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ORIGINAL ARTICLE

A homozygous loss-of-function mutation in inositol
monophosphatase 1 (IMPA1) causes severe intellectual
disability
T Figueiredo1,2,3, US Melo3, ALS Pessoa4,5, PR Nobrega4, JP Kitajima6, H Rusch7, F Vaz7, LT Lucato8, M Zatz3, F Kok3,4,6 and S Santos1,2
The genetic basis of intellectual disability (ID) is extremely heterogeneous and relatively little is known about the role of autosomal
recessive traits. In a ﬁeld study performed in a highly inbred area of Northeastern Brazil, we identiﬁed and investigated a large
consanguineous family with nine adult members affected by severe ID associated with disruptive behavior. The Genome-Wide
Human SNP Array 6.0 microarray was used to determine regions of homozygosity by descent from three affected and one normal
family member. Whole-exome sequencing (WES) was performed in one affected patient using the Nextera Rapid-Capture Exome kit
and Illumina HiSeq2500 system to identify the causative mutation. Potentially deleterious variants detected in regions of
homozygosity by descent and not present in either 59 723 unrelated individuals from the Exome Aggregation Consortium
(Browser) or 1484 Brazilians were subject to further scrutiny and segregation analysis by Sanger sequencing. Homozygosity-bydescent analysis disclosed a 20.7-Mb candidate region at 8q12.3-q21.2 (lod score: 3.11). WES identiﬁed a homozygous deleterious
variant in inositol monophosphatase 1 (IMPA1) (NM_005536), consisting of a 5-bp duplication (c.489_493dupGGGCT; chr8:
82,583,247; GRCh37/hg19) leading to a frameshift and a premature stop codon (p.Ser165Trpfs*10) that cosegregated with the
disease in 26 genotyped family members. The IMPA1 gene product is responsible for the ﬁnal step of biotransformation of inositol
triphosphate and diacylglycerol, two second messengers. Despite its many physiological functions, no clinical phenotype has been
assigned to this gene dysfunction to date. Additionally, IMPA1 is the main target of lithium, a drug that is at the forefront of
treatment for bipolar disorder.
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INTRODUCTION
Intellectual disability (ID) is a serious neurodevelopmental disorder
that is characterized by an intelligence quotient (IQ) of 70 or
below, and deﬁciency in at least two characteristics essential for
adaptive functioning, such as communication, reading, writing
and self-care. This condition can usually be diagnosed before the
age of 18,1 and its prevalence is between 1 and 3%.2 Though it can
be caused by environmental insults such as infection or
teratogens, with a high proportion being the result of genetic
abnormalities, close to 60% of cases of ID do not have a known
etiology.3,4
Recently, exome enrichment and next-generation sequencing
have been introduced as cost-effective and fast strategies for
disease-gene identiﬁcation. Using this modern technology, we
identiﬁed a disease-causing mutation (c.489_493dupGGGCT)
within the IMPA1 gene in a large consanguineous Brazilian family
in which nine affected individuals had severe ID and disruptive
paranoid behavior.
Inositol monophosphatase 1 (IMPA1: EC 3.1.3.25) is the critical
enzyme for the recovery of the inositol cycle, and it is key for both
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the de novo synthesis of inositol and the recycling of
inositol polyphosphates generated upon receptor activation.5
The inositol phosphate metabolism pathway is involved in normal
physiological conditions, such as insulin and PI3K/Akt signaling,
endocytosis, vesicle trafﬁcking, exocytosis, cell migration,
proliferation, apoptosis, neurotransmitter release, hormone secretion, histamine release in allergic responses and in maintaining the
state of homeostasis for second messengers. Thus, dysfunctions of
the inositol cycle have been implicated in a variety of human
diseases, including developmental defects, cancer, diabetes and
neurological diseases.6 IMPA1 has attracted much interest in the
genetic studies of neuropsychiatric diseases because in therapeutic concentrations, lithium, the main pharmacological treatment
for bipolar disorder, it is an uncompetitive inhibitor of IMPA1.7,8
Therefore, myo-inositol is thought to have an important role in the
mechanism of bipolar disorder, and has been the focus of many
studies.
Although animal models and in vitro analysis have contributed
to the understanding of the pathophysiology of IMPA1 deﬁciency,
no human disease has been attributed to a malfunction of this
protein.
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Figure 1. The six generation family pedigree with six consanguineous marriages. DNA was sampled from persons with a code, individuals with
intellectual disability are represented by ﬁlled symbols and half-ﬁlled symbols indicate heterozygous individuals.

