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Abstract

The brain-derived neurotrophic factor (BDNF) gene exhibits high evolutionary conservation. 
However, the genomic architecture of human BDNF is structurally and functionally more 
complex than in non-primate species. Few studies have investigated the transcriptional regula-
tion of the human BDNF gene. Here, we demonstrate that human BDNF exon VIII-containing 
transcripts are strongly upregulated upon depolarization in multiple neural lineage cell types, 
most notably neural progenitor cells. Additionally, we identify three previously unreported 
BDNF exon VIII-containing transcripts (BDNF IV-VIII-IX, BDNF VIa-VIII-IX, BDNF VIb-
VIII-IX,) that are not detected in mice, thereby bringing to 20 the total number of human 
BDNF transcripts identified to date. Lastly, we ascertained a previously unreported family 
with a Mendelian pattern of schizophrenia inheritance segregating a 2-basepair frameshift de-
letion within the coding sequence of exon VIII, providing support for the functional relevance 
of human BDNF exon VIII-containing transcripts. Our findings provide novel insight into the 
genomic architecture and transcriptional regulation of the human BDNF gene.
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Introduction

Brain-derived neurotrophic factor (BDNF) is a fundamental regulator of brain development 
facilitating proliferation, differentiation, axonal and dendritic outgrowth, synaptogenesis, 
synaptic functioning and plasticity of neurons1–3. There is considerable evidence that human 
BDNF dysregulation is related to neurological and psychiatric disorders4–9.

The human BDNF gene is highly complex which is reflected in the existence of multiple 
promoters, expression of multiple transcripts through alternative splicing and polyadenyl-
ation patterns, and synthesis of several BDNF protein precursor isoforms. The majority of 
prior studies on BDNF transcriptional regulation have been performed in rodent species, 
particularly Mus musculus (mouse) and Rattus norvegicus (rat). The human BDNF gene how-
ever has distinct features from rodent Bdnf (Figure 1a). The rodent Bdnf gene has 9 exons, 
while human BDNF has 11 exons.  Thus far, 17 alternatively-spliced human BDNF transcripts 
have been reported (Figure 1b)10, whilst in both mouse and rat, 11 transcripts have been 
recognized. The majority of the transcripts are bipartite, containing a non-translating 5’ 
exon spliced to a coding common-for-all 3’ exon. Most known transcripts code for the same 
pro-BDNF protein, except transcripts I-IX in mouse and rats, and transcripts I-IX, VIIb-IX 
and VIII-IX in humans. Because of an in-frame translation start site, these transcripts allow 
production of an alternative longer protein called prepro-BDNF (Figure 1c).

The human BDNF VIII-IX transcript is a particular exception, as translation of this tran-
script is predicted to lead to a prepro-BDNF protein with a significantly longer alternative 
N-terminus. Interestingly, although exon VIII of rodent Bdnf also contains a homologous 
ATG, a nearby downstream 2-basepair deletion results in an intra-exonic stop codon that is 
out-of-frame for translation of mature BDNF (Figure 1d). The function of a potentially longer 
alternative N-terminus remains unknown. Recently, an independent ligand function for the 
pro-domain of BDNF was postulated11,12.

In mouse and rat, transcript BDNF VIII-IX is expressed at low levels in the developing brain, 
but prominently present in different parts of the brain in adults13. Like many of the BDNF 
transcripts in mouse and rat, its expression is activity-dependent13,14. In humans however, few 
studies have reported detection of BDNF VIII-IX expression10,15 which show contradicting 
findings. Additionally, the transcriptional regulation of human BDNF VIII-IX is completely 
unknown.

This study focuses on human BDNF exon VIII-containing transcripts. Making use of human 
pluripotent stem cell technology, we find that exon VIII-containing transcripts are upregulated 
upon depolarization in neural cells and most prominently in human neural progenitor cells. 
Additionally, we identified two novel human BDNF exon VIII-containing transcripts absent 
in mice. Also, we identified a 2-basepair frameshift deletion in the coding part of exon VIII 
that segregates with schizophrenia in a family with a Mendelian pattern of disease inheritance, 
in support of the functional relevance of BDNF human exon VIII-containing transcripts.
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Figure 1. Characteristics of the BDNF gene. (A) Rodent and human BDNF gene structure. Human BDNF con-
tains open-reading frames in exon VIb and VIII which are absent in mice and rats. (B) Alternative transcripts of 
human BDNF. (C) Amino acid sequences of different human prepro-BDNF N-termini. Amino acids encoded 
by exon IX are in grey and sequences encoded by alternative 5′ exons are in black (adapted from Pruunsild et al. 
200716). (D) Sequence alignment of mouse and human BDNF exon VIII. Human BDNF exon VIII contains an 
open-reading frame while mouse BDNF exon VIII contains an in frame stop-codon.
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Results

