. Finally, fluorescence intensity within each bin 

was normalised to dendritic area and fluorescence intensity in bin zero at time zero. 

 Fluorescence peak average velocities were determined individually for each neuron 

using the 10m and 15m bins where the peak was clearly identifiable. Maximum velocity 

estimates were determined individually for each neuron using the 25-40m bins where the 

appearance of the leading edge of the wave of red fluorescence could be ascertained. 

 

RESULTS 

Neural precursor cells (NPC) and neurons derived from t(1;11) translocation carriers 

Dermal fibroblasts from translocation carriers diagnosed with schizophrenia, recurrent major 

depression, cyclothymia or recurrent major depression plus bipolar disorder (not otherwise 

specified, and karyotypically normal family members (Supplementary Figure 1) were 
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reprogrammed using non-integrating episomes18. NPC lines were generated from the IPSC 

(Supplementary Figure 2a-c) as described previously19. All NPC lines exhibit typical 

morphology and form rosettes in culture, with almost 100% of cells expressing the neural 

progenitor marker NES (Supplementary Figure 2c). Each NPC line consistently differentiates 

to produce neurons expressing the neuronal marker III-tubulin (Supplementary Figure 2d). 

To examine the effect of the translocation upon DISC1 transcript levels in the t(1;11) 

family NPCs and neurons, NPCs were differentiated over five weeks, with sampling at time 

zero (before differentiation onset) and weekly thereafter, to obtain RNA for quantitative RT-

PCR analysis. Wild-type DISC1 expression is decreased in translocation-carrying NPCs and 

neurons relative to controls (Figure 1a). Moreover, DISC1 expression increases as 

differentiation progresses (Figure 1a,b), although the proportional change each week is not 

altered by the translocation (Figure 1b). DISC1 expression may therefore be particularly 

important in neurons. An antibody that detects full-length DISC1 (Supplementary Figure 3a) 

confirmed its reduced expression in NPCs and neurons (Figure 1c,d). 

Chimeric CP1 and CP60/69 transcripts, resulting from translocation-induced DISC1 

gene fusion to the DISC1FP1 (otherwise known as Boymaw) gene on the derived 

chromosome 120 were PCR-amplified from NPCs and neurons derived from translocation 

carriers (Figure 1e). These transcripts encode aberrant forms of DISC1 which, when 

exogenously expressed, are deleterious20, thus they are likely damaging to the brain in vivo. 

However, their endogenous expression awaits confirmation. 

DISC2 and DISC1FP1, also disrupted by the translocation, are expressed in the 

NPCs and neurons, but at low, non-quantifiable levels (Supplementary Figure 3b). 

 

Transcriptomic analysis of t(1;11) family neurons 

We next performed RNA sequencing (RNASeq) analysis as an unbiased screen for the 

effects of the translocation upon gene expression in the human cortical neurons. The 

translocation lines used were derived from patients diagnosed with schizophrenia, recurrent 

major depression, or cyclothymia. The use of cross-diagnostic samples aimed to ensure that 
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the major effects of the translocation are identified, rather than any disorder-specific effects 

due to genetic background. 1,256 (BaseMean>10) of 22,753 expressed genes were found to 

be differentially expressed (adjusted p<0.05, Figure 2a, Supplementary Table 1a). 938 

genes also exhibit differential expression of individual exons (adjusted p<0.05), an indicator 

of altered isoform expression (Supplementary Table 1b). 

IPSC-derived neuron cultures are a mix of cell types, thus it is possible that the 

translocation could affect gene expression patterns via influences upon cell fate. However 

analysis of genes whose expression was determined to be enriched in mouse or human 

astrocytes and neurons by single cell RNASeq analysis20,21 found that only 7/41 mouse and 

3/21 human astrocyte markers, and 8/25 mouse and 5/34 human neuron markers are 

dysregulated (Supplementary Table 1c,d). Four of the dysregulated mouse neuron markers, 

DLX1, DLX2, DLX5 and DLX6, are already known to be regulated by DISC1, indicating a 

subtle shift in neuronal properties22,23. Classic markers of neurons, and of inhibitory 

GABAergic neurons, are also unaffected (Supplementary Table 1d). Moreover, analysis of 

genes whose expression is enriched in specific ‘communities’ of human excitatory and 

inhibitory neurons21 found little indication of change to either type overall (Supplementary 

Table 1e). Thus, the translocation does not affect the proportion of astrocytes versus 

neurons, or of excitatory versus inhibitory neurons, although neuron properties may be 

subtly altered. This is consistent with a previous study which examined the effects of a 

DISC1 mutation upon gene expression in IPSC-derived neurons22. 

300 and 71 of the dysregulated genes, respectively, are also differentially expressed 

in IPSC-derived neurons carrying a frameshift mutation in DISC1 exon 1223 (hypergeometric 

probability p=2.5E-21 Supplementary Table 1a,b) or exon 822 (p=0.00002), indicating that 

independent DISC1 mutations have overlapping effects. Differential DISC1 expression was 

not initially detected in the whole gene analysis, presumably due to the presence of chimeric 

DISC1 transcripts originating from both derived chromosomes (Figure 1e, Supplementary 

Figure 3c). However comparison of reads that span intron 8, the location of the translocation 

.CC-BY-ND 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted June 17, 2018. ; https://doi.org/10.1101/349365doi: bioRxiv preprint 

https://doi.org/10.1101/349365
http://creativecommons.org/licenses/by-nd/4.0/


9 

 

breakpoint, and that can therefore only arise from wild-type transcripts, indicates that wild-

type DISC1 transcripts are indeed reduced (Figure 2b). 

 Due to the potential for positional, or other, effects of the translocation upon 

neighbouring gene expression, we examined transcript levels over a region of approximately 

20Mb proximal and distal to the translocation breakpoints on chromosomes 1 and 11. Such 

analysis identified a number of differentially expressed genes and exons, and possible 

clustering of dysregulated genes around the chromosome 11 breakpoint (Supplementary 

Table 1f, g). 

Gene ontology (GO) analysis (Figure 2c) highlighted cell/neuron projections (7 of the 

top 20 GO Component terms), the post-synaptic density of excitatory synapses (2/20) and 

vesicles/organelles (4/20). Additional significant GO Process and GO Function terms relate 

to synapse assembly, cell adhesion and the actin cytoskeleton. Ingenuity Pathway Analysis 

(IPA), a complementary method, identified similar terms, including terms that predict the 

translocation will affect synapse assembly and function in mature neurons of the brain 

(Figure 2d). IPA also found the term ‘movement of organelle’ was significant, (Figure 2d). 

Given that the RNAseq analysis is unbiased, it is notable that DISC1 regulates processes 

related to three of the major enriched categories; neurite extension10; synaptic vesicle and 

mitochondrial trafficking13,14; and actin remodelling11. We therefore infer that these process-

related gene expression changes are most likely due to DISC1 disruption. 

 While the translocation is unique to a single family, translocation carriers do not 

present unusual clinical symptoms outside current diagnostic criteria, thus the consequences 

of the translocation may converge upon biological processes shared with other unrelated 

patients. In support of this, several of the differentially expressed genes in t(1;11) neurons 

correspond to genome-wide association study (GWAS) findings for schizophrenia2,24. 

Expression of 33 of the 348 genes from 25 the 108 associated loci (hypergeometric 

probability p=7E-6 indicates enrichment for loci containing at least one dysregulated gene) 

identified in the first study, and of 37 of the 481 genes from 24 of the 145 loci 

(hypergeometric probability p=0.001) identified in the second study, is altered at the whole 
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gene and/or exon level in control versus translocation lines (Supplementary Table 1a,b).  Of 

these dysregulated putative schizophrenia genes, changed expression of DRD2, encoding 

the dopamine D2 receptor, a target of all antipsychotics in clinical use, and PDE4B, 

encoding a cAMP-degrading phosphodiesterase and known DISC1 interactor25 was 

confirmed by quantitative RT-PCR (Figure 2e). Altered expression was also confirmed for 

genes encoding the historical candidate NRG126 and its receptor ERBB4 (Figure 2e), both of 

which have previously been linked functionally to DISC127,28. Expression of 12 of 52 genes 

encoding synaptic proteins that are targeted by recurrent CNVs in schizophrenia3 is also 

altered (hypergeometric probability p=0.001, Supplementary Table 1a,b). Four of 70 genes 

at four of 44 depression-associated loci (9.1% of loci, no enrichment)29 identified through 

GWAS are also dysregulated (Supplementary Table 1a,b). 

Finally, three of four recently identified putative modifier loci in the t(1;11) family30 are 

adjacent to the translocation breakpoints on chromosome 1 or 11 (Supplementary Table 

1f,g). Of the three genes of interest identified therein, GRM5 is not dysregulated in the 

human cortical neurons (Figure 2e, Supplementary Table 1a,b), CAPN8 is expressed at very 

low, non-quantifiable levels, and CNTN5 is dysregulated according to the RNASeq analysis 

(p=0.0008, Supplementary Table 1a,b). However, although quantitative RT-PCR also 

suggests increased CNTN5 expression, this did not achieve statistical significance (Figure 

2e). The fourth locus, encompassing PDE4D, could not be examined because the cell lines 

used for RNASeq analysis and quantitative RT-PCR do not carry the required haplotype. 

 

A mutant mouse recapitulates the effect of the t(1;11) translocation upon DISC1 

A mutant mouse was generated by deleting genomic DNA containing Disc1 exons 9-13, and 

replacing it with human chromosome 11 genomic DNA containing relevant DISC1FP1 exons 

(Figure 1f). This mimics the gene fusion caused by the translocation on the derived 

chromosome 120, thus we refer to the mutation as Der1. 

Quantitative RT-PCR demonstrated that wild-type Disc1 transcript expression is 

reduced by approximately half in whole brain isolated from adult heterozygous Der1 
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(Disc1wt/Der1) mice in comparison to wild-type (Disc1wt/wt) mice (Figure 1g). Full-length Disc1 

protein expression is detected at approximately 100kDa, and is correspondingly reduced in 

Disc1wt/Der1 versus Disc1wt/wt mice (Figure 1h). As expected wild-type Disc1 transcripts and 

protein were undetectable in whole brain from homozygous (Disc1Der1/Der1) mice (data not 

shown, Figure 1h, respectively). CP60/69 transcripts were detected using RT-PCR in whole 

brain from adult Disc1wt/Der1 and Disc1Der1/Der1 mice (Figure 1i), and quantitative RT-PCR in 

Disc1Der1/Der1 mice demonstrated widespread expression of these transcripts (Supplementary 

Figure 3d). Quantitative analysis of wild-type Disc1 expression in Disc1wt/wt mice generated a 

similar pattern of expression to that of the chimeric transcripts (Supplementary Figure 3d), 

indicating that Disc1 promoter activity is not greatly affected by the Der1 mutation. Further 

characterisation of the Der1 mutant mouse will be published elsewhere. 

 

Interaction between DISC1 and GluN1 

Immunoprecipitation experiments using endogenous brain proteins have previously 

demonstrated that GluN1 and Disc1 exist in shared complexes in vivo31. Here, using FLAG-

DISC1 and HA-tagged GluN1, we confirmed that they can be co-immunoprecipitated using 

COS7 cells (Figure 3a). We next used FLAG-DISC1 to probe peptide arrays of the GluN1 

cytoplasmic tail, encompassing the alternatively spliced C0, C1 and C2 cassettes (Figure 

3b)32. FLAG-DISC1 was found to bind directly to GluN1 peptide spots 1-16, encompassing 

amino acids 831-930 and, most strongly, to three regions, namely within peptides 6-8, 13 

and 16, corresponding to the C1, C2 and C0 cassettes. To confirm DISC1 binding to these 

regions we demonstrated that FLAG-DISC1 efficiently co-immunoprecipitates GST-tagged 

GluN1 C0-C1-C2 from COS7 cell lysates (Figure 3c). All known GluN1 isoforms contain at 

least one of these cassettes32 and thus can potentially interact with DISC1. 

Reciprocal probing of a human DISC1 peptide array with the cytoplasmic tail of 

GluN1 fused to FLAG revealed a GluN1 contact site between amino acids 361-385 (Figure 

3d). To confirm this, an alanine scanning peptide array of DISC1 amino acids 361-385 was 

interrogated with the same GluN1 probe (Figure 3e), revealing that binding to the wild-type 
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sequence is substantially weakened by alanine conversion of any one of amino acids E374, 

L380, E381, D382, L383, E384 and Q385. The DISC1 head domain therefore contacts 

GluN1 via a single site in which residues 380-385 are critical for binding. This binding site 

was independently confirmed by co-immunoprecipitating HA-GluN1 and GST-DISC1 amino 

acids 358-499 from COS7 cells (Figure 3f). Moreover, exogenous DISC1 co-localises with 

endogenous GluN1 in cultured DIV8 and DIV14 hippocampal neurons (Figure 3g). These 

observations indicate that DISC1 and the putative schizophrenia risk factor GluN13 have the 

capacity to interact directly in vivo.  