MATERIALS AND METHODS
Family ascertainment, genetic and clinical analysis

Magnetic resonance imaging and proton magnetic resonance
spectroscopy analysis

Affected individuals belonging to a small isolated community in an
impoverished area of Northeastern Brazil were clinically evaluated in
their hometown, as part of a larger project on prospection of
neurologic disorders in highly inbred areas of the country. After obtaining
written consent from the parents or legal guardians, blood and urine
samples were collected from affected and healthy family members,
and a pedigree was constructed on the basis of family information
(Figure 1). The data sampling protocol and consent procedure were
reviewed and approved by the National Committee for Ethics in Research
(CONEP; http://conselho.saude.gov.br/web_comissoes/conep/index.html;
Brazil).

Brain magnetic resonance imaging and proton magnetic resonance
spectroscopy analysis were performed on a 1.5-T whole-body Philips
(Andover, MA, USA) scanner for one patient (V-17) and one healthy control.

Linkage study
Linkage study was performed using DNA samples from three affected
individuals (V-24, V-26 and V-27) and one healthy member (V-21) of the
same family. Genotyping was performed with the Genome-wide human
SNP Array 6.0 (Affymetrix, Santa Clara, CA, USA) and genome-wide
homozygosity analysis was performed by Homozygosity Mapper.9
ALOHOMORA10 software was used to convert the obtained data from
the Affymetrix genotype platform into ﬁles for linkage analysis, and
Pedcheck was used to identify Mendelian inconsistencies. Multipoint
linkage analysis using MERLIN11 software was performed assuming a fully
penetrant autosomal recessive mode of inheritance with a disease allele
frequency of 0.001.

Exome and Sanger sequencing
Whole-exome sequencing (WES) was performed on a DNA sample from
one patient (V-24) using the Extended Nextera Rapid-Capture Exome kit
(Illumina, San Diego, CA, USA) and sequenced using the Illumina
HiSeq2500 system (Illumina). Exome reads were analyzed in a standard
Bioinformatics pipeline using BWA for sequence alignment to the GRCh37
reference, Broad Institute GATK for genotyping, SnpEff for variant
annotation and ExomeDepth for CNV detection.12–16 Potentially deleterious variants detected in regions of homozygosity by descent, not present
in 59 723 unrelated individuals from Exome Aggregation Consortium or in
a Brazilian control population (1484 individuals) were selected for
segregation analysis by Sanger sequencing. A 193-bp fragment harboring
the candidate mutation was ampliﬁed using forward primer: 5′-CCATGAA
CAGGAATGCAAAA-3′ and reverse primer: 5′-GGGATACAAATGCCCTCTTC
-3′. The reaction products were analyzed with an ABI 3730 DNA Analyzer
(Applied Biosystems, Carlsbad, CA, USA), and the results were analyzed
using Sequencher 5.0 (Gene Codes, Ann Arbor, MI).
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Myo-inositol measurements in urine and plasma
To determine the total amount of myo-inositol, 100 μl of plasma or urine
was incubated with alkaline phosphatase in 0.2 M Tris-HCl at pH 8.6 for
15 min at 37 °C in a total volume of 200 μl. Twenty-ﬁve microliters of 2 μM
persitol solution (internal standard) was added and mixed. For determination of free myo-inositol, the alkaline phosphatase step was omitted.
One milliliter of acetonitrile was added while vortexing, and the precipitate
was removed through a 10-min centrifugation at 14,000g at 4 °C. The
supernatant was evaporated to dryness under a nitrogen stream, and
150 μl of Tri-Sil TBT (TMSI:BSA:TMCS) reagent was added and incubated at
100 °C for 30 min. Three milliliters of hexane and 900 μl of 0.1 M HCl were
added and thoroughly mixed. The hexane layer was evaporated to dryness
under a nitrogen stream, and 40 μl of BSTFA+1%TMCS was added and
incubated at 60 °C for 60 min. Sialylated sugar derivatives were separated
on an Agilent 6890N GC with an FID detector using a CP-Sil 5 CB column.
The concentration of inositol phosphates was estimated by subtracting
free inositol from total inositol.