Human BDNF exon VIII transcription exhibits strong activity-dependent regulation
Human BDNF exon VIII-containing transcripts were first identified by Pruunsild et al. 
200716. Moreover, they reported that exon VIII was rarely identified in BDNF transcripts in 
the adult human brain. Because of BDNF’s substantial involvement in neurodevelopment, we 
hypothesized that its appearance may be more prominent in developing neural lineages. We 
generated human neural progenitor cells (NPCs), neurons, and astrocytes from the H9 hu-
man embryonic stem cell (hESC) line (Figure 2a). Using qRT-PCR and exon-specific primers 
(Table S2) we detected BDNF transcripts spliced from exon VIII to IX (BDNF VIII-IX) at 
very low levels in all cell types examined. Since rodent BDNF is upregulated upon neuronal 
depolarization17,18, we hypothesized that expression of human BDNF exon VIII-containing 
transcripts may be activity-dependent. Therefore we stimulated NPCs with varying concen-
trations of KCl to induce depolarization (Figure 2b). BDNF transcript levels were quantified 
by normalizing to GAPDH, which we confirmed was similar between depolarized and non-
depolarized conditions (mean Ct treated cultures: 17.7 ± 0.2, mean Ct untreated cultures: 
17.7 ± 0.2, Student t-test, p=0.54, n=3, 2 independent cultures). Compared to the Ctrl (4.2 
mM) KCl concentration in the cell culture medium, BDNF exon VIII-containing transcripts 
were 10-fold and 48-fold upregulated in the 50 mM and 100 mM KCl condition, respectively 
(fold change 50 mM KCl: 10.5 ± 1.9, mean dCt treated cultures: 13.9 ± 0.3, mean dCt un-
treated cultures: 17.2 ± 0.3, Student t-test, p=1.2E-05; fold change 100 mM KCl: 48.5 ± 2.4, 
mean dCt treated cultures: 11.6 ± 0.1, mean dCt untreated cultures: 17.2 ± 0.3, Student t-test, 
p=2.8E-09). Total human BDNF levels (exon IX) were significantly upregulated in the 50 mM 
condition (mean relative fold change: 2.2 ± 0.3, mean dCt treated cultures: 8.7 ± 0.2, mean dCt 
untreated cultures: 9.7 ± 0.1, Student t-test, p<0.01). Together, these findings suggest that the 
transcription of human BDNF exon VIII is strongly activity-dependent.

We next sought to examine the activity-dependence of human BDNF exon VIII transcrip-
tion in other neural lineage cell types. To allow for the possibility of observing increased or 
decreased transcript levels compared to NPCs, we proceeded with the intermediate 50 mM 
KCl concentration (Figure 2c). In baseline (4.2 mM) KCl, neurons and astrocytes exhibited 
similarly low levels of both total and exon VIII-containing BDNF transcripts. However, upon 
administration of 50 mM KCl, exon VIII-containing BDNF transcript levels were significantly 
upregulated in neurons (relative fold change: 9.8 ± 2.7, mean dCt treated cultures: 12.3 ± 
0.4, mean dCt untreated cultures: 15.3 ± 0.3, Student t-test, p<0.001) and astrocytes (relative 
fold change: 10.3 ± 2.7, mean dCt treated cultures: 11.6 ± 0.6, mean dCt untreated cultures: 
14.5 ± 0.2, Student t-test, p<0.001), whereas total BDNF levels were 2-fold (mean relative fold 
change: 1,9 ± 0.2, mean dCt treated cultures: 8.3 ± 0.1, mean dCt untreated cultures: 9.2 ± 0.1, 
Student t-test, p<0.001) and 3-fold (mean relative fold change: 3.0 ± 0.8, mean dCt treated cul-
tures: 7.1 ± 0.5, mean dCt untreated cultures: 8.3 ± 0.4, Student t-test, p=0.06) upregulated in 
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Figure 2. BDNF exon VIII is upregulated upon depolarization in human neural lineages. (A) Immunostain-
ings of NPCs for SOX2 and nestin, and neurons for MAP2, and astrocytes for GFAP derived from H9 hESCs. 
Scale bars, 50 μm. (B) NPCs were treated for 3hs with 20 mM, 50 mM or 100 mM KCl and BDNF expression 
was measured by qRT-PCR using transcript-specific primers, normalized to GAPDH transcript levels. Delta 
Ct values and relative fold change values are shown. Relative fold change values are calculated with respect to 
untreated cultures. (C) NPCs, neuronal cultures and astrocytes were treated for 3hs with 50 mM KCl and BDNF 
expression was measured by qRT-PCR using transcript-specific primers, normalized to GAPDH transcript lev-
els. Delta Ct and relative fold change values are shown. Relative fold change values are calculated with respect 
to untreated cultures. Error bars represent SEM. Statistical significance is denoted by asterisks (***p<0.001; 
**p<0.01; *p<0.05; NS; Student t-test, ANOVA).
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neuronal cultures and astrocytes. The BDNF I-IX transcript, previously shown to be strongly 
upregulated in rodent neurons following depolarization18–20, was not upregulated in human 
neurons following depolarization (mean dCt treated cultures: 11.3 ± 0.3, mean dCt untreated 
cultures: 11.5 ± 0.2, Student t-test, p=0.58) and was undetectable in human astrocytes.