 

TRAK1 complexes with GluN2B 

Because DISC1 interacts with GluN1 and regulates cargo transport, we speculated that 

DISC1 and TRAK1 might be involved in NMDAR trafficking. To test this, we co-transfected 

COS7 cells with TRAK1 plus NMDAR subunit GluN1 or GluN2B expression constructs. In 

the absence of TRAK1, both GluN1 and HA-GluN2B predominantly co-localise with the ER 

marker Calreticulin (Figure 3h), while FLAG-TRAK1 is strongly targeted to mitochondria, as 

expected17 (Figure 3i).  In co-transfected cells there is no appreciable co-localisation 

between FLAG-TRAK1 and GluN1 (Figure 3i), but in the presence of FLAG-TRAK1, HA-

GluN2B redistributes from the ER to mitochondria (Figure 3i). Moreover, in triple transfected 

cells, in the presence of HA-GluN2B plus FLAG-TRAK1, a substantial proportion of GluN1 

localises to mitochondria (Figure 3j), indicating that assembled NMDAR can associate with 

TRAK1. We next immunoprecipitated Trak1 from mouse brain synaptosome and light 

membrane fractions where both proteins are enriched33 (data not shown), and demonstrated 

co-precipitation of GluN2B (Figure 3k, Supplementary Figure 4). The DISC1-associated 

trafficking factor Trak1 thus associates with the NMDAR GluN2B subunit in vivo. 

DISC1, with TRAK1, is now well established as a regulator of neuronal intracellular 

trafficking34. The GluN1/ DISC1/TRAK1 and TRAK1/GluN2B associations therefore imply 

that DISC1 regulates motility of GluN2B-containing NMDAR. 
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DISC1 dysregulates dendritic GluN1-Dendra2 motility in mouse hippocampal neurons  

To examine NMDAR motility in neurons we fused the green fluorescent protein Dendra2 to 

GluN1, which is incorporated into all NMDAR. Dendritic GluN1-Dendra2 has a granular 

appearance similar to that of endogenous GluN1 (Figure 4a, Supplementary Figure 5a)35. 

Dendra2 can be stably photoconverted to red fluorescence, enabling tracking of a specific 

red GluN1 population (Supplementary Video). Dendra2 fusion to the GluN1 C-terminus does 

not interfere with receptor assembly or trafficking to synapses because GluN1-Dendra2 co-

localises with the post-synaptic density marker PSD95 within dendritic spines 

(Supplementary Figure 5b). This can only occur following proper receptor assembly5. 

Bulk GluN1-Dendra2 movement was quantified in cultured wild-type hippocampal 

neurons expressing exogenous human DISC1, at Days In Vitro 8 (DIV8), an age at which 

the dendritic arbour is suitably developed, but not too complex. Following GluN1-Dendra2 

photoconversion, red fluorescence bidirectional spreading was imaged and analysed every 

15 seconds for a total of 2 minutes in successive 5m bins along the dendrites 

(Supplementary Figure 5c-n). 

We examined the effect of wild-type DISC1 and of a change of arginine to tryptophan 

at position 37 (37W) in DISC1 (Supplementary Figures 6a-f,7a,7b). This sequence variant 

has been reported in four individuals, all with a diagnosis of psychiatric illness36,37, and 

dysregulates DISC1/TRAK1 association17. Wild-type DISC1 overexpression increases distal-

moving red fluorescence in the 2035m bins (Supplementary Figure 6c,d), while in the 

proximal direction it reduces red fluorescence intensity in all bins (Supplementary Figure 

7a,b). In contrast, DISC1-37W overexpression increases and decreases distal-moving red 

fluorescence in the 515m and 2535m bins, respectively (Supplementary Figure 6c,d), 

while proximal-moving red fluorescence increases in the 5-20m bins (Supplementary 

Figure 7a,b). 

These data are consistent with the existence of at least two classes of distal-moving 

dendritic GluN1-Dendra2 in young hippocampal neurons that are differentially influenced by 
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DISC1; 1) a slow-moving population in the 5-15/20m bins (average velocity=0.2m/s in 

empty vector-transfected neurons, Supplementary Figures 6d,6e,7b), representing the 

majority of the GluN1-Dendra2, and 2) a fast-moving population in the 25-35m bins 

(average velocity=0.82m/s in empty vector-transfected neurons, Supplementary Figures 

6d,6f,7b). 

These populations represent the trailing edge plus ‘crest’, and the leading edge, 

respectively, of a wave of motile GluN1-Dendra2 (Supplementary Figures 6d,7b). Our 

evidence for these populations aligns well with estimates of 0.2-0.3m/s for movement of 

dendritic ER vesicles38 and with estimates of 0.76m/s for the motility rate of assembled 

NMDAR-containing vesicles undergoing fast active transport in dendrites39, thus the slow 

and fast populations likely represent the ER GluN1 pool and NMDAR-containing vesicles 

undergoing active transport, respectively. 

 

Altered dendritic NMDAR motility in Der1 mouse hippocampal neurons 

We next quantified bulk GluN1-Dendra2 movement within neuronal dendrites from Disc1wt/wt 

and Disc1Der1/Der1 mice using the same method (Figure 4b-g, Supplementary Figure 7c,d). 

The same two pools of GluN1 were detected, with the distal-moving ER and transport 

vesicle pools respectively decreased and increased in Disc1Der1/Der1 mutant neurons (Figure 

4d,e). A similar, but less marked, pattern of proximal GluN1-Dendra2 motility was observed 

(Supplementary Figure 7c,d). 

 

Altered dendritic NMDAR surface distribution in Der1 mouse hippocampal neurons 

The NMDAR trafficking data indicate that DISC1 modulates NMDAR motility and 

consequently predict dysregulated cell surface NMDAR expression in neurons cultured from 

the Der1 mutant mouse. To test this we quantified NMDAR cell surface expression in DIV21 

cultured Disc1wt/wt, Disc1wt/Der1 and Disc1Der1/Der1 hippocampal neurons, an age at which 

neurons have matured and developed synapses. Cell surface expression of the NMDAR 
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subunits GluN1, GluN2A and GluN2B, and of the post-synaptic density marker PSD95 and 

III-tubulin (Tuj1) was imaged at high resolution by three-dimensional Structured Illumination 

Microscopy (3D-SIM, Supplementary Figure 8) which achieved a lateral image resolution of 

180nm for the NMDAR subunits and 120nm for PSD95.  

3D reconstruction of III-tubulin and of GluN1, GluN2A and GluN2B was used to 

estimate dendritic volume, and the number and volume of individual surface puncta of each 

NMDAR subunit, respectively (Figure 5a,b, Supplementary Table 2). This analysis 

demonstrated increased density of GluN1 and GluN2B puncta in Disc1wt/Der1 and 

Disc1Der1/Der1 mutant neurons, while GluN2A puncta density is increased only in Disc1Der1/Der1 

mutant neurons. Total surface expression is correspondingly increased in Disc1wt/Der1 and 

Disc1Der1/Der1 mutant neurons. Average puncta volumes are increased for all three NMDAR 

subunits, but only in Disc1wt/Der1 neurons, suggesting that NMDAR form larger clusters on the 

cell surface in heterozygous neurons. This observation supports the existence of putative 

aberrant proteins encoded by the chimeric CP60/69 transcripts. These proteins retain a 

region that is sufficient for self-association40, so there is potential for dominant-negative 

effects due to formation of multimers consisting of wild-type and mutant protein, a situation 

that occurs only in heterozygous cells. 

At the neuronal cell surface NMDAR are present at synaptic, perisynaptic and 

extrasynaptic sites5, thus only a proportion of receptors co-localise with PSD95 at synapses. 

Applying Pearson’s co-localisation coefficient, which quantifies the overall correlation 

between two fluorescent signals, indicates that PSD95 co-localisation with GluN1 is 

substantially increased in Disc1Der1/Der1 mutant neurons (Figure 5c,d). However, synaptic 

localisation of GluN2A and GluN2B is not greatly altered (Supplementary Figure 9a,b). Since 

GluN1 subunits cannot be transported to synapses unless they have assembled with other 

subunit types, we suggest that this discrepancy is related to the presence of two GluN1 

subunits in every NMDAR, with variable inclusion of other subunit types, resulting in a clear 
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effect for the former, but not for the latter. If correct, the GluN1/PSD95 co-localisation data 

indicate that NMDAR are more abundant at synapses in the Disc1Der1/Der1 mutant neurons. 

Hippocampus protein extract immunoblotting demonstrated that total expression of 

GluN1, GluN2A and GluN2B is unaltered by the mutation in adult Disc1wt/Der1 or Disc1Der1/Der1 

mice (Supplementary Figure 9c), confirming that surface expression changes are due to 

altered NMDA receptor subunit distribution. 

 

Altered distribution of PSD95 in Der1 hippocampal mouse neurons 

PSD95 is one of the most abundant molecular scaffolds at the postsynaptic density of 

excitatory synapses. It has many functions including organisation of the postsynaptic 

density, NMDAR stabilisation at synapses, assembly of NMDAR-associated signalling 

complexes and recruitment of AMPA receptors (AMPAR), the major excitatory receptors in 

the brain41. PSD95 is thus a major determinant of excitatory synapse function and 

neurotransmission. Expression of PSD95 was therefore quantified in the imaged set of 

hippocampal neurons to determine whether synapse size and structure is also affected by 

the Der1 mutation. 

Super-resolution microscopy has demonstrated the existence of varying numbers of 

PSD95 puncta (nanodomains) at the post-synaptic density42-44. Most synapses have a single 

PSD95 nanodomain, but some have multiples42-44. Using 3D-SIM, PSD95 is visible as a 

combination of single spots and distinct clusters of multiple puncta (Figure 6a, 

Supplementary Figure 7), indicating that this super-resolution technique is able to resolve 

PSD95 nanodomains within clusters at the postsynaptic density. Total dendritic PSD95 

volume is not affected by the Der1 mutation (Figure 6b), however its distribution is altered. 

Analysis of the number of nanodomains per cluster (Supplementary Figure 8b-f) found that 

Disc1wt/Der1 and Disc1Der1/Der1 neurons have an increased density of single nanodomains 

(Figure 7c), and of small nanodomain clusters of 2-3 (Figure 7d). 

 

DISCUSSION 
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Recent large-scale GWAS and CNV studies implicate excitatory synapses, NMDAR subunits 

GluN1 and GluN2A, and synaptic plasticity as causal factors in schizophrenia2-4,24. We show 

here that multiple genes identified in these studies are differentially expressed in human 

neurons carrying a t(1;11) linked to major mental illness. Moreover, the gene DISC1, 

disrupted by the t(1;11), encodes a direct interactor of the NMDAR obligatory GluN1 subunit. 

This convergence of the t(1;11) with schizophrenia risk genes indicates that the t(1;11) is a 

trigger for disease pathways which are shared with unrelated schizophrenia patients. 

Affective disorders are also prevalent in t(1;11) carriers and we found differential expression 

of putative depression risk factors in the t(1;11)-carrying human neurons, although not as 

strikingly as for schizophrenia. 

We demonstrate that DISC1 regulates NMDAR motility within dendrites, a process 

that is critical for controlling cell surface and synaptic NMDAR expression. NMDAR motility is 

influenced by a DISC1 37W mutation36, 37, previously shown to affect mitochondrial motility17, 

and by the mouse Der1 mutation which accurately models the effect of the t(1;11) upon 

DISC1 expression. DISC1, DISC1-37W and the Der1 mutation influence the size of the 

GluN1 ER pool, indicating, in the absence of altered NMDAR subunit expression, that DISC1 

regulates NMDAR ER-exit. Indeed DISC1 is ER-associated16, and may directly impact 

NMDAR ER-exit because the binding site for DISC1 on GluN1 encompasses two ER 

retention signals (Figure 3b)5. However, a simple model whereby increased/decreased ER-

exit leads to respectively decreased/increased transport pool size cannot fully explain the 

effects of DISC1 upon NMDAR motility due to the lack of an overt relationship between the 

observed sizes of the ER and active transport pools. We therefore propose that DISC1 

influences the active transport pool independently of ER-exit, via TRAK1, which associates 

with the NMDAR subunit GluN2B, and its role as a regulator of neuronal cargo trafficking34. 