RESULTS
Clinical features
We evaluated nine individuals (ﬁve males; ages 38–59 years) who
are descended from four closely related ﬁrst-cousin couples. In all
individuals, moderate to severe ID was detected. We further note
that none of the subjects attended school, and all individuals
either require close supervision or are dependent on external help
for daily activities. They do not know how to manage money and
are unable to name colors. Disruptive behaviors, sometimes
aggressive and paranoid, were present in six of the nine affected
individuals. A deceased sibling of patient IV-8, with a very similar
phenotype, was kept locked in a room of his house for many years
because of a history of inappropriate sexual behavior. Another
seemingly affected younger sibling of patient IV-8 did not allow us
to approach because of her very disruptive behavior. For that
reason, we were unable to construct her genotype.
© 2015 Macmillan Publishers Limited
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Figure 2. Mutation in IMPA1. (a) Whole-exome sequencing image of IMPA1 sequence, highlighting the c.489_493dupGGGCT variant. (b) Sanger
sequencing electropherograms showing homozygous control (V-21) and affected (V-24) individuals.

Linkage
Autozygosity mapping and parametric linkage analysis led to the
identiﬁcation of one linkage region with the maximum LOD
score of 3.11 on chr8: 65,561,378-86,338,908 (8q12.3-q21.2;
GRCh37/hg19). A total of 112 genes are located in the candidate
region, and none were associated with autosomal recessive ID
according to OMIM.17
Exome sequencing and Sanger sequencing of the candidate
variant
The coverage of whole-exome sequencing with at least 10 reads
was 96.84%, and every base was independently read an average
of 80 times, as a total of 154,002,998 sequences were generated.
We analyzed homozygous variants in a consensus coding
transcript not present in controls, located in the linkage regions
and in the following 26 genes associated with autosomal recessive
ID according to OMIM:17 ST3GAL3, PGAP1, CRBN, PRSS12, NSUN2,
MED23, GRIK2, TTI2, TUSC3, TAF2, TRAPPC9, MAN1B1, ANK3,
KIAA1033, CRADD, HERC2, FBXO31, METTL23, TECR, ADAT3, KPTN,
CC2D1A, NDST1, FMN2, SLC6A17 and GPT2. Given the target
linkage region, 47 variants were identiﬁed in this region, with four
of them being of low quality (ﬁltered by GATk or erroneously
genotyped as heterozygotes; Supplementary Table 1). From these
47 variants, only ﬁve were not present in the Exome Aggregation
database (v0.3) (http://exac.broadinstitute.org/). Only two out
these ﬁve variants are exonic coding and rare, one inside a polyP
region and the other the candidate variant. The variant in the
PolyP region was genotyped with a low score (o 100 GATk score)
and was discarded. We did not ﬁnd rare variants in genes
already associated with autosomal recessive ID. Therefore,
the only remaining coding variant that fulﬁlled the criteria
of possible disease-causing variant was a 5-bp duplication
(c.489_493dupGGGCT; GRCh37/hg19) in homozygosis, which
leads to a frameshift and premature stop codon in IMPA1
(Figure 2). This variant cosegregated with the disease in the
family (Supplementary Figure 1) and was not detected in Brazilian
© 2015 Macmillan Publishers Limited