In order to further validate our findings, we performed multiple additional replications. 
First, we repeated the quantification of BDNF VIII-IX levels with a new primer set containing 
no overlapping primer sequence compared to those originally used. Results using this ad-
ditional primer pair was highly similar in all three neural lineage cell types to those obtained 
with the initial BDNF VIII-IX primers (Figure S1a). Second, we repeated the experiment us-
ing human iPSC-derived NPCs, which showed similar results as H9-derived cultures (Figure 
S1b), thereby confirming that our findings appear to be generalizable, at least among human 
pluripotent stem cell-derived neural progenitors. Third, in order to ensure that the observed 
activity-dependent upregulation of BDNF VIII-IX is not the result of excitotoxicity due to the 
administration of increased extracellular KCl, we exposed NPCs to 50 mM KCl for 3h and 
then replaced the culture medium with baseline (4.2 mM) KCl (Figure S1c). BDNF VIII-IX 
and total BDNF levels were measured at 3 and 18hs following medium replacement. GAPDH 
levels remained unchanged. Moreover, both BDNF VIII-IX and IX levels returned to baseline 
within three hours, thereby suggesting that upregulation of BDNF VIII-IX was not associated 
with excitotoxicity.

Taken together, transcriptional activation of BDNF exon VIII is strongly activity-dependent 
in multiple human neural lineage cell types, including neurons, astrocytes, and neural pro-
genitors.

No evidence for activity-dependent regulation of mouse Bdnf exon VIII
The Bdnf VIII-IX transcript has been previously reported in mice13. However, it remains 
unknown whether activity-dependent regulation of human BDNF exon VIII is also observed 
for the mouse Bdnf gene. We exposed human ES-derived NPCs, mouse ES-derived NPCs, 
and mouse primary hippocampal neurons to 50 mM KCl for 3h. BDNF VIII-IX, I-IX, and IX 
transcript levels were robustly increased in human NPCs (Figure 3a,b). In contrast, Bdnf IX 
levels were decreased in mouse NPCs (mean relative fold change: 4.2 ± 0.2, mean dCt treated: 
8.1 ± 0.1, mean dCt untreated: 6.1 ± 0.4, Student t-test, p<0.01), while Bdnf I-IX and VIII-IX 
transcripts were undetectable at baseline and following 50 mM KCl. Moreover, although Bdnf 
IX (mean relative fold change: 2.4 ± 0.6, mean dCt treated: 1.16 ± 0.3, mean dCt untreated: 2.3 
± 0.2, Student t-test, p<0.05) and Bdnf I-IX (mean relative fold change: 5.2 ± 2.3, mean dCt 
treated: 1.7 ± 0.5, mean dCt untreated: 3.6 ± 0.3, Student t-test, p<0.01) were upregulated in 
mouse primary hippocampal neurons following 50 mM KCl, Bdnf VIII-IX remained unde-
tectable. Therefore, the robust activity-dependent regulation of human BDNF VIII-IX does 
not appear to extend to mice.
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Identification of novel human BDNF exon VIII-containing transcripts
Pruunsild et al. 2007 reported human BDNF exon VIII to be contained within a tripartite 
transcript in which the transcriptional start site was exclusively contained within exon V16. 
Despite using multiple independent primer pairs for PCR and qPCR, we were unable to detect 
BDNF V-VIII-containing transcripts in human pluripotent stem cell-derived neural lineage 
cell types. Therefore, we designed primers to measure hypothetical transcripts starting from 
all possible upstream exons spliced to exon VIII. Using human NPCs, we found transcripts 
joining exon IV to exon VIII and exon VI to exon VIII (Figure 4a), both of which were 
upregulated following 50 mM KCl depolarization. Sanger sequencing of the PCR products 
confirmed that exons IV, and VI (VIa and VIb) each spliced to exon VIII. Next, we tested 
if these transcripts were also present in neuronal cultures and astrocytes. Upon depolariza-
tion with 50 mM KCl, all three exon VIII-containing transcripts (BDNF IV-VIII-IX, BDNF 
VIa-VIII-IX and BDNF VIb-VIII-IX) were upregulated in human NPCs, neuronal cells and 
astrocytes (Figure 4b, Table S1). These findings establish three activity-dependent human 
BDNF transcripts that to our knowledge have not been previously reported.