Mouse neurons expressing DISC1-37W exhibit a decreased pool of NMDAR 

undergoing fast active transport, while Der1 mutant mouse neurons exhibit an increased 

pool. Since the 37W variant has to date been found only in psychiatric patients, this 

suggests that dysregulation of this pool, up or down, is deleterious. Upregulation of the pool 
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in Der1 mutant mouse neurons correlates strikingly with the augmented density and overall 

volume of cell surface NMDAR clusters, suggesting that increased trafficking/membrane 

insertion largely account for the greater surface NMDAR volume. NMDAR are constantly 

exchanged between synaptic and extrasynaptic sites45, with synaptic insertion events 

believed to result from stochastic postsynaptic density-mediated capture of receptors 

undergoing lateral diffusion within the cell membrane46. Consequently, the elevated NMDAR 

surface volume in Der1 mutant mouse neurons likely increases the probability of their 

diffusion to, and insertion into, synapses, thus explaining the increased synaptic localisation 

of GluN1. 

In addition to the NMDAR abnormalities, the post-synaptic density scaffold PSD95 is 

aberrantly distributed in Der1 mutant mouse neurons. Postsynaptic density size at excitatory 

synapses is directly related to the number of PSD95 nanodomains present43, and to AMPA 

receptor (AMPAR) expression and synapse size/strength41. Moreover, the number of PSD95 

nanodomains at a synapse is proposed to be directly related to the number of AMPAR at a 

synapse42,44,47. Synaptic PSD95 nanodomain number therefore likely predicts synaptic 

AMPAR expression and in turn, synapse strength, which is determined by the number of 

AMPAR present. On this basis, the Der1 mutant mouse neurons are predicted to possess 

fewer synaptic AMPA receptors and weaker synapses. 

AMPAR-induced depolarisation initiates NMDAR-dependent synaptic plasticity and 

long-term potentiation via molecular pathways involving signalling molecules such as 

CAMKII, PKA, PDE4 and the transcription factor CREB48-52. This leads to increased synaptic 

AMPAR expression and dendritic spine volume through actin remodelling, and thus greater 

synapse strength and size53,54. Various DISC1 mutant mice exhibit synaptic plasticity 

defects34 and in some cases involvement has been demonstrated of PDE4, which interacts 

with and is regulated by DISC125 (Millar et al., 2005), or CREB.34 Moreover, DISC1 is known 

to regulate AMPAR subunit expression and dendritic spine size/density downstream of 

NMDA receptors via actin remodelling11,55, and could therefore control plasticity through 

these mechanisms. DISC1 is also reported to regulate NMDAR activity through PDE4-
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mediated activation of CREB-dependent GluN2A expression12, although we found no 

evidence of this mechanism in Der1 mice since hippocampal GluN2A levels are unaltered. 

DISC1 may therefore regulate synaptic plasticity at multiple levels downstream of NMDAR, 

and it is notable that the gene expression changes in the human neurons derived from 

t(1;11) carriers, including altered expression of PDE4B and genes required for actin 

cytoskeleton remodelling are a good fit with these processes. Crucially however, our data 

indicate that DISC1 has the potential to modulate the triggering of plasticity itself, through 

effects upon synapse strength and via direct interaction with GluN1, regulation of NMDAR 

dynamics, and thus control of their synaptic expression and availability to initiate plasticity. 

Synaptic plasticity underlies cognition which is characteristically impaired in schizophrenia in 

particular, but also in affective disorders. Our findings thus point towards a pathway that is of 

direct relevance to a core feature of psychiatric disorders in t(1;11) carriers, and to major 

mental illness in general. 

Four potential genetic modifiers have recently been identified in the t(1;11) family30. 

Of the genes of interest identified at these loci, only GRM5 and CNTN5 could be 

meaningfully examined using the selected panel of t(1;11) family neurons and, although 

abundantly expressed, neither was found to be dysregulated. Neither were any deleterious 

sequence variants that would affect protein function discovered in these genes30, although 

potential expression quantitative trait loci (eQTLs) that could affect GRM5 expression levels 

were previously identified within the modifier30. Such eQTLs may therefore act upon GRM5 

in a cell type-specific manner. The Der1 mouse mimics disruption of DISC1 by the t(1;11), 

isolating this event from any effects of the putative modifiers. We therefore propose that the 

deleterious effects of DISC1 disruption upon excitatory synapses, identified here using the 

Der1 mutant mouse, contribute substantially to risk of major mental illness in t(1;11) carriers, 

but can be influenced by the genetic modifiers and/or environmental factors, leading to 

differing outcomes. This is consistent with a previous observation that, irrespective of 

diagnosis, all tested t(1;11) carriers exhibit an abnormal schizophrenia endophenotype, the 
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P300 event-related potential6, and that P300 abnormalities are linked to NMDAR 

dysfunction56. 

In conclusion, the Der1 mutation-induced NMDAR trafficking and synapse 

abnormalities described here converge upon themes of dysfunctional NMDAR, excitatory 

synapses and plasticity that are emerging from schizophrenia and depression GWAS and 

CNV data. The t(1;11) thus provides a mechanistic window into the biochemical basis of 

these disorders, which links to genetic findings, and highlights new ways to consider 

therapeutic intervention. 
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SUPPLEMENTARY INFORMATION 

Supplementary information contains detailed materials & methods, Supplementary 

Figures 1-10 And Supplementary Table 2 

Supplementary Table 1a-g 

Supplementary Video Bidirectional movement of photoconverted GluN1-Dendra2 away 

from the photoconversion ROI (yellow box in frame 1) in a representative Disc1wt/wt 

hippocampal neuron. Scale bar, 15m 
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LEGENDS TO FIGURES 

Figure 1. DISC1 expression in neural precursors and neurons derived from members of the 

t(1;11) family by the IPSC route, and in the Der1 mouse model. (a) Quantitative RT-PCR 

analysis of DISC1 transcripts in NPCs and differentiating neurons over five weeks. Data 

analysed by two-tailed t-test (NPC samples only) and one-way ANOVA (all samples, 

p<0.0001), with pairwise Bonferroni post-test. (b) Data from a expressed as percentage of 

control. Data analysed by one-way ANOVA (p<0.0001) with pairwise Bonferroni post-test 

between NPC and each week of differentiation. Numbers above the columns indicate fold-

change in comparison to the previous week. (c)(d) Immunoblotting of DISC1 protein in 

neural precursors, c, or NPCs differentiated to neurons in triplicate, d. Left, representative 

immunoblots; Right, densitometric analysis. Data analysed by two-tailed t-test. (e) Detection 

of chimeric CP60/CP69 and CP1 transcripts by RT-PCR and sequencing. (f) Schematic of 

the mouse endogenous Disc1 allele targeting strategy. (g) Quantitative RT-PCR analysis of 

Disc1 transcripts in adult mouse whole brain. Data analysed by two-tailed t-test. (h) Disc1 

protein expression in adult mouse whole brain. Left, representative immunoblot; Right, 

quantification. Data analysed by two-tailed t-test. ns, non-specific bands (i) Detection of 

chimeric CP60/CP69 transcripts by RT-PCR and sequencing. NTC, non-template control; C, 

control; T, translocation carrier; WT, Disc1wt/wt; HET, Disc1wt/Der1; HOM, Disc1Der1/Der1; error 

bars represent SEM; * p<0.05; ** p<0.01; ***p<0.001; n indicated on graphs 

 

Figure 2. RNAseq analysis of human neurons. (a) Heat map of differentially expressed 

genes (DESeq2, adjusted p<0.05) in neurons from three control (28, 29, 30, Supplementary 

Figure 1) and three translocation lines (18, schizophrenia; 24, recurrent major depression; 

55, cyclothymia), three differentiations each. (b) Normalised RNASeq reads spanning DISC1 

exons 8 and 9 in all samples used for RNASeq analysis. (c) Top 20 significantly enriched 

GO Component (top), top 15 GO Process (middle), plus all GO Function (bottom) terms for 

combined DESeq2 plus DEXSeq lists, indicating FDR-corrected q values. Colours indicate 
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related GO terms (d) Gene networks relating to synapses and organelle movement derived 

using DESeq2 plus DEXSeq lists in IPA. *genes identified by DEXSeq; ** genes identified by 

DEXSeq plus DESeq2; red, upregulated; green, downregulated (e) Quantitative RT-PCR 

confirms differential expression of DRD2, PDE4B, NRG1 and ERBB4, but not of CNTN5 and 

GRM5, using three control and three translocation lines differentiated to neurons in triplicate. 

Data analysed by one-tailed t-test. C, control; T, translocation carrier; error bars represent 

SEM; n indicated on graphs 

 

Figure 3. DISC1 interacts with GluN1, TRAK1 associates with GluN2B. (a) HA-GluN1 co-

immunoprecipitates FLAG-DISC1 from transfected COS7 cells. (b) Upper, GluN1 

cytoplasmic tail (C0-C1-C2) peptide array hybridised with Flag-DISC1. Each spot represents 

a single peptide. red, black and green text marks the C0, C1 and C2 cassettes respectively. 

ER retention signals are in bold. (c) FLAG-DISC1 co-immunoprecipitates GST-tagged C0-

C1-C2. (d) DISC1 peptide array probed with FLAG-C0-C1-C2. (e) DISC1 361-385 GluN1 

binding region alanine scan probed with FLAG-C0-C1-C2. C, unmutated peptide. (f) HA-

GluN1 co-immunoprecipitates GST-DISC1 amino acids 358-499 from transfected COS7 

cells. (g) Co-localisation of FLAG-DISC1 and endogenous GluN1 in cultured DIV8 and 

DIV14 hippocampal neurons. Arrowheads and arrows indicate example sites of co-

localisation. (h) COS7 cells transfected with GluN1 or HA-GluN2B expression constructs 

were labelled with antibodies specific for GluN1 or HA, plus the ER marker Calreticulin. (i) 

COS7 cells co-transfected with FLAG-TRAK1 plus GluN1 (left) or HA-GluN2B (right) 

expression constructs were labelled using antibodies specific for GluN1 or HA, plus anti-

FLAG and the mitochondrial dye Mitotracker CMXRos. (j) COS7 cells triple-transfected with 

FLAG-TRAK1, GluN1 plus HA-GluN2B expression constructs were labelled using antibodies 

specific for GluN1, HA and FLAG, plus Mitotracker CMXRos. COS7 cells were used 

because they are ideal for exogenous protein expression due to their high transfection 

efficiency, large size and low profile, which facilitate co-immunoprecipitation and co-

localisation studies to complement endogenous protein studies in neurons. (k) Trak1 
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immunoprecipitates GluN2B from adult mouse brain synaptosome and light membrane 

fractions. Scale bars, 50m in G, otherwise 20m; white boxes indicate enlarged areas 

 

Figure 4. Altered distal dendritic NMDAR trafficking in Disc1Der1/Der1 hippocampal neurons. 

(a) Green Dendra2 fluorescence in dendrites of a DIV8 mouse hippocampal neuron 

transfected with GluN1-Dendra2 plus HA-GluN2B. Scale bar, 5m (b)(c) Mean red 

fluorescence intensity, b, or ROI dendritic length, c, in the central bin in Disc1wt/wt and 

Disc1Der1/Der1 DIV8 neurons was equal at time zero following photoconversion. (d) 

Quantification of fluorescence intensity over time in successive 5m dendritic bins distal to 

the centre of the photoconversion ROI. Data analysed by timepoint-paired two tailed t-test. 