population controls (1484 individuals) and in 59,723 exomes from
the Exome Aggregation Consortium.
Magnetic resonance imaging and proton magnetic resonance
spectroscopy analysis
Brain magnetic resonance imaging was normal, as well as proton
magnetic resonance spectroscopy analysis, which showed no
reduction of the peak of myo-inositol (Supplementary Figure 2).
Myo-inositol measurements in urine and plasma
We did not detect a change in the myo-inositol or phosphoinositol
content in the plasma or urine of patients with IMPA1
homozygous loss of function when compared with healthy
heterozygotes or normal controls (Supplementary Table 2).
DISCUSSION
Through a combination of homozygosity mapping, targeted exon
enrichment and next-generation sequencing, we identiﬁed a
homozygous loss-of-function variant in IMPA1 in nine individuals
with severe intellectual deﬁciency and disruptive behavior
belonging to a large consanguineous family. The IMPA1 gene
codes for inositol monophosphatase, an enzyme active in the ﬁnal
step of dephosphorylation of polyphosphate myo-inositol.
Nevertheless, we were not able to detect a change in the
myo-inositol or phosphoinositol content in the plasma or urine of
patients with IMPA1 homozygous loss of function compared with
healthy heterozygotes or normal controls (Supplementary Table 1).
In addition, brain magnetic resonance imaging spectroscopy
did not show reduction of the inositol peak in one examined
patient (Supplementary Figure 1), suggesting that levels of
myo-inositol in biological ﬂuids and its content in some areas of
the brain are not affected by IMPA1 deﬁciency. Nevertheless,
intracellular changes in myo-inositol levels or reduction of
myo-inositol levels in speciﬁc regions of the brain cannot be
ruled out.
Molecular Psychiatry (2015), 1 – 5
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Over the years, the overall interest in IMPA1 function has
continuously increased, as it was recognized that this enzyme is
inhibited by lithium, a powerful mood stabilizer used for
treatment of bipolar disorder, a psychiatric condition with high
worldwide prevalence. Thus, several studies have attempted to
understand the mechanism of action of lithium and its relation
with IMPA1 activity.
Cryns et al.8 characterized the phenotype of Impa1 knockout
mice. They observed that homozygote Impa1−/− mice died in
utero between days 9.5 and 10.5 post coitum. However, very
interestingly, it was noted that inositol supplementation of
pregnant mothers rescued the lethality of Impa−/− embryos.
However, an altered circadian control and hyperactivity in
the forced-swim test and open-ﬁeld test were observed in
Impa−/− rescued mice. Berry et al.18 demonstrated in mice that
homozygous deletion of the sodium myo-inositol cotransporter-1
(SMIT), whose product is responsible for importing inositol into
cells, caused lethality of mice shortly after birth. Ohnishi et al.19
screened
an
ethyl-nitrosourea
mutant
library
for
Impa1−/− mutations and found a Thr95Lys missense mutation,
which caused perinatal death of the mice and was also rescued
by inositol supplementation. Homozygotes exhibited hyperlocomotive behavior and prolonged circadian periods.
Furthermore, E.18.5 embryos displayed skeletal developmental
defects. Andreassi et al.20 observed that Impa1 messenger RNA is
the most abundant transcript in rat sympathetic neuron axons
and that selective silencing of Impa1 induces axon degeneration.
These results highlight the importance of myo-inositol in the
early embryonic development and survival of mice, and suggest
that inositol deﬁciency, either by deﬁcient synthesis, recycling or
transport, is detrimental for normal development. However, the
rescue of lethality in the Impa−/− mice by inositol supplementation indicates that increased diet supplementation can
compensate for the defect in myo-inositol recycling and
synthesis in the developing embryo. Interestingly, an important
feature in adult rats receiving lithium during development was
their hyperactivity, similar to Impa−/− mice.21
Up until now, only IMPA1 and IMPA2 are known to encode
proteins with inositol monophosphatase activity in humans.
Nevertheless, IMPA2 was inhibited by lithium only at high
concentrations and has much lower activity towards inositol
monophosphate than does IMPA1.22 In mice, Impa1 and
Impa2 have a different pattern of expression in different tissues.
For example, expression in the brain is dominated by Impa1. In
addition, the Impa2 knockout mouse has no recognizable
phenotype. In the search for potential compensatory mechanisms,
no evidence of overexpression of Impa2 was seen in
Impa1−/− mice.8
IMPA1 has an essential role in maintaining neuronal polarity in
the mature nervous system as demonstrated by studies on the
Caenorhabditis elegans gene, ttx-7, its only gene to encode an
inositol monophosphatase.23,24 Mutations in ttx-7 cause defects in
sensory behavior and localization of both pre- and post-synaptic
proteins in RIA neurons and pivotal interneurons. Both behavioral
and localization defects in ttx-7 mutants were rescued by either
expression of ttx-7 in adults, forced expression of human IMPase
proteins, or by inositol supplementation.23–25 As shown by
Tanizawa et al.,23 the synaptic localization defects in ttx-7 mutants
occurred exclusively in RIA neurons. In addition, this study showed
that inositol monophosphatase is involved in a specialized part of
cell phosphatidylinositol metabolism.
Thus, we can speculate that the inhibition of IMPA1 in humans
may have an effect on a speciﬁc group of neurons and/or affect a
speciﬁc metabolic phosphatidylinositol pathway. The fact that we
were not able to observe reduced inositol peak in one patient
subjected to a brain magnetic resonance imaging spectroscopy
does not rule out the possibility of inositol depletion as a
mechanism of the ID. Various studies suggested the existence of
Molecular Psychiatry (2015), 1 – 5