Candidate pathogenic variant in exon VIII segregating with the development of 
schizophrenia in a Dutch family
We ascertained a family of Dutch ancestry with a Mendelian pattern of inheritance for 
schizophrenia (SCZ) (Figure 5). No copy number variants were identified that segregated 
with the disease. Parametric linkage analysis under an autosomal dominant model yielded 
~407 Mb of shared genomic regions (Table S3). Whole exome sequencing was performed in 
three individuals (Figure 5, PED IDs 1, 2, 5) at 100x average genomic coverage. The results 
of linkage analysis were used to filter the exome data for heterozygous variants within the 
genomic regions shared among the affected individuals. The resulting variants were filtered 
for those with minor allele frequency <0.1%, predicted to affect protein coding, called in both 
affected individuals while absent in the unaffected father, and absent from dbSNP129. In the 
resulting list of variants (Table 1), only one heterozygous variant stood out to potentially 
result in a severe loss-of-function, within a loss-of-function intolerant gene (pLI ≥ 0.921 in 
Exome Aggregation Consortium browser, ExAC)22: a frameshift mutation involving a 2-base 

Figure 3. No detection of BDNF exon VIII in depo-
larized neural lineages of mice. (A, B) Mouse and 
human NPCs as well as primary mouse neurons were 
treated for 3hs with 50 mM KCl. BDNF expression 
was measured by qRT-PCR using transcript-specific 
primers. BDNF VIII-IX was measured using a primer 
pair that recognized mouse and human BDNF VIII-
IX. Fold changes are relative to untreated cultures. Er-
ror bars represent SEM.
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pair deletion in BDNF exon VIII (Chr11:27,695,731-27,695,733, cDNA position c.99_100del2, 
p.Cys34PhefsTer12, Table 1). Sanger sequencing confirmed the presence of the mutation in 
all affected family members for whom DNA was available. In addition, one unaffected family 
member was also found to carry the same mutation, consistent with incomplete penetrance. 
We found the same mutation in the Swedish Schizophrenia Exome Sequencing Study (db-
GAP; phs000473.v1.p1)23 but the mutation was not enriched in cases vs controls (case:carriers 
2536:0, control:carriers 2543:2, Fisher’s Exact Test, p=0.4999.

Figure 4. Detection of novel, activity-dependent exon VIII-containing transcripts. (A) Newly discovered 
BDNF transcripts in human neural lineages. (B) Human NPCs, neurons and astrocytes were treated for 3hs with 
50 mM KCl. BDNF expression was measured by qRT-PCR using transcript-specific primers. Delta Ct and rela-
tive fold change values are shown. Relative fold change values are calculated with respect to untreated cultures. 
Error bars represent SEM. Statistical significance is denoted by asterisks (***p<0.001; **p<0.01; *p<0.05; NS; 
Student t-test, ANOVA).
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Discussion

Here we report the identification of novel activity-dependent human BDNF transcripts in 
pluripotent stem cell-derived neural lineage cell types. We focused on exon VIII-containing 
transcripts potentially encoding a prepro-BDNF isoform with a long alternative N-terminus. 
We show that exon VIII-containing transcripts levels are expressed at low baseline levels in 
human NPCs, neurons and astrocytes. However, upon KCl-induced depolarization the ex-
pression of exon VIII-containing transcripts increased substantially in all three cell types, and 
most prominently in NPCs. Lastly, we identified a 2-base pair frameshift deletion in BDNF 
exon VIII exhibiting familial co-segregation with SCZ, highlighting the potential functional 
relevance of human BDNF exon VIII-containing transcripts.

We measured BDNF transcripts in human pluripotent stem cell derived-NPCs, neurons, 
and astrocytes. To the best of our knowledge, these results are the first to report the activity-
dependent regulation of BDNF in human neural lineage cell types. Our findings suggest that 
human NPCs, neurons, and astrocytes exhibit robust upregulation of BDNF expression upon 
KCl depolarization. The largest increase (over 30-fold upregulation) of exon VIII-containing 
transcript expression was found in NPCs suggesting that BDNF exon VIII-IX transcripts may 
have a particularly important function during neurodevelopment. Importantly, the strong 
response in upregulation was confirmed using multiple independent primer sets and in NPCs 
derived from both ES and iPSC cell lines.

Using primers compatible with detection of both human and mouse exon VIII-containing 
transcripts, we could not detect Bdnf VIII-IX in mouse neuronal lineage cell types. Although 
Aid et al. 2007 report the presence of Bdnf VIII-IX in developing and adult mouse brain13, we 
could not detect Bdnf VIII-IX expression in either mouse ES-derived NPCs or primary hippo-
campal mouse neurons. Notably, a recent report also failed to detect Bdnf VIII-IX expression 
in primary hippocampal mouse neurons24. However, since Aid et al. 2007 used brain lysates, 
we cannot exclude that other brain cell types may express Bdnf VIII-IX15. Species-specific 
regulation of the other BDNF transcripts was also observed. Although several studies report 