(e) Model of dendritic GluN1-Dendra2 motility. Photoconverted GluN1-Dendra2 progresses 

in a wave-like fashion, with the fastest and slowest moving GluN1-Dendra2 at the leading 

and trailing edges, respectively, and the bulk travelling as the ‘crest’. (f) Fluorescence peak 

velocity estimates for the 10m and 15m bins. Average time to peak fluorescence was 

converted to velocity, indicated above each bar. Average velocities were determined from 

the two bins. (g) Fast-moving GluN1-Dendra2 maximum velocity estimates for the 25m-

40m bins. Average time to fluorescence appearance was converted to velocity, indicated 

above each bar. Average velocities were determined from the four bins. WT, Disc1wt/wt; 

HOM, Disc1Der1/Der1; error bars represent SEM; **** p<0.0001; *** p<0.001; ** p<0.01; 

*p<0.05; n indicated on graphs 

 

Figure 5. Altered dendritic NMDAR surface expression and GluN1 localisation to the post-

synaptic density in Disc1wt/Der1 and Disc1Der1/Der1 hippocampal neurons. (a) Objects in 3D-SIM 

images visualised using the Imaris Isosurface tool. Touching objects are separated, with 

boundary lines between touching objects visible in the enlarged images. scale bars, 2μm in 

the full-size images, 0.6μm in enlarged insets indicated by white boxes (b) GluN1, GluN2A 

or GluN2B surface puncta density, total surface volume and individual surface puncta 
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volume (all normalised to dendritic segment volume) from 3D reconstructions of primary 

dendrite segments of cultured DIV21 hippocampal neurons. Data analysed by Kruskal-Wallis 

(puncta density p=0.02, p=0.03, p=0.0004, total volume p=0.0025, p=0.4, p=0.003, puncta 

volume p=0.003, p<0.0001, p<0.0001 for GluN1, GluN2A and GluN2B respectively) followed 

by Dunn’s multiple comparison test. (c) Reconstructed 3D-SIM images of dendrites. Co-

localised voxels, which contain signal from both PSD95 and surface-expressed GluN1 are 

shown in white. Scale bars, 3m (d) GluN1 co-localisation with the PSD95 was evaluated on 

three measures. Pearson’s and Mander’s coefficients respectively indicate overall correlation 

of each signal or amount of GluN1 signal co-localised with PSD95 signal, and vice versa. 

Data analysed by Kruskal-Wallis (p=0.004, p=0.08, p=0.001 for Pearson’s, Mander’s M1 and 

Mander’s M2) followed by Dunn’s multiple comparison test. WT, Disc1wt/wt; HET, Disc1wt/Der1; 

HOM, Disc1Der1/Der1; error bars represent SEM; *** p<0.001; ** p<0.01; * p<0.05; n indicated 

on graphs 

 

Figure 6. Altered PSD95 distribution in Disc1wt/Der1 and Disc1Der1/Der1 hippocampal neurons. 

(a) Left, raw 3D-SIM image of a dendrite with PSD95 clusters and nanodomains. Right, the 

same image with nanodomain centres (bright green spots) identified using Imaris. Scale bar, 

1m, (b) PSD95 total volume normalised to dendritic segment volume. Data analysed by 

Kruskal-Wallis (not significant). (c) Quantification of single PSD95 nanodomains. Data 

analysed by one-way ANOVA (p<0.0001) (d) Quantification of PSD95 nanodomain number 

per cluster. Data analysed by two-way ANOVA which found a significant interaction between 

genotype and nanodomain number per cluster (p<0.0001). WT, Disc1wt/wt; HET, Disc1wt/Der1; 

HOM, Disc1Der1/Der1; error bars represent SEM; *** p<0.001; ** p<0.01; n indicated on graphs 
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FIGURES 

Figure 1 
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Figure 2 
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SUPPLEMENTARY INFORMATION 

MATERIALS AND METHODS 

Generation of induced pluripotent stem cells (IPSC) from dermal fibroblasts 

Ethical consent relating to the translocation family is as follows: Prior to 2014, Lothian 

Research and Development (2011/P/PSY/09), Scotland A Research Ethics Committee 

(09/MRE00/81); 2014 onwards, Lothian Research and Development (2014/0303), Scotland 

A Research Ethics Committee (14/SS/0039). Fibroblasts were cultured in DMEM with 10% 

FBS (all media and supplements from Life Technologies unless stated otherwise) at 37oC 

with 5 % CO2. Fibroblasts were reprogrammed by non-integrating methods, using episomal 

plasmids1. For episomal reprogramming of some lines we used a protocol adapted by Tilo 

Kunath, (University of Edinburgh) and Roslin Cells (roslincells.com). Other lines were 

reprogrammed by Roslin Cells. Plasmids incorporating Oct3/4, shRNA to p53, SOX2, KLF4, 

L-MYC and LIN28 were electroporated into fibroblasts using Nucleofection (Amaxa, Lonza). 

The episomal plasmids pCXLE-hOCT3/4-shp53-F (for OCT3/4 and p53 knockdown), 

pCXLE-hSK (for SOX2 and KLF4) and pCXLE-hUL (for L-MYC and LIN28) were a gift from 

Shinya Yamanaka. (These correspond to Addgene plasmids 27077, 27078, 27080). 5 x 105 

fibroblasts were transfected with 1.7ug of pCXLE-hOCT3/4-shp53-F, 1.6ug of pCXLE-hSK 

and 1.7ug of pCXLE-hUL using the NHDF Nucleofector kit and Amaxa Nucleofector protocol 

U-023 (1,650 V, 10 ms, 3 time pulses), according to the manufacturer’s instructions. Cells 

were then seeded into one well of a gelatin-coated 6 well tissue culture grade plate in Opti-

MEM (ThermoFisher Scientific) supplemented with 10% FCS and 1% Antibiotic Antimycotic 

Solution (Life Technologies 15240062). All stages of cells were maintained in media 

supplemented with Antibiotic Antimycotic Solution thereafter. The medium was replaced 

every 2-3 days before cells were replated into a 10cm Vitronectin/Geltrex (ThermoFisher 

Scientific) or Matrigel (Life Technologies)-coated tissue culture grade dish after 6-7 days. 

The following day the medium was changed to Essential 6 medium (ThermoFisher Scientific) 

with added 100 ng/ml bFGF (Peprotech). The medium was changed every 2 days until 

colonies were ready to be picked, at approximately day 25-30. Individual colonies were 
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picked and expanded into 12, then 6, well Vitronectin/Geltrex or Matrigel-coated tissue 

culture grade plates in Essential 8 medium (ThermoFisher Scientific) with daily medium 

changes. Cells were passaged using 0.5mM EDTA in PBS. IPSCs were generated and 

cultured at 37oC, 5% CO2 and 21% O2. Quality control of IPSC lines was performed after 

clonal passage 10. 

Pluripotency of IPSC lines was assessed using markers SSEA-1 PE, SSEA-4- 

AlexaFluor647 and Oct3/4 PerCP-Cy5.5 and isotype controls using the BD Stemflow Human 

and Mouse Pluripotent Stem Cell Analysis Kit (BD Biosciences, 560477) according to the 

manufacturer’s instructions, or with SSEA-1-APC (301907), SSEA-4-FITC (330409), TRA-1-

60-PE (330609), TRA-1-81-PE (330707) and isotype controls (all BioLegend) as follows: 

IPSCs were dissociated using StemPro Accutase (Life Technologies) and washed with 

Essential 8 medium. 1x105 cells were incubated with antibodies in 2% Fetal Bovine Serum in 

PBS for 1 hour on ice. Cells were washed once with 2% BSA/PBS, centrifuged at 200 x g for 

5 min and resuspended in 200 ul 2% BSA/PBS. FACS analysis was performed on single cell 

suspensions using a FACS Aria cell sorter (BD Biosciences). Data were analysed using 

FlowJo v10 software. 

 EBNA-1 primer sequences and amplification protocol were taken from the Epi5 

Episomal iPSC Reprogramming Kit (Life Technologies, A15960). Genomic DNA was 

extracted from IPSCs using the DNeasy kit (Qiagen). Cells that had not been in contact with 

episomes, were used as negative controls. Positive controls were low passage IPSC lines 

where episomes were still present. A non-template control (NTC) was also used. IPSC lines 

were only taken forward once episomal clearance had been confirmed by this method (data 

not shown). 

 The human Cytoscan 750 K Array (Affymetrix) was used to identify genomic 

abnormalities in the IPSC lines. The array consists of 550,000 unique non-polymorphic 

probes and 200,000 SNPs for accurate genotyping. Genomic DNA was extracted from IPSC 

clones using the DNeasy kit (Qiagen) according to manufacturer’s instructions. Samples 

were sent to the NHS Cytogenetics Laboratory (Western General Hospital, Edinburgh) for 
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processing of the arrays. Chromosome analysis was performed using Chromosome Analysis 

Suite version 2.0 (Affymetrix). Copy number, breakpoints and Loss Of Heterozygosity (LOH) 

regions were determined using the models and algorithms incorporated within the software 

package. To exclude possible false positives due to inherent microarray noise the CNV 

threshold of gains and losses for inclusion in analyses was 10 kilobase pairs (kbp) and 10 

consecutive markers. IPSC lines with deletions or duplications greater than 5 MB, the limit 

typically applied by G-banding, were excluded from further studies. 

  

NPC culture and neuronal differentiation 

IPSCs were converted into neuroectoderm by dual-SMAD signalling inhibition2. Long-term 

anterior neural precursor cells were generated and maintained under physiological normoxia 

(3% O2) and in the absence of EGF3. NPCs were cultured at 37oC, with 5% CO2 and 3% O2 

on Matrigel (Life Technologies)-coated 6 well tissue culture grade plates in Advanced 

DMEM/F-12 (Life Technologies) with 1% Glutamax-1 (Life Technologies), 1% N2 

supplement (Life Technologies), 0.1% B27 supplement (Life Technologies), 10 ng/ml bFGF 

(PeproTech) and 1% antibiotic/antimycotic solution (Life Technologies). NPCs were 

maintained up to passage 30 with feeding every 2-3 days and weekly passages using 

StemPro Accutase (Life Technologies). All NPC lines were tested every week for 

mycoplasma infection. For differentiation into cortical forebrain-like neurons3, NPCs were 

plated into Matrigel (Life Technologies)- and Laminin (Sigma-Aldrich)-coated 12 well tissue 

culture grade plates in Advanced DMEM/F-12 with 0.5% Glutamax-1, 0.5% N2 supplement, 

0.2% B27 supplement, 2 μg/ml Heparin and 1% antibiotic/antimycotic solution (Life 

Technologies). Neurons were maintained for 5 weeks with feeding as necessary. During 

weeks 2 and 3 the neuronal differentiation medium was supplemented with Forskolin (Tocris 

Bioscience). During weeks 4 and 5 the Forskolin was removed, and the medium was 

supplemented with BDNF (Life Technologies) plus GDNF (Life Technologies) to 5ng/ml 

each. 
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Mouse generation and colony maintenance 

VelociMouse® technology (Regeneron)4 was used to target embryonic stem cells and 

microinject them into mouse embryos. In brief, F1H4 (129S6SvEv/C57BL6F1) embryonic 

stem cells were electroporated with the linearized vector construct and positive clones were 

microinjected into 8-cell stage mouse C57BL6 embryos. Microinjected embryos were 

transferred to uteri of pseudopregnant recipient females, weaned pups were scored, and 

high percentage chimera males were selected for mating with flp-positive C57BL6 females to 

remove the selection cassette, to prove germ-line transmission, and to generate F1 animals 

for further breeding. 

Because there is already a mutation (25bp deletion) at the Disc1 allele in exon 6 in 

the 129/Sv strain which causes a truncation of Disc15, F1 progeny were generated and a 

PCR assay which distinguishes the C57BL/6 allele versus the 129/Sv allele was employed to 

determine which F0 mice were correctly targeted to the C57BL/6 locus (Supplementary 

Figure 10). Mice which carried the translocation on the C57BL/6 allele were then crossed to 

CMV-Cre mice to remove the Neo cassette via Cre-mediated recombination at the flanking 

loxP sites. Genotyping results were confirmed by Loss-of-Native-Allele assay. 

The exclusion of the differentially spliced DISC1FP1 exon 3a6 that is present in a 

minority of transcripts (www.genome.ucsc.edu) precludes production of transcripts encoding 

CP1. The exclusion of the differentially spliced DISC1FP1 exon 7b does not affect the 

potential production of CP60/69 proteins since the stop codon in chimeric transcripts 

encoding these proteins occurs in exon 66. Since the Disc1 allele was modified on a mixed 

background of 129 and C57BL/6J, a congenic breeding strategy was adopted to purify the 

strain background. Following repeated crossing to C57BL/6J mice, genotyping of 

polymorphic markers carried out by the Jackson Laboratory found the mice to be >99.5% 

C57BL/6J. These mice were then mated to C57BL/6J for one final round and the progeny 

used for subsequent experiments. Mice were housed in the Biomedical Research Facility at 

the University of Edinburgh. All mice were maintained in accordance with Home Office 
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regulations, and all protocols were approved by the local ethics committee of the University 

of Edinburgh.  

 

Expression constructs 

Constructs pCB6-HA-GluN2B7, expressing full-length rat GluN2B tagged at the N terminus 

with the HA epitope, pCB6-GluN17 and a plasmid expressing HA-GluN1 were gifts from 

William Green (University of Chicago). A GluN1-YFP expression construct was a gift from 

Seth Grant (University of Edinburgh).  