several pools of inositol in the brain.8,26 Lack of IMPA1 activity
causing inositol depletion would be more likely to occur in cells
with a highly active phosphatidylinositol cycle, leading to inositol
depletion and causing irreversible brain damage.8
Several ID genes are involved in neurotransmitter release by
exocytosis.27 It has been shown that phosphoinositides, which are
derived from combinational phosphorylation of phosphatidylinositol, have important roles through the Ca2+-dependent mobilization of secretory vesicles to the plasma membrane.28,29 In neurons
and neuroendocrine cells, regulated secretion requires a calciumdependent fusion of transmitter-containing vesicles with the
plasma membrane. Furthermore, reduction of phosphatidylinositol 3,5-bisphosphate potentiates neuroexocytosis and leads to
neuronal degeneration, a mechanism that has been linked to
certain forms of Charcot–Marie–Tooth disease and amyotrophic
lateral sclerosis.30
In short, the strategy of combining ﬁeld investigation in highly
inbred areas of Brazil, searching for of clusters of genetic disorders,
with a state-of-art molecular approach proved once again to be
successful. Using this approach, our group has recently identiﬁed,
in a neighboring community, MED25 as another gene associated
with autosomal recessive ID.16
Now we report the identiﬁcation of a novel homozygous
duplication of 5 bp in IMPA1, in a large consanguineous family
with nine individuals with severe ID and disruptive behavior.
IMPA1 encodes inositol monophosphatase 1, a key target for
lithium, the leading drug for treatment of bipolar disorder. This is
the ﬁrst observation of a human disease involving inositol
recycling and its de novo synthesis pathway, enhancing our
comprehension of the pathophysiology of ID and psychiatric
disorders. The effect of inositol supplementation in individuals
with IMPA1 deﬁciency will be the subject of future studies.
CONFLICT OF INTEREST
The authors declare no conﬂict of interest.

ACKNOWLEDGMENTS
This investigation would not have been possible without the contribution of many
Public Health Agents from the Family’s Health Program of several municipalities of
Paraiba State, Brazil. This manuscript is dedicated to all families involved in this study.
This study was ﬁnancially supported by the UEPB/PROPESQ, FAPESQ/CNPq/PPSUS,
CAPES, CNPq/INCT and FAPESP/CEPID.

REFERENCES
1 American Psychiatric Association. Diagnostic and Statistical Manual of Mental
Disorders. American Psychiatric Association: Washington, DC, USA, 2000.
2 Leonard H, Wen X. The epidemiology of mental retardation: challenges and
opportunities in the new millennium. Ment Retard Dev Disabil Res Rev 2002; 8:
117–134.
3 Rauch A, Hoyer J, Guth S, Zweier C, Kraus C, Becker C et al. Diagnostic yield of
various genetic approaches in patients with unexplained developmental delay or
mental retardation. Am J Med Genet A 2006; 140: 2063–2074.
4 Ellison JW, Rosenfeld JA, Shaffer LG. Genetic basis of intellectual disability.
Annu Rev Med 2013; 64: 441–450.
5 Resnick AC, Saiardi A. Inositol polyphosphate multikinase: metabolic architect of
nuclear inositides. Front Biosci 2008; 13: 856–866.
6 Hakim S, Bertucci MC, Conduit SE, Vuong DL, Mitchell CA. Inositol polyphosphate
phosphatases in human disease. Curr Top Microbiol Immunol 2012; 362: 247–314.
7 Atack JR, Broughton HB, Pollack SJ. Inositol monophosphatase—a putative target
for Li+ in the treatment of bipolar disorder. Trends Neurosci 1995; 18: 343–349.
8 Cryns K, Shamir A, Van Acker N, Levi I, Daneels G, Goris I et al. IMPA1 is essential
for embryonic development and lithium-like pilocarpine sensitivity.
Neuropsychopharmacology 2008; 33: 674–684.
9 Seelow D, Schuelke M, Hildebrandt F, Nürnberg P. HomozygosityMapper--an
interactive approach to homozygosity mapping. Nucleic Acids Res 2009; 37:
593–599.
10 Ruschendorf F, Nurnberg P. ALOHOMORA: a tool for linkage analysis using 10k
SNP array data. Bioinformatics 2005; 12: 2123–2125.