Figure 5. Familial segregation of BDNF mutation with schizophrenia. Pedigree of discovery family with 
schizophrenia. Number 1 to 5 (PED ID) indicate participating individuals. -/AT, heterogzygous carrier of the 
BDNF c.99_100del2 mutation (BDNFCys34PhefsTer12), AT/AT, homozygous reference.
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robust increases of BDNF I-IX, IV-IX and VI-IX in rodent neurons upon depolarization18–20,25, 
we could detect upregulation of BDNF I-IX, IV-IX or VI-IX in human neurons. Although 
BDNF I-IX was undetectable in mouse NPCs, it was present in human NPCs but without 
evidence of strong activity-dependent regulation. BDNF I-IX was undetectable in human 
astrocytes, both under standard baseline conditions as well as following KCl depolarization. 
Expression of BDNF transcripts IV-IX and VI-IX was activity-dependent, but only in NPCs 
and astrocytes. Moreover, we observed an unexpected decrease of total Bdnf expression in 
mouse NPCs following KCl depolarization. Overall, these data show marked differences in 
the regulation of human BDNF expression compared to mouse. Earlier results already hinted 
towards dissimilar time course of upregulation, level of upregulation and relative ratios of 
transcripts in depolarized and non-depolarized condition between human and mouse cells18. 
Nonetheless, as stem cell-derived cells represent at best first trimester human cells26,27, BDNF 
transcript expression may be different in more mature neural lineages.

A prior study reported the identification of a human BDNF exon V-VIII-IX transcript in 
adult brain tissue10,15. Although we could not detect this transcript in human NPCs, neurons, 
or astrocytes, we did find expression of three novel human BDNF transcripts: BDNF IV-VIII-
IX, VIa-VIII-IX and VIb-VIII-IX. Taken together, these results suggest that the expression 
of human BDNF transcripts is likely to be neurodevelopmentally-regulated28, for which 
transcripts IV-VIII-IX and VI-VIII-IX may predominantly be expressed in the developing 
brain, while transcript V-VIII-IX is more abundant in the adult brain. Moreover, given the 
activity-dependent expression of human BDNF, it is not unreasonable to presume that ad-
ditional transcripts may also remain to be identified. For example, given the quadripartite 
transcript V-VIII-VIIIh-IX10, IV-VIII-VIIIh-IX and VI-VIII-VIIIh-IX splicing are not 
unlikely to be found. Moreover, as rodents express a bipartite Bdnf VIII-IX transcript, it is 
possible that human exon VIII may also contain an analogous transcriptional initiation site. 
In silico prediction algorithms indeed annotate the likely existence of human BDNF VIII-IX 
transcripts (XM_011520280.2), but empirical confirmation has not yet been realized.

The function of the various human BDNF 5’ UTRs remain poorly characterized. In rodents, 
several 5’ UTRs have been shown to influence transcript localization and facilitate localized 
translation29–31. In rats, exon IV-containing transcripts are found in proximal dendrites, 
whereas exon VI-containing transcripts are targeted to distal dendrites. Exon VIII-containing 
transcripts remain in the soma31. 5’ UTRs also influence the amount of protein produced. 
Several elements in the 5’ UTR are involved in regulating translation levels such as secondary 
structures, multiple open-reading frames, upstream open-reading (uORF) frames and inter-
nal ribosomal entry-sites (IRES)32. Exon IV, VI and VIII contain several uORFs33 and IRES 
sequences34. uORFs downregulate expression of the main ORF35, whereas IRES sequences 
facilitate translation initiation after the ribosomal complex has disengaged. Of note, exon 
VIII-containing transcripts have two open-reading frames. Given that the effectivity of an 
AUG as start-site depends on the context nucleotides surrounding it36, the in-frame AUG 
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in exon VIII lies in a weak context for translation initiation10, whereas the AUG in exon IX 
occurs within a more classical translation initiation sequence. The mechanisms underlying the 
post-transcriptional regulation of the various human BDNF transcripts remain an important 
topic to be unraveled further.

Another open question concerns the downstream processing of exon VIII prepro-BDNF 
protein. ProBDNF contains a highly conserved ER-localization signal (KAAP) that mediates 
its translocation over the ER membrane37. The pro-domain of BDNF also influences packag-
ing and sorting in the Golgi as well as secretion38–40. In silico prediction by the SignalP 4.1 
server41 does not indicate an ER-localization signal in exon VIII prepro-BDNF. It remains to 
be determined empirically if the pre-domain of BDNF VIII-IX contains an ER-localization 
signal and what its effect may be on translocation, the amount of protein synthesized and se-
creted, sensitivity towards convertases, and where along the secretion path it might be cleaved. 
Likewise, its ability to form homo or heterodimers with other BDNF protein isoforms, as well 
as its consequences for secretion, remains to be determined.