 Full length GluN1 and the C-terminal tail of GluN1 (C0-C1-C2) were subcloned into 

pCMV4A (Agilent) to generate FLAG-tagged constructs using the following Not1-Sal1 primer 

combinations: gatcgcggccgcaccatgagcaccatgcacctgctgacattcgcc, 

gatcgtcgacgctctccctatgacgggaacac and gatcgcggccgccaccatggagatcgcctacaagcgacacaag, 

gatcgtcgacgctctccctatgacgggaacacagctg.  The GluN1 C0-C1-C2 sequence was subcloned 

into the BamH1-Not1 site of pEBG-2T to produce a GST fusion. 

A DISC1 open reading frame consisting of amino acids 358-499 was inserted into the 

BamH1-Not1 sites of pEBG to generate pEBG GST-DISC1 358-499. The full-length DISC1 

open reading frame was inserted into the same plasmid to generate pEBG GST-DISC1. 

Plasmid pGluN1-Dendra2, expressing full-length human GluN1 (transcript variant 

GluN1-1a) tagged at the COOH terminus with Dendra2, was generated as follows. Dendra2 

coding sequence was amplified from pDendra2-N (Clontech) using primer pair 

gatcgcggccgctcgagatgaacaccccgggaattaacc and 

gatcggccggccttaccacacctggctggg and sub-cloned between the NotI and FseI sites of 

construct pCMV6-AC-NR1 (GluN1)-GFP (Origene RG216458). 

Generation of pcDNA4/TO constructs expressing FLAG-TRAK1, FLAG-DISC1, 

FLAG-DISC1-37W and a corresponding empty vector has been described previously8, 9.  All 

expression constructs were verified by sequencing. 

 

RNA isolation and cDNA synthesis 
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Total RNA was extracted using the RNeasy mini Kit (Qiagen), according to the 

manufacturer’s instructions. Genomic DNA was removed prior to cDNA synthesis using the 

TURBO DNA-free Kit (Thermo Fisher Scientific) and cDNA synthesis was performed using 

Dynamo cDNA synthesis kit (Thermo Scientific). 

 

RT-PCR 

RT-PCR was performed using the Titanium Taq PCR Kit (Clontech). Each reaction 

contained cDNA template, 2.5l PCR buffer, 0.5l dNTPs, 1l of both primers (10M stock) 

and 0.5l enzyme in a total volume of 25l. Non-template controls were created by replacing 

the cDNA template with water. 

 

Quantitative RT-PCR  

Quantitative Real-Time PCR was performed in 384-well plates using Power SYBR green 

PCR Master Mix (Applied Biosystems) on the 7900 HT sequence Detention System (Applied 

Biosystems). Non-template and minus reverse transcriptase controls were included in all 

experiments with three technical replicates for all samples. To control for inter-plate variation 

a calibrator sample was included on every plate for normalisation purposes. For 

quantification of human DISC1, housekeeping gene stability was assessed across samples 

taken from NPCs through to five week neurons for several genes using geNorm 

(genorm.cmgg.be/). GAPDH and ACTB were subsequently selected as the most stable 

housekeeping genes for use in quantitative RT-PCR in these samples. For quantification of 

mouse Disc1, Cyclophilin and Hmbs were found to be stable in the mouse brain samples 

analysed. ACTB was used as a reference gene for neuron RNASeq follow-up. Primer pairs 

were optimised for amplification efficiency and their specificity confirmed by PCR product 

sequencing. Melting curve analysis was carried out for each primer pair to optimise 

amplification conditions and confirm amplification specificity. PCR efficiency was assessed 

by running standard curves using serial dilutions of NPC or mouse brain samples for human 
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and mouse primers, respectively. Gene expression levels were calculated using the relative 

standard curve method, with normalisation to the geometric mean of the reference genes 

A typical reaction contained 5l of Master Mix, 0.6l of both primers (10M stock) or 

0.2l in the case of Hmbs primers and 4l of 1/10 diluted cDNA to a total volume of 10l. 

Amplification was achieved in 40 cycles of the following conditions:  

50oC for 2min, 95oC for 10min, 95oC for 15 sec 65oC for 45 sec, followed by the dissociation 

curve: 95 oC for 15 sec, 60 oC for 15 sec, 95 oC for 15 sec. 

 

PCR primer sequences  

Human RT-PCR primers were as follows: 

derived 1 CP1 chimeric transcript F (DISC1 exon 6/7): aaggagcctccaggaaagaa  

derived 1 CP1 chimeric transcript R (DISC1FP1 exon 3a): caagaaatgccaaagtgagtt  

derived 1 chimeric transcripts pan F (DISC1 exon 6/7): aaggagcctccaggaaagaa  

derived 1 chimeric transcripts pan R (DISC1FP1 exon 4): aaggagcctccaggaaagaa  

derived 11 chimeric transcripts F (DISC1FP1 exon 2): gggacctggaattgaagaga 

derived 11 chimeric transcripts R (DISC1 exon 9): gtctcctggtgctccacttc 

DISC2 F: ccctgaaggtgttgaacaagc 

DISC2 R: ctggaccctctgttgctgta 

DISC1FP1 F: agagcaagaagagtggatgtgga 

DISC1FP1 R: ccttgaggagtacgtcttaagctct 

 

Human RT-QPCR primers were as follows: 

DISC1 F: ccagccttgcttgaagccaaaa 

DISC1 R: tgaggagtccctccagcccttc 

GAPDH F: gagtccactggcgtcttcac 

GAPDH R: atgacgaacatgggggcatc 

ACTB F: gttacaggaagtcccttgccatcc 
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ACTB R: cacctcccctgtgtggacttggg 

ERBB4 F: agagcccaccaattactcca 

ERBB4 R: gtgtaacggtcccactagtca 

PDE4B F: cacggcgatgacttgattgt 

PDE4B R: tgtgggttgactctggagac  

NRG1 F: aacaaagcatcactggctga 

NRG1 R: aagacacatatgctccttcagttg 

DRD2 F: aagggcacgtagaaggagac 

DRD2 R: ggtcaccgtcatgatctcca 

GRM5 F: ggagcttgattgtgatgcca 

GRM5 R: tgcttctgtgagggcatga 

CNTN5 F: tcaggcggtgctggaaata 

CNTN5 R: ggctcccactgtctaactga 

  

Mouse RT-PCR primers were as follows: 

derived 1 chimeric transcripts pan F (Disc1 exon 8): gtgctcaggtgagaagctgtg  

derived 1 chimeric transcripts pan R (DISC1FP1 exon 4): gacccacagatggaatcgaa  

 

Mouse RT-QPCR primers were as follows: 

Disc1 F:  cctgccttgctggaagcca 

Disc1 R: cccttcccgctctgacgaca 

Derived 1 chimeric transcripts pan F (Disc1 exon 8): cctgccttgctggaagcca  

Derived 1 chimeric transcripts pan R (DISC1FP1 exon 4): aagacccacagatggaatcgaactg  

Cyclophilin F: ggagatggcacaggaggaaag 

Cyclophilin R: gcccgtagtgcttcagcttgaa  

Hmbs F: ccctgaaggatgtgcctaccata 

Hmbs R: aaggtttccagggtctttccaa 
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Mouse genotyping was carried out using a multiplex reaction with the following primers: 

Disc1 F (intergenic sequence beyond final exon): cctgcatccacagacgtgc 

Disc1 R (intergenic sequence beyond final exon): cagtagtaagaaaagagacaaccccc 

Targeting vector F: ataacggtcctaaggtagcgagc 

 

PCR product sequencing 

Where single PCR products were obtained, completed PCR reactions were treated with 

ExoSAP-IT (GE healthcare) prior to direct sequencing. Alternatively, where multiple products 

were generated (Supplementary Figure 3c), PCR products were excised from agarose gels 

and purified using the QIAquick Gel Extraction Kit (Qiagen). BigDye Terminator sequencing 

of PCR products was carried out using 1 l BDv3.1, 1.5 l 5X sequencing buffer, 1 l DNA 

template and 6 l dH2O. Reactions were cycled as follows; 96°C-1 min (1 cycle); 96°C-10 

sec, 50ºC-5 sec, 60ºC-4 min (25 cycles); 4ºC hold. Sequencing chromatograms were 

analysed using Chromas (version 1.45). 

 

RNA sequencing 

High density neuronal cultures (approximately 2 million cells per well in 12 well plates) were 

differentiated for 5 weeks. Immunofluorescence staining of parallel cultures was used to 

confirm correct NPC morphology and Nestin expression at the time of plating, and 

successful neuronal differentiation by assessing morphology and acquisition of III-tubulin 

expression at the time of harvesting, for every culture used. Three independent neuronal 

differentiations were performed per NPC line. Neurons were harvested in RNAlater 

(ThermoFisher Scientific), stored at -80oC, then processed in batches to extract the RNA. 

Each batch consisted of one triplicate per line to minimise batch effects. 

All subsequent steps were performed by the Wellcome Trust Edinburgh Clinical 

Research Facility (www.wtcrf.ed.ac.uk). Total RNA samples were assessed on the Agilent 

Bioanalyser (Agilent Technologies, G2939AA) with the RNA 6000 Nano Kit (5067-1511) for 
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quality and integrity of total RNA, and then quantified using the Qubit 2.0 Fluorometer 

(Thermo Fisher Scientific Inc, Q32866) and the Qubit RNA BR assay kit (Q10210). Samples 

were also assessed for DNA contamination using the Qubit DNA HS assay Kit (catalogue 

Q32851).  

Libraries were prepared from each total-RNA sample using the TruSeq Stranded 

Total RNA with Ribo-Zero Gold kit (RS-122-2301) according to the provided protocol.  

500ng of total-RNA was processed to deplete rRNA before being purified, fragmented and 

primed with random hexamers. Primed RNA fragments were reverse transcribed into first 

strand cDNA using reverse transcriptase and random primers. RNA templates were 

removed and a replacement strand synthesised incorporating dUTP in place of dTTP to 

generate double-stranded cDNA. AMPure XP beads (Beckman Coulter, A63881) were then 

used to separate the double-stranded cDNA from the second strand reaction mix, providing 

blunt-ended cDNA. A single 'A' nucleotide was added to the 3' ends of the blunt fragments to 

prevent them from ligating to another during the subsequent adapter ligation reaction, and a 

corresponding single 'T' nucleotide on the 3' end of the adapter provided a complementary 

overhang for ligating the adapter to the fragment. Multiple indexing adapters were then 

ligated to the ends of the double-stranded cDNA to prepare them for hybridisation onto a 

flow cell, before 15 cycles of PCR were used to selectively enrich those DNA fragments that 

had adapter molecules on both ends and amplify the amount of DNA in the library suitable 

for sequencing. 

Libraries were quantified by PCR using the Kapa Universal Illumina Library 

Quantification kit complete kit (KK4824) and assessed for quality using the Agilent 

Bioanalyser with the DNA HS Kit (5067-4626). Libraries were combined in three equimolar 

pools and sequencing was performed using the NextSeq 500/550 High-Output v2 (150 

cycle) Kit (FC-404-2002) on the NextSeq 550 platform (Illumina Inc. SY-415-1002). 

Sequences were aligned to the human reference genome Hg19 using the RNA-Seq 

Alignment v1.0 application (Illumina Inc.). 
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RNA sequencing data analysis 

Differential gene expression was analysed using DESeq2 from the R statistical package10. 

Differential exon expression was analysed using DEXSeq11. The three replicate samples 

used per cell line were obtained from independent neuronal differentiations which can follow 

slightly different trajectories. These replicates were therefore treated as biological rather than 

technical replicates. Due to sex imbalance in the samples all differentially expressed genes 

from the X and Y chromosomes were removed from the DESeq2 and DEXSeq analysis. For 

all downstream analyses, the full list of expressed genes was used as the background gene 

set, while an expression BaseMean cut-off of ten was applied to all differentially expressed 

data (corrected p<0.05) to minimise quantitation errors from genes expressed at very low 

levels. DESeq2 and DEXSeq data were combined and GO analysis was carried out using 

Gorilla (http://cbl-gorilla.cs.technion.ac.il/). Enrichment of GO terms categorised under 

Process, Function and Component was investigated. Ingenuity Pathway Analysis was 

carried out to complement the gene ontology analysis. Heat maps of gene expression were 

generated using R version 3.4.2 and RStudio version 1.0.143. Raw count data for all 

samples were together subjected to a regularised logarithm transformation10 using the 

DESeq2 package version 1.16.1. For each heat map, the transformed counts for each gene 

were normalised to Z-scores across all samples and subsequently visualised using the 

pheatmap package version 1.0.8 (cran.r-project.org/package=pheatmap). 

 

Peptide arrays  

Peptide libraries were produced by automatic spot synthesis as described previously12, 13. 