© 2015 Macmillan Publishers Limited

Loss-of-function mutation in IMPA1 causes ID
T Figueiredo et al

5
11 Abecasis G, Cherny S, Cookson W, Cardon L. Merlin—rapid analysis
of dense genetic maps using sparse gene ﬂow trees. Nat Genet 2002; 30:
97–101.
12 Li H, Durbin R. Fast and accurate long-read alignment with Burrows-Wheeler
transform. Bioinformatics 2010; 26: 589–595.
13 McKenna A, Hanna M, Banks E, Sivachenko A, Cibulskis K, Kernytsky A et al.
The Genome Analysis Toolkit: a MapReduce framework for analyzing nextgeneration DNA sequencing data. Genome Res 2010; 20: 1297–1303.
14 Cingolani P, Platts A, Wang le L, Coon M, Nguyen T, Wang L et al. A program for
annotating and predicting the effects of single nucleotide polymorphisms,
SnpEff: SNPs in the genome of Drosophila melanogaster strain w1118; iso-2; iso-3.
Fly (Austin) 2012; 6: 80–92.
15 Plagnol V, Curtis J, Epstein M, Mok KY, Stebbings E, Grigoriadou S et al.
A robust model for read count data in exome sequencing experiments and
implications for copy number variant calling. Bioinformatics 2012; 28:
2747–2754.
16 Figueiredo T, Melo US, Pessoa AL, Nobrega PR, Kitajima JP, Correia I et al.
Homozygous missense mutation in MED25 segregates with syndromic
intellectual disability in a large consanguineous family. J Med Genet 2015; 52:
123–127.
17 OMIM. OMIM database. http://www.ncbi.nlm.nih.gov/omim/.
18 Berry GT, Wu S, Buccafusca R, Ren J, Gonzales LW, Ballard PL et al. Loss of murine
Na+/myo-inositol cotransporter leads to brain myo-inositol depletion and
central apnea. J Bio Chem 2003; 278: 18297–18302.
19 Ohnishi T, Murata T, Watanabe A, Hida A, Ohba H, Iwayama Y et al. Defective
craniofacial development and brain function in a mouse model for depletion of
intracellular inositol synthesis. J Biol Chem 2014; 289: 10785–10796.
20 Andreassi C, Zimmermann C, Mitter R, Fusco S, De Vita S, Saiardi A et al. An
NGF-responsive element targets myo-inositol monophosphatase-1 mRNA to
sympathetic neuron axons. Nat Neurosci 2010; 13: 291–301.

21 Ohnishi T, Ohba H, Seo KC, Im J, Sato Y, Iwayama Y et al. Spatial expression
patterns and biochemical properties distinguish a second myo-inositol
monophosphatase IMPA2 from IMPA1. J Biol Chem 2007; 282: 637–646.
22 Youngs RM, Chu MS, Meloni EG, Naydenov A, Carlezon WA Jr, Konradi C. Lithium
administration to preadolescent rats causes long-lasting increases in anxiety-LIKE
behavior and has molecular consequences. J Neurosci 2006; 26: 6031–6039.
23 Tanizawa Y, Kuhara A, Inada H, Kodama E, Mizuno T, Mori I. Inositol monophosphatase regulates localization of synaptic components and behavior in the
mature nervous system of C. elegans. Genes Dev 2006; 20: 3296–3310.
24 Kimata T, Tanizawa Y, Can Y, Ikeda S, Kuhara A, Mori I. Synaptic polarity depends
on phosphatidylinositol signaling regulated by myo-inositol monophosphatase in
Caenorhabditis elegans. Genetics 2012; 191: 509–521.
25 Ohnishi T, Tanizawa Y, Watanabe A, Nakamura T, Ohba H, Hirata H. Human
myo-inositol monophosphatase 2 rescues the nematode thermotaxis mutant
ttx-7 more efﬁciently than IMPA1: functional and evolutionary considerations of
the two mammalian myo-inositol monophosphatase genes. J Neurochem 2013;
124: 685–694.
26 Fisher SK, Novak JE, Agranoff BW. Inositol and higher inositol phosphates in
neural tissues: homeostasis, metabolism and functional signiﬁcance. J Neurochem
2012; 82: 736–754.
27 Najmabadi H, Hu H, Garshasbi M, Zemojtel T, Abedini SS, Chen W et al. Deep
sequencing reveals 50 novel genes for recessive cognitive disorders. Nature 2011;
478: 57–63.
28 Arimura N, Kaibuchi K. Key regulators in neuronal polarity. Neuron 2005; 48:
881–884.
29 Arimura N, Kaibuchi K. Neuronal polarity: from extracellular signals to intracellular
mechanisms. Nat Rev Neurosci 2007; 8: 194–205.
30 Wen PJ, Osborne SL, Meunier FA. Phosphoinositides in neuroexocytosis and
neuronal diseases. In: Falasca M (ed) Phosphoinositides and Disease. Springer:
London, UK, 2012 pp 87–98.

Supplementary Information accompanies the paper on the Molecular Psychiatry website (http://www.nature.com/mp)

© 2015 Macmillan Publishers Limited

Molecular Psychiatry (2015), 1 – 5