Many studies have proposed an association between genetic variation in BDNF and SCZ 
pathophysiology42,43. Differential expression of BDNF has been reported in postmortem brain 
tissue and serum of SCZ patients42,43. Several antipsychotics appear to alter BDNF levels44. 
Moreover, SCZ is widely considered a disease of neurodevelopment45, in which synaptic 
dysfunction is a prominent pathophysiological mechanism46,47. Extensive findings have 
demonstrated the critical importance of BDNF in synaptic plasticity2,48–50. However studies on 
BDNF and SCZ have yielded inconsistent results42,43,51,52, leaving open the question of whether 
and the extent to which variation in BDNF might influence SCZ disease risk or its phenotypic 
manifestation.

We identified a frameshift mutation in the BDNF protein coding part of exon VIII that 
segregated with SCZ in a Dutch family. However, we did not find enrichment for the mutation 
in cases in the Swedish Schizophrenia Exome Sequencing Study (dbGAP; phs000473.v1.p1)23. 
Incomplete penetrance of the mutation could be a reason for the lack of enrichment in the 
Swedish Schizophrenia Exome Sequencing Study. Next to this, severe loss-of-function muta-
tions in BDNF are extremely rare (ExAC pLI=0.95)22. This indicates that BDNF has extreme 
selective constraints for functional alterations. As such, heterozygous mutation carriers may 
be at elevated risk for SCZ. Moreover, no homozygous individuals for this alternate allele have 
yet been found22. To prove causality however additional genetic and functional evidence are 
needed.

In conclusion, in this study we examined the transcriptional regulation of human BDNF 
exon VIII-containing transcripts. We find exon VIII-containing transcripts to be upregulated 
upon depolarization in human neural cells, particularly NPCs. We identified three novel exon 
VIII-containing human BDNF transcripts and find a loss-of-function mutation in exon VIII 
exhibiting familial co-segregation with SCZ, suggesting the neurobiological significance of 
human BDNF exon VIII-containing transcripts.
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Experimental procedures

Cell culture
H9 human embryonic stem cells (hESCs) were maintained on mouse embryonic fibroblasts 
(MEFs) according to standard protocols53. Induced pluripotent stem cells (iPSCs) were repro-
grammed from human primary skin fibroblasts (female, age 54) according to Warlich et al. us-
ing a single, multicistronic lentiviral vector encoding OCT4, SOX2, KLF4, and MYC54,55. The 
donor provided written informed consent in accordance with the Medical Ethical Committee 
of the Erasmus University Medical Center. Quality control of iPSC clones was performed by 
karyotyping, real-time quantitative PCR and embryoid body differentiation55,56.

Neural progenitor cells (NPCs) were generated according to previous publications55,57. In 
short, ES and induced pluripotent stem cell (iPSC) colonies were dissociated from MEFs with 
collagenase. IPSC colonies were transferred to non-adherent plates for embryoid body (EB) 
formation. For two days EBs were grown in human ES medium after which the medium was 
replaced with neural induction medium for an additional 4 days in suspension. To obtain 
NPCs, EBs were slightly triturated at day 7 and plated onto laminin-coated 10 cm dishes in 
neural induction medium for 8 days. At day 15, cells were considered pre-NPCs (passage one, 
p1). NPCs between p6 and p9 were used for experiments. Neuronal cultures were generated 
by terminally differentiating p6-9 NPCs according to Gunhanlar et al. 201755. In brief, NPCs 
were plated on polyornithine/laminin-coated coverslips in neuronal differentiation medium. 
After 4 weeks of differentiation, only half of the medium of the cultures was replenished. 
Neuronal cultures were differentiated for 8-10 weeks. For generation of astrocyte cultures, 
NPCs (p5-p10) were differentiated for 3 weeks in NPC medium supplemented with human 
LIF (10 ng/ml, Peprotech) and human BMP4 (10 ng/ml, Biovision)58. Mouse NPCs were 
derived from 46C embryonic stem cells 59 and cultured as described in Conti et al. 200560. 
For mouse primary neuronal cultures, FvB/NHsD females were crossed with FvB/NHsD 
males (both ordered at 8-10 weeks old from Envigo) and isolated at E18 according Banker and 
Goslin, 199861. All animal procedures were approved by the local institutional review board 
and Dutch Animal Ethical Committee.