Interaction of peptide spots with purified proteins was determined by overlaying the cellulose 

membranes with 10g/ml recombinant protein. Membranes were incubated with protein that 

had been partially purified from 500l of reticulocyte lysate and bound protein was detected 

by immunoblotting using specific primary antisera and a complementary HRP-coupled 

.CC-BY-ND 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted June 17, 2018. ; https://doi.org/10.1101/349365doi: bioRxiv preprint 

https://doi.org/10.1101/349365
http://creativecommons.org/licenses/by-nd/4.0/


48 

 

secondary antibody. For alanine scanning the peptide was systematically mutated to alanine 

at every position, except existing alanine residues which were mutated to aspartate. 

 

In vitro transcription and translation 

FLAG-DISC1 and FLAG-GluN1 C0-C1-C2 proteins were synthesized using the T3/T7 

transcription/translation-coupled reticulocyte lysate system (Promega, Hampshire, UK). The 

translation product was partially purified by ammonium sulphate precipitation before use in 

peptide array analyses. 

 

Cell and tissue lysis 

Cultured cells were lysed in ice-cold PBS containing 1% Triton X-100/10mM sodium 

fluoride/1mM DTT/2mM PMSF/5mM pyrophosphate/10% glycerol containing protease 

inhibitor cocktail (Roche) and phosphatase inhibitor cocktail II (Calbiochem). Lysates were 

solubilised by incubation for 30-60 minutes at 4oC on a rotary wheel and centrifuged at 

13,000 rpm for 30min. Brain lysates were prepared from dissected tissue and homogenised 

in ice-cold PBS containing 1% Triton X-100/1% NP40/0.5% sodium deoxycholate/10% 

glycerol/1 mM DTT/ 10 mM -glycerophosphate/10 mM NaF/phosphatase inhibitor cocktail II 

and 1V (Calbiochem) and 2X protease inhibitor cocktail (Roche), solubilised by incubation on 

a rotary wheel for 30 mins at 4oC and centrifuged at 45,000 rpm for 30 mins at 4oC to obtain 

the soluble fraction. 

 

Immunoblotting 

Protein samples were separated by SDS-PAGE using NuPAGE polyacrylamide gels 

(Invitrogen), transferred onto PVDF membranes (GE Healthcare) using Trans-Blot SD Semi-

Dry Transfer Cell (Bio-Rad) and blocked in 1% skimmed milk in T-TBS [50 mM Tris–HCl (pH 

7.5), 150 mM NaCl and 0.1% Tween-20] at room temperature (RT). Incubation with primary 

antibodies was performed overnight at 4 C. Blots were incubated with horseradish 
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peroxidase-conjugated secondary antibodies [Rabbit anti-mouse IgG HRP, Swine anti-rabbit 

IgG HRP or Rabbit anti-goat IgG HRP (DAKO)] for 45 min at RT and then protein bands 

were visualized by ECL or ECL-2 Western blotting substrate (Thermo Scientific). Some blots 

were stripped with Restore PLUS Western Blot Stripping Buffer (Thermo Scientific) and re-

probed with appropriate antibodies, including secondary antibodies conjugated to alkaline 

phosphatase, with protein bands subsequently visualized using Western Blue (Promega). 

Relative intensities of protein bands were quantified with ImageJ densitometry analysis. 

 

Subcellular Fractionation of Mouse Brain 

Crude synaptosomes and light membrane fractions prepared as described previously14 have 

already been reported15. Briefly, C57BL/6 adult mouse brains were homogenized in a 

sucrose buffer solution [1mM HEPES (pH7.5), 0.32M sucrose, 1mM NaHCO3, 1mM MgCl2 

Complete Mini Protease Inhibitor Tablet (Roche), Phosphatase Inhibitor Cocktail Set II 

(Calbiochem)] using a dounce tissue grinder. The S1 supernatant was obtained by 

centrifugation of the homogenates at 1,000g for 10 min and further fractionated into the S2 

supernatant and the P2 crude synaptosomal pellets by centrifugation at 13,800 g for 10 min. 

To obtain the light membrane P3 pellets, the S2 supernatant was centrifuged at 100,000 g 

for 1 hr (Beckman TLA 100.3). The identity of the synaptosome fraction was confirmed 

previously by probing for PSD9515.  

 

Immunoprecipitation 

Cultured cells were lysed in IP buffer [1% Triton X-100, with/without 0.1% SDS, 50 mM Tris–

HCl (pH 7.5), 150 mM NaCl, Complete Mini Protease Inhibitor Tablet (Roche), Phosphatase 

Inhibitor Cocktail Set II (Calbiochem)]. Insoluble materials were removed by centrifugation at 

100,000g. Crude synaptosomes/light membrane pellets were lysed in IP buffer and insoluble 

materials were removed by ultracentrifugation at 100,000g (Beckman TLA 100.3) for 30 min 

at 4C. Cell lysates were pre-cleared with protein G-Sepharose beads (Sigma) alone for 1hr 
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at 4C, and then incubated with appropriate antibodies overnight at 4C with rotation. Protein 

G-Sepharose beads were added to the lysates and further incubated for 2 hrs. Immune 

complexes on the beads were washed with IP buffer three times and with 50mM Tris–HCl 

(pH 7.5) once. Bound proteins were eluted with SDS loading buffer and analyzed by 

immunoblotting. 

 

Antibodies  

A new antibody specific for human DISC1 was generated as described previously15. Briefly, 

the C-terminus of human DISC1 isoform Lv (aa 669-832) was bacterially expressed as a 

GST-fusion protein and purified using Glutathione Sepharose 4B (GE Healthcare). New 

Zealand White rabbits were then immunized with the GST-human DISC1 669-832 protein 

and immune sera were collected (Eurogentec). Anti-DISC1 polyclonal antibodies were 

purified using Activated CH Sepharose 4B (GE Healthcare) to which the same antigen was 

covalently coupled. Antibodies that reacted with GST were removed from the immune sera 

using GST-coupled Activated CH Sepharose 4B prior to the affinity purification of anti-DISC1 

antibodies. Generation and characterisation of an in-house antibody to mouse Disc1 has 

previously been described15, 16. 

The following antibodies were used in the surface NMDAR expression study: GluN1 

Mouse monoclonal IgG2a (BD Biosciences, 556308), GluN2A Rabbit polyclonal (Alomone 

Labs, AGC-002), GluN2B Rabbit polyclonal (Alomone Labs, AGC-003), βIII-Tubulin Rabbit 

polyclonal (Abcam, Ab18207), βIII-Tubulin/Tuj1 Mouse monoclonal IgG2a (Cambridge 

Bioscience, 801201) and PSD95 Mouse monoclonal IgG1k (ABR, MA1-046). Fluorescently 

labelled secondary antibodies were all AlexaFluor (Life Technologies): Goat anti mouse 

IgG1 488, Goat anti mouse IgG2a 647 and 594, Chicken anti rabbit 647, Goat anti rabbit 

594. 

The following antibodies were also used in this study: mouse monoclonal anti-FLAG 

M2 (Sigma F3165), anti-rabbit NR1 (GluN1, Sigma 8913), goat anti-HA (Abcam ab9134), 
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rabbit anti-Calreticulin (Sigma 06-661), mouse monoclonal anti-Vinculin (Abcam ab18058) 

and mouse monoclonal anti-Nestin (Millipore 10C2). 

 

Cell culture and transfection 

All cultures were maintained at 37 °C and 5% CO2 in a humidified incubator. COS7 cells 

were grown in DMEM/10% foetal calf serum and passaged using a 1:1 trypsin:versene 

solution (Invitrogen). COS7 cells were transfected at 60-70% confluency using 

Lipofectamine 2000 (Life Technologies) according to the manufacturer’s instructions. 

Hippocampal neurons were isolated from embryonic (E18) C57BL/6 mouse brains as 

described previously9, and grown in the presence of an astrocyte feeder layer. Astrocytes 

were purified from E18 C57BL/6 mouse brains as described previously17 and grown to 

confluence on rat tail collagen coated 30mm PTFE cell culture inserts (Millipore) in DMEM 

with GlutaMAX (Life Technologies) supplemented with 10% FCS. The astrocyte-containing 

cell culture inserts were then transferred to Poly-D-Lysine coated 6 well high precision (1.5H) 

glass bottom plates (In Vitro Scientific), and the medium was replaced with Neurobasal 

medium without phenol red supplemented with B27 and GlutaMAX (Life Technologies). Two 

days later, hippocampal neurons were seeded at low density (1x105/well) underneath each 

astrocyte-containing cell culture insert and in the presence of the astrocyte-preconditioned 

medium. When cultures were grown for longer than one week, the entire volume of medium 

(2 ml) in the astrocyte-containing insert was refreshed one week after plating, and every 

subsequent week afterwards. The genotype of each litter used to isolate hippocampal 

neurons was confirmed by PCR using the tail tips of the individual embryos. 

For live imaging of GluN1-Dendra2 trafficking in dendrites, neurons were transfected 

at DIV7 with Lipofectamine 2000 (Life Technologies). A total of 1.75μg of endotoxin-free 

plasmid DNA (750 ng of pGluN1-Dendra2 plus 1μg of pCB6-HA-GluN2B) and 2μl of 

Lipofectamine 2000 were used per well. Plasmid DNA and Lipofectamine2000 were diluted 

in 50μl each of Neurobasal medium without phenol red, mixed thoroughly and incubated at 

37 °C for 1 hour. 400μl of medium were removed from the astrocyte-containing insert 
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located in the well to be transfected, and used to dilute the transfection mix. The astrocyte-

containing insert was then temporarily removed from the well, the entire volume of medium 

in the well was set aside and replaced with the diluted transfection mix, and then the 

astrocyte insert was returned to the well. After incubating for 4 hours at 37 °C and 5% CO2, 

the transfection mix was removed, and the pre-existing Neurobasal medium was returned to 

the well. The astrocyte insert was left in place, and replenished with fresh Neurobasal 

medium without phenol red supplemented with B27 and GlutaMAX. The transfected neurons 

were imaged on the day following transfection. 

 

Dendra2 NMDAR trafficking assay 

Monomeric fluorescent protein Dendra2 exhibits green fluorescence (excitation/emission 

peaks: 490 nm/507nm) in its native state, and can be stably photoconverted to red 

fluorescence (excitation/emission peaks: 553nm/ 573nm) by exposure to intense 405nm 

light. Because GluN2 subunit availability is a limiting factor for receptor assembly18, GluN1-

Dendra2-expressing neurons were co-transfected with an HA-GluN2B expression construct 

to maximise NMDAR assembly, and therefore trafficking outwith the ER. 

 C57/BL/6 hippocampal neurons expressing GluN1-Dendra2 plus HA-GluN2B were 

imaged at DIV8 (one day after transfection) using a Nikon C1 confocal microscope equipped 

with a Plan Apo 60x oil immersion objective (NA 1.4), and an environmental chamber. 

Neurons were imaged in their original culture medium, and in the presence of the astrocyte-

containing insert. Temperature and CO2 saturation were kept constant at 37°C and 5%, 

respectively, throughout the imaging period. To locate transfected neurons, the sample was 

observed with a FITC filter, using the minimum light intensity that still allowed green 

fluorescent signal to be obtained. This was necessary to prevent unwanted bulk Dendra2 

photoconversion. After switching to confocal mode, the zoom factor and focus were rapidly 

adjusted while exciting the sample with a 488nm laser at low power (1%). To verify that no 

unwanted photoconversion had occurred, an image of the same field of view was then 
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obtained in the red channel by exciting the sample with a 561nm laser, confirming that no 

signal above background was detectable. 

Transfected primary dendrites expressing GluN1-Dendra2 were selected and a small 

rectangular region of interest (ROI) was positioned in a central location along its longitudinal 

axis (Supplementary Figure 5c). This ROI was then used to target the 405nm laser to induce 

GluN1-Dendra2 photoconversion. The exact position and size of this ROI (termed the 

photoconversion ROI) was adjusted for each dendrite based on its size, thickness and 

brightness, with the aim of obtaining a sufficient amount of photoconverted protein to allow 

successful tracing. The average length along the dendrite of the photoconversion ROI was 

14µm, and did not vary significantly between experimental groups, ensuring comparability 

between measurements. 

GluN1-Dendra2 photoconversion was induced by rapidly scanning a suitably 

positioned dendritic ROI with a 405nm laser (laser power: 10%, loops per second: 3, total 

stimulation time: 1 second, Supplementary Figure 5d). Immediately after photoconversion, 

acquisition of a time series was started manually (resulting in an effective delay of 10 

seconds between photoconversion and acquisition of the first image frame). The time series 

consisted of 13 frames acquired at 15 second intervals, for a total imaging time of 180 

seconds. This frame rate and total acquisition time were determined empirically, and were 

found to be the best compromise between fluorescence preservation over time (a higher 

frame rate would have induced more rapid photobleaching) and sufficiently accurate 

documentation of protein movement. The first frame contained both red (photoconverted 

GluN1-Dendra2) and green (native GluN1-Dendra2) channels, and all subsequent frames 

contained the red channel only, allowing movement of photoconverted GluN1-Dendra2 to be 

traced along the dendrite. Acquisition settings were as follows, and were kept consistent 

throughout the experiment. Frame size: 512 x 512 pixels, scan speed: 1 frame per second, 

pinhole size: 150μm (fully open), binning: 1x1, focus stabilisation: ON. To ensure 

comparability between images, laser power and detector settings were kept consistent 

throughout the experiment.  
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To quantify the movement of photoconverted GluN1 signal along the dendrite, a 

bespoke analysis algorithm was generated using iVision software (BioVision Technologies, 

script available on request). This algorithm uses the green (non-photoconverted) image of 

GluN1-Dendra2 to define the structure of the dendrite to be analysed (Supplementary Figure 

5e-j). The resulting ‘skeleton’ corresponding to the longitudinal axis of the primary dendrite 

and all its branches is superimposed onto the red image, providing a guide or “track” along 

which the algorithm will then quantify the intensity of the red pixels.  Such quantification is 

achieved by means of a circular analysis ROI whose centre moves along the track by 

incremental steps corresponding to one radius at a time. Since the data are deleted from the 

image after each measurement is taken, and before the analysis circle proceeds to the next 

location, the equivalent of half the area of this circle is analysed at each step, and no pixels 

are measured twice. The centre of the analysis circle is initially positioned in a location 

corresponding to the pixel coordinates of the geometric centre of the photoconconversion 

ROI. After measuring the intensity of the red pixels located within the central dendrite 

segment (or central bin), the first analysis circle moves along the track, starting from the 

proximal direction (towards the neuronal soma) and continuing until all proximal dendrite 

segments (bins) have been analysed through the time-lapse series. Next, the analysis circle 

repositions itself on the centre of the photoconversion ROI and then moves from here in the 

distal direction (away from the neuronal soma), proceeding along the distal tracks until all 

remaining dendritic segments have been analysed through the time-lapse series. Finally, two 

separate results tables are assembled for the proximal and distal sections of the dendrite. 

The dendritic segment analysed at each step by the analysis circle is defined by its distance 

from the centre of the photoconversion ROI, its area, and the sum of the intensities of all red 

pixels measured within it throughout the time-lapse series. To correct for the effect of 

variations in dendrite size, total fluorescence intensity was divided by the area of the same 

segment. For each measured dendritic segment the width of each analysed dendritic 

segment corresponds to the radius of the analysis circle, which was arbitrarily set to 5 µm. 

The 5m bin therefore represents 5-10m from the photoconversion ROI, and so on. Since 
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red fluorescence intensity did not change significantly over time in bins located beyond 

40μm from the centre of the photoconversion ROI (data not shown), only bins located up to 

40μm from the centre of the photoconversion ROI were analysed further. 

A total of 37, 35 and 40 neurons were imaged per DISC1 expression construct 

(empty vector, FLAG-DISC1 or FLAG-DISC1-37W, respectively), each from three 

independent cultures. A total of 69 (Disc1wt/wt) and 68 (Disc1Der1/Der1) neurons were imaged 

per genotype from three independent cultures. Imaging and analysis was carried out blind to 

genotype. 

Although several neurons were imaged per genotype, the number of neurons that 

produced usable data decreased in the furthest bins due to a combination of factors. First, 

not all neurons analysed had dendrites extending at least 40μm on both sides of the 

photoactivation centre.  Second, some statistical outliers (described in SI under were 

excluded. Third, for each neuron, bins in which there was no clear relationship between 

fluorescence intensity and time were excluded from the analysis. This was determined by 

individually plotting their values. Three main classes of fluorescence intensity plot were 

obtained, corresponding to neurons in which 1) the fluorescence intensity peak was reached 

within the 10s preceding imaging onset (Supplementary Figure 5k), 2) the peak was reached 

within the bin (Supplementary Figure 5l), and 3) fluorescence intensity increased throughout 

the imaging period, most likely due to the peak moving too slowly to be captured within three 

minutes (Supplementary Figure 5m). 

 

Code availability 

The bespoke GluN1-Dendra2 motility analysis algorithm generated using iVision software 

(BioVision Technologies) is available on request. 

 

NMDAR velocity estimates 

Average velocities were estimated for the slow and fast NMDAR populations, taking into 

account the approximately 10s delay between photoconversion and imaging onset. 
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Fluorescence peak average velocities were determined from individual neuron fluorescence 

intensity plots as follows: The time to reach peak fluorescence was identified for each 

neuron per condition from the 10m and 15m bins. In neurons where fluorescence peaked 

in the 10s prior to imaging onset (Supplementary Figure 5k) peak fluorescence was set at 

10s. All of these values were averaged per bin for each condition. Velocity estimates per bin 

per condition were then determined by dividing distance between the centre of the 

photoconversion ROI and the centre of the bin (for example, for the 10m bin distance was 

12.5m), by time. The 10m and 15m bins were used for this analysis because the time to 

peak fluorescence could be determined for the majority of neurons in these bins, whereas in 

the 20m bin, fluorescence did not peak in some neurons, thus any velocity estimates from 

this bin would be overestimated. 

Maximum velocity estimates for the fast NMDAR population were determined from 

individual neuron fluorescence intensity plots as follows: Neurons from the 25m, 30m, 

35m and 40m bins were examined. In these bins the majority of neurons exhibited a 

sigmoidal pattern of fluorescence intensity (Supplementary Figure 5n) interpreted as 

showing that fluorescence appeared in the bin after imaging onset. For these neurons a 

sigmoidal curve was fitted to the fluorescence intensity plot and the time at which 

fluorescence intensity first appeared on the linear part of the curve was taken as the time at 

which fluorescence reached the bin. In these bins a minority of neurons exhibited a pattern 

of steadily increasing fluorescence (Supplementary Figure 5m). In these neurons it was 

assumed that fluorescence had already reached the bin by imaging onset, thus fluorescence 

appearance in these neurons was set at 10s. All of these values were averaged per bin for 

each condition. Velocity estimates per bin per condition were then determined by dividing 

distance between the centre of the photoconversion ROI and the centre of the bin in 

question, by time. 

 

Immunocytochemistry 
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COS7 cells were fixed in 4% Paraformaldehyde (PFA) for 10 minutes and permeabilised 

with 0.2% Triton X-100 in PBS for 10 minutes. Blocking was carried out for 30 minutes in 3% 

BSA in PBS, followed by incubation with primary, then secondary, antibodies diluted in 3% 

BSA/PBS for 1 hour. All steps were carried out at room temperature.  

To stain surface-expressed NMDAR on cultured hippocampal neurons, antibodies 

that selectively bind to the extracellular loop of the receptor subunits (either GluN1 Mouse 

monoclonal IgG2a, GluN2A Rabbit polyclonal or GluN2B Rabbit polyclonal) were directly 

added to the culture medium at a dilution of 1:100, and the living neurons were incubated at 

37 °C for 10 minutes in a humidified incubator with 5% CO2. Neurons were then washed 

once with cold (4 °C) PBS, and fixed with room temperature 4% PFA for 10 minutes.  

Neurons were incubated for 1 hour at room temperature with secondary antibodies to 

NMDAR subunit primary antibodies (Anti mouse IgG2a 594 or Anti rabbit 594), and then 

permeabilised with 0.1% Triton X-100 in PBS for 5 minutes. After blocking for 30 minutes 

with room temperature 3% BSA in PBS, neurons were incubated with primary antibodies to 

βIII-Tubulin or Tuj1 (Rabbit polyclonal or Mouse monoclonal, both 1:1000) and PSD95 

(1:500) for 2 hours at room temperature. Finally, secondary antibodies to βIII-Tubulin and 

PSD95 (Anti rabbit 647 or Anti mouse 647 IgG2a and Anti mouse IgG1 488, respectively) 

were added for 1 hour at room temperature.  After staining, the glass bottoms of the multi-

well plates in which the neurons were grown were excised using a diamond tip pen and 

mounted on glass slides using Fluoroshield mounting medium (Sigma-Aldrich). 

 

Structured Illumination Microscopy image acquisition and analysis 

Neurons were imaged from three independent cultures per genotype. Imaging and analysis 

was carried out blind to genotype. 3D Structured Illumination Microscopy (SIM) image stacks 

were acquired using a Nikon N-SIM super resolution microscope equipped with an Apo TIRF 

100x oil immersion objective (NA 1.49) and an Andor DU-897 EMCCD camera. The camera 

settings were as follows, and were kept consistent throughout the experiment. Readout 

speed: 1 MHz, bit depth: 16 bit, EM gain multiplier: 300, conversion gain: 1x, binning: 1x1. 
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Laser power and/or exposure times were adjusted for each acquisition to produce the best 

signal to noise ratio, but keeping the grey levels in each image below 15,000. Each 3D-SIM 

stack consisted of 3 channels (green for PSD95, red for NMDAR subunits and far-red for 

βIII-Tubulin) and 17 slices, with the z-step size fixed at 120nm, for a total stack thickness of 

2.04μm. To acquire each stack, the best focal plane was identified for each dendrite 

segment to be imaged, and 8 additional slices were acquired both above and below this 

central focal plane. Dendrites with clearly distinguishable morphological features (main shaft, 

primary branches and secondary branches), and no spatial overlap with other dendrites from 

neighbouring neurons, were selected for image acquisition. For each individual neuron 

analysed, a single dendrite segment measuring between 32 and 46μm in length and located 

immediately after the first dendrite branching point was imaged. The image reconstruction 

parameters (Illumination Modulation Contrast (IMC), High Resolution Noise Suppression 

(HRNS) and Out of Focus Blur Suppression (OFBS) were empirically selected for each 

channel to generate the best quality images, with minimal artefacts and the best Fourier 

transforms.  The following reconstruction parameters were applied, and kept consistent 

throughout the experiment. Green channel (PSD95): IMC 0.3, HRNS 0.1, OFBS 0.05; Red 

channel (NMDAR subunit): IMC 0.5, HRNS 0.1, OFBS 0.05; Far-red channel (βIII-Tubulin): 

IMC 1, HRNS 5, OFBS 0.05. Lateral image resolution was determined by measuring the full-

width half maximum (FWHM) of the smallest punctate structures detectable in a single plane 

of the reconstructed image, and was equal to 120 nm in the green channel (PSD95) and 180 

nm in the red channel (NMDAR subunits). 

Images were first analysed automatically using the Surfaces function of Imaris 8.1 

and 8.4 (Bitplane). 3D segmentation parameters were first tested extensively for each 

channel on a sample of images acquired over different imaging sessions, and visually 

validated by superimposing the resulting 3D reconstruction with the raw images to confirm 

that all structures visible in the latter were faithfully represented in the former. The optimised 

parameters were then applied to the analysis of the entire dataset. The measured 

parameters included the volume of the imaged dendrite segment (estimated from the 3D 
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rendering of βIII-Tubulin staining), as well as the number and volume of each individual 

punctum, and total volume of surface GluN1, GluN2A, GluN2B and of PSD95 proteins, 

based on the 3D reconstruction of their respective staining. Imaris 8.1 was also used to 

visualise and measure 3D co-localisation between each NMDAR subunit and PSD95 puncta. 

For intensity-based 3D co-localisation coefficients (Pearson’s and Mander’s), the above 

mentioned segmentation parameters were applied to each image to select the signal 

corresponding to either one of the NMDAR subunits and PSD95 puncta, and the intensity of 

the excluded voxels was considered below threshold and therefore set to zero. 