Quantitative real-time PCR
RNA was isolated from cell cultures using the RNeasy mini kit (Qiagen) or Allprep RNA/protein 
kit (Qiagen) according manufacturer instructions. RNA quality was assessed with nanodrop 
(A260/A280>2.0, A260/A230 2.0-2.2) and rRNA was checked with gel electrophoresis for a 
28S/18S ratio of 2:1. RNA was stored at -80°C. First-strand cDNA synthesis was performed 
with the iScript (™) cDNA Synthesis kit (BioRad) according to the manufacturer’s protocol 
with 300 ng RNA template and stored at -20°C. Quantitative RT-PCR primers were designed 
with Primer Express and Primer3Plus. All primers were blasted and were not homologous to 
other targets than the one intended. RT-PCR amplification mixtures (20 µl) contained 3-15 
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ng template cDNA, 7.5 µl 2x Sybr ® Green PCR Master mix (Applied Biosciences), 2.5 µl H2O 
and 20 nM forward and reverse primer. For each primer pair a 4-step 2-fold dilution curve 
was made to check for replication efficiency, except for GAPDH where a 10-fold dilution curve 
was made. Efficiency between 75-100% was measured (Table S2). Reactions were run on an 
ABI 7300 (Applied Biosystems) in microseal PCR plates (MSS9601, Bio-Rad). The cycling 
conditions comprised 10 min polymerase activation at 95°C, 40 cycles at 95°C for 15 sec, 60°C 
for 60 sec followed by one cycle of 10 sec at 95°C, 60 sec at 60°C, 15 sec at 95°C, and 60°C for 
15 sec. Each assay contained a no-template control, where average ≤ 5 cycle threshold (Ct) 
cycles was accepted as the threshold. The detection limit was set to Ct=34, above which signals 
could not be measured reliably. Per plate, three technical replicates were measured. Ct values 
were determined by automatically determining the threshold and background values using 
the ABI7300 SDS software (version 1.3). SDS results were exported as tab-delimited text files 
and imported into Microsoft Excel 2010 for further analysis.

Statistical analysis
Each set of experiments was performed in duplicate in n=3 wells for both treated and non-
treated conditions. Delta Ct values (dCt) were determined by subtracting GAPDH Ct values 
from the Ct values of the transcript of interest. Delta dCt (ddCt) values were calculated by 
subtracting average dCt values in non-treated conditions from each individual dCt value in 
treated conditions. Delta dCt values were transformed to relative fold change values using the 
following formula: 2(-ddCt). Statistical analysis was performed by unpaired Student t-test using 
Microsoft Excel 2010. Differences were considered statistically significant if the P-value was 
<0.05.

Immunocytochemistry
Cell cultures were fixed using 4% formaldehyde in PBS. Primary antibodies were incubated 
overnight at 4°C in labelling buffer containing 0.05 M Tris, 0.9% NaCl, 0.25% gelatin, and 
0.5% Triton-X-100 (pH 7.4). The following primary antibodies were used: SOX2, Nestin, 
MAP2, GFAP (Millipore); secondary antibodies Alexa-488 and Cy3 were used (Jackson Im-
munoResearch). Samples were embedded in Mowiol 4-88 (Sigma-Aldrich) after which images 
were obtained with Zeiss LSM700 confocal microscope using ZEN software (Zeiss, Germany).

Genetic analyses
A non-consanguineous family of Dutch ancestry was identified with a pattern of SCZ in-
heritance compatible with autosomal dominant transmission. Linkage and copy number 
variant (CNV) analysis was performed with Illumina HumanOmniExpress 700k SNP-arrays 
on DNA isolated from venous blood. Linkage analysis was performed using an autosomal 
dominant affected-only model with an assumption that the pathogenic allele was inherited 
through the affected mother. Linkage analysis was conducted for the purpose of identifying 
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the genome-wide set of chromosomal regions shared by all affected family members. This 
analysis revealed a total of ~407 Mb of shared genomic region (Table S3). Linkage analysis 
was performed using Allegro62. CNV analysis was performed using NEXUS discovery edition, 
version 7 (BioDiscovery, El Segundo, CA). Whole exome sequencing was performed on two 
affected siblings and their unaffected father (Figure 8, PED IDs 1, 2 and 5) at 90x average 
coverage. Exome sequencing was performed using in-solution capture (Agilent SureSelect V4 
Human 50 Mb kit, Agilent Technologies) and paired-end sequencing on an Illumina Hi-Seq 
2000 sequencer at LGC Berlin. Reads were aligned to the human reference genome version 
19 using Burrows-Wheeler Aligner. SNPs and indels were called using the Genome Analysis 
Toolkit (GATK). The heterozygous variants were filtered based on the following criteria: a) 
present within the shared genomic regions, b) predicted to affect protein coding (missense, 
nonsense, frameshift, splice site), c) called in both affected individuals (Ped IDs 2 and 5) and 
absent from their unaffected father (Ped ID 1), d) absent from dbSNP129, and e) with a minor 
allele frequency (MAF) of < 0.1% in public databases 1000G63, ExAC22, GoNL64. The remain-
ing variants for all participating family members were genotyped by Sanger sequencing (for 
primers, see Table S4).
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Figure S1. Validation of BDNF VIII-IX upregulation (A) ES-derived NPCs, neuronal cultures and astrocytes 
and (B) iPSC-derived NPCs were treated for 3hs with 50 mM KCl and BDNF transcript VIII-IX and IX were 
measured by qRT-PCR using transcript-specific primers, normalized to GAPDH. Delta Ct values and relative 
fold change values are shown. Relative fold change values are calculated with respect to untreated cultures. (C) 
NPCs were treated for 3hs with 50 mM KCl after which the medium was replaced with fresh medium. BDNF 
VIII-IX and IX levels were measured 3hs and 18hs after replenishment. Fold changes are relative to untreated 
cultures. The GAPDH Ct values stay constant over time. Error bars represent SEM. Statistical significance is 
denoted by asterisks (***p<0.001; **p<0.01; *p<0.05; NS; Student t-test, ANOVA).
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Table S1, Related to figure 4, relative fold change and dCt values