 

Statistical analysis 

GraphPad Prism software was used for statistical analyses. Pairwise comparisons were 

assessed using t-tests. Mutant neuron trafficking data were analysed using two-tailed t-tests, 

paired for each timepoint, to examine whether fluorescence intensities differed overall 

between genotypes within each bin. DISC1 overexpression trafficking data were analysed 

using the Friedman repeated measures test with post-hoc Dunn’s testing. Otherwise, 

multiple comparisons were carried out using one-way ANOVA with post-hoc pairwise 

Bonferroni tests or, if data were not normally distributed, by Kruskal-Wallis with post-hoc 

pairwise Dunn’s tests, as stated for each figure. Interaction between genotype and the 

number of PSD95 nanodomains per cluster was tested using two-way ANOVA with post-hoc 

Bonferroni testing. The hypergeometric probability test was used to examine gene 

enrichment in the RNASeq dataset. Statistical outliers, defined as being more than three 

standard deviations from the mean, were removed in one round from the GluN1-Dendra2 

trafficking data and the surface expression data. All values are presented as mean ± SEM.  
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Supplementary Figure 1. Translocation family pedigree indicating members from whom 

neural precursors and neurons were studied. rMDD, recurrent major depressive disorder; 

MDD, major depressive disorder; SCZ, schizophrenia; bipolar-NOS, bipolar disorder not 

otherwise specified; CYC, cyclothymia; ?, translocation carrier status unknown  
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Supplementary Figure 2. IPSC and neural cell controls. (a)(b) IPSC lines were subjected to 

flow cytometry using fluorescently labelled antibodies specific for cell surface markers. Flow 

cytometry detected the pluripotent stem cell markers TRA-1-60, SSEA-4 and OCT3/4, or 
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TRA-1-60, SSEA-4 and TRA-1-81, respectively, but not the differentiation marker SSEA-1. y-

axes, cell counts; x-axes, fluorescence; blue peaks, immunoglobulin isotype controls. (c) 

Representative examples of NPC lines stained for the neural stem/progenitor cell marker 

NES (red), with nuclei visualised using DAPI (blue). (d) Representative examples of neurons 

generated by differentiating NPC lines for five weeks, stained for the neuronal marker III-

tubulin (green), with nuclei visualised using DAPI (blue). Scale bars, 5m   
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Supplementary Figure 3. An antibody to detect human DISC1, and additional data from 

human NPCs & neurons, and from the Der1 mouse. (a) Protein lysates from HEK293 cells 

transfected with previously tested human DISC1-specific siRNA duplexes 9, were 

immunoblotted and probed to demonstrate the specificity of a new antibody for full-length 

DISC1, or with GAPDH antibody. Only one species, at approximately 100kDa, is reduced by 

siRNA treatment. 1, mock transfection (no siRNA); 2, control siRNA; 3, DISC1-siRNA #2; 4, 

DISC1-siRNA #5; * non-specific bands. (b) Detection of DISC2 and DISC1FP1 expression 

by RT-PCR in neural precursors (NPCs) and neurons. Amplification specificity was 

confirmed by PCR product sequencing (data not shown). Expression of both genes was too 

low to be accurately quantified in these cell types. (c) Detection of chimeric transcripts from 

the derived 11 chromosome by RT-PCR followed by sequencing of the major product. Note 

that there are two products due to alternative splicing 6. (d) Quantification of chimeric (upper) 

or wild-type Disc1 (lower) transcript expression in Disc1Der1/Der1 or Disc1wt/wt adult mouse 
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brain regions, respectively. N=4 per brain region per genotype; NTC, non-template control; 

C, control with normal karyotype; T, translocation carrier; error bars represent SEM 

 

 

Supplementary Figure 4. Trak1/GluN2B co-immunoprecipitation. Trak1 was 

immunoprecipitated from adult mouse brain synaptosome and light membrane fractions as 

shown in Figure 3k. Trak1 was detected in the lysates using secondary antibody conjugated 

to alkaline phosphatase. 
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Supplementary Figure 5. NMDAR trafficking assay controls and analysis of photoconverted 

GluN1-Dendra2 movement along a dendrite. (a) Endogenous GluN1 detected in wild-type 

DIV8 hippocampal neurons by immunofluorescence exhibits a fine granular appearance. 

scale bar, 15m (b) GluN1-Dendra2 (native green Dendra2 fluorescence) co-localises with 
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endogenous PSD95 in DIV14 hippocampal neurons within dendritic spines. scale bar, 20m, 

arrowheads point to synapses (c)(d) Green fluorescent (non photoconverted) and red 

fluorescent (photoconverted) GluN1-Dendra2 in the first image frame captured after 

photoconversion. scale bars in c-j, 50m (e) The dendrite area to be analysed is defined by 

a segmentation mask (green) applied on the green channel. (f) The area delimited by the 

segmentation mask is shown as a green line in the corresponding red channel image. Only 

the intensity of the red pixels located within the segmentation mask is measured. (g) A 

‘skeleton’ (white line) corresponding to the longitudinal axis of the primary dendrite and all its 

branches is superimposed on the red image, providing a guide along which the algorithm will 

quantify the intensity of the red pixels. (h) At the start of the analysis, the analysis circle 

(white circle, 10µm in diameter) is placed on the geometric centre of the photoconversion 

ROI. Red pixels delimited by the intersection of the measuring circle with the dendrite outline 

(green) are measured through the time series. (i) The analysis circle moves one step along 

the dendrite in the distal direction. The new position of the centre of the analysis circle is 

defined by the intersection point between its previous position (dotted circle) and the 

dendrite skeleton (white line). The previous position of the circle (dotted circle) has been 

measured, and the corresponding data have been deleted. (j) Once the measuring circle has 

covered the entire dendritic area included in the image, an image showing all generated 

segments and their distance (in pixels) from the geometric centre of the photoconversion 

ROI is displayed. Mean intensity measured in all subsequent segments is normalised to the 

mean intensity measured in this first segment. (k) Example fluorescence intensity plot from a 

5m bin where fluorescence peaked within the 10 seconds prior to imaging onset. (l) 15m 

bin where fluorescence peaked within the imaging period. (m) 25m bin where fluorescence 

increased steadily because the peak was not reached during the imaging period. (n) 25m 

bin where fluorescence appearance above background was delayed for 90s. This plot 

illustrates the use of sigmoidal curves to identify when fluorescence appears, as indicated by 

the arrow. 
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Yellow rectangles represent the photoconversion ROI (14µm wide on average); red dots 

indicate the geometric centre of the photoconversion ROI; white rectangles indicate enlarged 

areas 
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Figure 6. Altered distal dendritic NMDAR trafficking in mouse hippocampal neurons 

overexpressing DISC1 or DISC1-37W. (a)(b) Mean red fluorescence intensity, b, or ROI 
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dendritic length, c, in the central bin in Disc1wt/wt and Disc1Der1/Der1 DIV8 neurons was equal at 

time zero following photoconversion. (c) Quantification of fluorescence intensity over time in 

successive 5m dendritic bins distal to the centre of the photoconversion ROI. Data 

analysed by timepoint-paired two tailed t-test. (d) Model of dendritic GluN1-Dendra2 motility. 

Photoconverted GluN1-Dendra2 progresses in a wave-like fashion, with the fastest and 

slowest moving GluN1-Dendra2 at the leading and trailing edges, respectively, and the bulk 

travelling as the ‘crest’. (e) Fluorescence peak velocity estimates for the 10m and 15m 

bins. Average time to peak fluorescence was converted to velocity, indicated above each 

bar. Average velocities were determined from the two bins. (f) Fast-moving GluN1-Dendra2 

maximum velocity estimates for the 25m-40m bins. Average time to fluorescence 

appearance was converted to velocity, indicated above each bar. Average velocities were 

determined from the four bins. error bars represent SEM; **** p<0.0001; *** p<0.001; ** 

p<0.01; *p<0.05; n indicated on graphs  
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Supplementary Figure 7. Altered proximal dendritic GluN1-Dendra2 motility due to DISC1 

overexpression or the Der1 mutation. (a) Effect of DISC1 overexpression. Quantification of 

fluorescence intensity over time in successive 5m dendritic bins proximal to the centre of 

the photoconversion ROI. Mean fluorescence intensity at each time point within each bin is 

normalised to mean fluorescence intensity in the central bin at time zero per neuron. Total 

neuron numbers from three independent cultures are indicated. To determine whether 

fluorescence intensity differed between the expression constructs within each bin, data were 

analysed by Friedman repeated measures test (p<0.0001, p<0.0001, p<0.0001, p=0.0008, 

p<0.0001, p=0.02, p<0.0001, for the 5m to 35m bins, respectively) with Dunn’s post-hoc 

testing. (b) Model of dendritic GluN1-Dendra2 motility as described in Figure 4e. Total 

neuron numbers from three independent cultures are indicated. EV, empty vector; DISC1, 

wild-type DISC1; 37W, DISC1-37W; error bars represent SEM; *** p<0.001; ** p<0.01; 

*p<0.05 (c) Effect of the Der1 mutation. Quantification of fluorescence intensity over time in 

successive 5m bins proximal to the centre of the photoconversion ROI. Mean fluorescence 

intensity at each time point within each bin is normalised to mean fluorescence intensity in 

the central bin at time zero per neuron. Total neuron numbers from three independent 

cultures are indicated. To determine whether fluorescence intensity differed between the 

genotypes within each bin, data were analysed by paired two tailed t-test to make 

comparisons at each timepoint. (d) Model of dendritic GluN1-Dendra2 motility as described 

in Figure 4e. WT, Disc1wt/wt; HOM, Disc1Der1/Der1; error bars represent SEM, **** p<0.0001, ** 

p<0.01, * p<0.05, ns not significant 
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Supplementary Figure 8. Dendritic NMDAR and PSD95 expression in hippocampal 

neurons. (a) 3D-SIM images of surface GluN1, GluN2A or Glun2B, and total PSD95 and III-
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tubulin (Tuj1). WT, Disc1wt/wt; HET, Disc1(wt)/Der1; HOM, Disc1Der1/Der1; scale bars, 2m in main 

images, 0.6m in enlarged insets indicated by white boxes (b) 3D-SIM image of a dendrite 

segment showing PSD95 (green) and III-tubulin (Tuj1, magenta). Scale bar B-F, 1µm (c) 

Identification of Imaris surfaces for PSD95. These three-dimensional surfaces are counted 

and their volume is quantified by the software. (d) PSD95 surfaces split into individual 

nanodomains. (e) Identification of the centre of each individual nanodomain, and conversion 

to Imaris spots using a bespoke MATLAB (MathWorks) XTension script. (f) Individual 

nanodomains are assigned to clusters, and the number per cluster is counted using the 

Imaris spots MATLAB XTension ‘Split into Surface Objects’.  
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Supplementary Figure 9. NMDAR subunit GluN2A and GluN2B co-localisation with the 

post-synaptic density marker PSD95. (a) Reconstructed 3D-SIM images of dendrites. Co-

localised voxels, which contain signal from both PSD95 and surface-expressed GluN1 are 

shown in white. White boxes indicate enlarged regions. Scale bars, 3m (b) Pearson’s 

coefficient indicates overall correlation of each signal. Mander’s coefficients measure the 
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amount of subunit fluorescent signal co-localised with total PSD95 signal, and vice versa. 

Data were analysed by Kruskal-Wallis (p=0.02 for GluN2A Mander’s M1, p=0.06 for GluN2B 

Mander’s M1) followed by Dunn’s multiple comparison test. WT, Disc1wt/wt; HET, Disc1(wt)/Der1; 

HOM, Disc1Der1/Der1; error bars represent SEM; * p<0.05 (c) Immunoblots of hippocampus 

lysates were prepared from nine week mice, and probed with antibodies specific for GluN1. 

GluN2A and GluN2B NMDAR subunits, followed by loading controls Gapdh and Vcl. Subunit 

expression relative to the loading controls was quantified using densitometry. Data were 

analysed by Kruskal-Wallis test and no significant differences were found WT, Disc1wt/wt; 

HET, Disc1(wt)/Der(1); HOM, Disc1Der(1)/Der(1); error bars represent SEM; n indicated on graphs 
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Supplementary Figure 10. Screening for C57BL/6 targeted clones. PCR flanking the area 

of the naturally occurring Disc1 deletion (25 base pairs)5 in strain 129S6SvEv distinguishes 

allele targeting. F1 progenies derived from C57BL/6 targeted clones produce a PCR product 

of 198nt from exon 6 and a 403 nt product from the human insertion. 
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Supplementary Table 2. Imaris image analysis data. Numbers of NMDAR subunit and 

PSD95 puncta counted for each genotype plus corresponding dendritic volumes. WT, 

Disc1wt/wt; HET, Disc1wt/Der1; HOM, Disc1Der1/Der1 

 WT HET HOM 

GluN1 

dendritic volume (m3) 

5,032 

3,773 

7,579 

2,740 

12,477 

4,259 

GluN2A 

dendritic volume (m3) 

6,428 

4,584 

6,158 

3,687 

7,618 

3,628 

GluN2B 

dendritic volume (m3) 

6,522 

4,523 

6,769 

2,805 

10.959 

5,336 

PSD95 unsplit 

PSD95 split  

14,669 

23,306 

14,025 

22,775 

20,953 

33,170 

total dendritic volume (m3) 12,881 9,232 13,223 
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