Relative fold change dCt treated cultures dCt untreated cultures P-value

NPCs IV-IX 4.94 ± 0.56 8.26 ± 0.16 10.53 ± 0.12 1.04E-06

IV-VIII 7.94 ± 1.52 13.71 ± 0.27 16.57 ± 0.36 8.26E-05

VI-XI 4.08 ± 0.56 8.40 ± 0.30 10.32 ± 0.12 1.41E-04

VIa-VIII 11.67 ±2.32 12.68 ± 0.25 16.10 ± 0.13 2.86E-07

VIb-VIII 21.69 ± 5.85 11.21 ± 0.47 15.31 ± 0.33 3.15E-05

Neurons IV-IX 1.78 ± 0.43 9.00 ± 0.40 9.68 ± 0.39 3.48E-01

IV-VIII 3.02 ± 0.76 14.51 ± 0.37 15.83 ± 0.46 4.96E-02

VI-XI 2.27 ± 0.54 10.93 ± 0.31 12.01 ± 0.91 2.13E-01

VIa-VIII 5.07 ± 2.63 13.86 ± 0.68 15.20 ± 0.18 1.34E-01

VIb-VIII 4.32 ± 1.16 12.65 ± 0.34 14.51 ± 0.43 6.39E-03

Astrocytes IV-IX 5.99 ± 1.76 10.16 ± 0.51 12.34 ± 0.68 2.81E-02

IV-VIII 4.08 ± 1.14 13.37 ± 0.46 15.27 ± 0.23 2.06E-02

VI-XI 1.82 ± 0.16 8.41 ± 0.30 10.32 ± 0.12 7.29E-03

VIa-VIII 14.53 ± 5.04 12.45 ± 0.74 15.58 ± 0.12 1.83E-03

VIb-VIII 14.53 ± 5.31 12.34 ± 0.61 15.61 ± 0.10 3.68E-04
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Table S3, Related to Figure 5, shared chromosomal regions under an autosomal dominant, affected-only 
model

Chr. Start SNP End SNP cM Start cM End Physical 
start

Physical 
End

Size cM Size Mb

2 rs870638 rs12469652 44.95 61.07 21484754 36977116 16.12 15.49

3 rs6799673 rs11707471 56.87 69.71 31701082 46498865 12.84 14.80

4 rs3829 rs4637403 0.16 17.89 134851 7554721 17.73 7.42

4 rs1463842 rs7671645 51.07 56.8 31209875 38019302 5.73 6.81

4 rs1433418 rs4693933 73.82 95.88 58984954 89139002 22.06 30.15

4 rs4416516 rs17080259 187.87 205.06 184783233 190838050 17.19 6.05

5 rs12658051 rs11958855 81.1 119.32 68003457 113641145 38.22 45.64

5 rs265993 rs2287716 194.59 206.25 174846909 180666276 11.66 5.82

7 rs6950505 rs6462017 21.76 43.43 11033756 27516318 21.67 16.48

8 rs2003497 rs1915418 0.26 32.73 176818 19093006 32.47 18.92

8 rs4363185 rs12681417 86.98 112.22 74275261 105635003 25.24 31.36

9 rs10814410 rs10810110 0.01 28.4 46587 14199422 28.39 14.15

9 rs3780136 rs12684856 58.63 74.31 36845973 79818630 15.68 42.97

10 rs1772810 rs6537616 137.81 179.57 119157485 135428246 41.76 16.27

11 rs1484444 rs697315 23.98 52.36 15752803 35638772 28.38 19.89

11 rs2000605 rs4945383 76.69 86.25 70353848 79598935 9.56 9.25

12 rs10879636 rs2268389 87.11 124.4 73961218 109643152 37.29 35.68

14 rs1307538 rs12589785 56.22 69.66 56920207 71690700 13.44 14.77

15 rs6599770 rs11632150 3.95 44.28 20161372 46052390 40.33 25.89

17 rs11656081 rs2587507 117.76 129.41 75222048 77790135 11.65 2.57

19 rs475112 rs2886790 12.81 37.08 3745546 15099441 24.27 11.35

19 rs8108275 rs893185 92.59 110.92 53141566 58989495 18.33 15.49

Total 490.01 407.23
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