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outline

1. signalling, the synapse, and the brain

2. psychiatric disorders - schizophrenia & 
DISC1
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the neural network
node == neuron
edge == synapse

‣ neurons generally 
release one type of 
transmitter molecule

‣ transmitters regulate the 
flow of charge between 
connected neurons and 
downstream targets
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‣ transmitter molecules are 
either excitatory or 
inhibitory

‣ network complexity & 
function achieved by 
localisation and 
connectivity

neurotransmitters
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neurotransmitters
chemical [example] functions

glutamate general excitatory & memory

GABA general inhibitory & sleep

acetylcholine memory & movement

serotonin mood, sleep, & appetite

norepinephrine arousal & mood

dopamine movement & pleasure

endorphins pain relief
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‣ to add complexity, 
the receptor for a 
given transmitter can 
be either excitatory 
or inhibitory 

‣ receptors can be 
presynaptic or 
postsynaptic

neuroreceptors
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brain structure

Homer

Brain
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cortical function
‣ frontal - forward planning 

and conscious thought

‣ parietal - integration of 
sensory info

‣ occipital - sight

‣ temporal - processes 
complex stimuli & memory
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cortical conservation
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‣ brain consumes 25% 
of the body’s oxygen

‣ requires continual 
supply of glucose

supporting cast - 
blood
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‣ astrocytes
the link between blood 
and neurons

‣ oligodendrocytes
insulate the axon to 
improve conductivity

‣ microglia
immune cells

supporting cast - glia

11Tuesday, 1 November 11



outline

1. signalling, the synapse, and the brain

2. psychiatric disorders - schizophrenia & 
DISC1
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psychiatric disorders
‣ all disorders carry 25% 

lifetime risk for people 
in the developed world

‣ serious disorders in US 
(~4% of pop)

‣ complex disorders with 
developmental, genetic, 
and environmental risk 
factors

Prevalence of Serious Mental Illness Among 
U.S. Adults by Sex, Age, and Race in 2008
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*AI/AN = American Indian/Alaska Native
Overall Age Sex Race

Data courtesy of SAMHSA
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schizophrenia (SZ)

‣ involves multiple brain regions

‣ symptoms have three components:
- ‘positive’:  hallucinations & delusions
- ‘negative’:  depression & withdrawal
- cognitive:  working memory deficits

‣ no single known cause, +ve symptoms likely 
result from overabundant dopamine
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DISC1 & SZ
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DISC1
‣ inherited non-lethal 

mutation

‣ discovered that all 
affected family 
members have a 
balanced translocation 
between chr1 & chr11

‣ major gene interrupted 
is DISC1

psychiatric diagnosis, have reduced amplitudes
of the P300 event-related potential, consistent
with an underlying cognitive defect (3). A
number of independent genetic linkage and
association studies provide confirmatory evi-
dence for involvement of the DISC1 locus in
schizophrenia, schizoaffective disorder, and
bipolar affective disorder (1–4). DISC1 is ex-
pressed in regions of the brain implicated in
the genesis of psychiatric symptoms (5–7) and
binds diverse proteins in the central nervous
system, including the neurodevelopmental
proteins FEZ1 (8) and NUDEL (9, 10).

In ongoing studies of psychiatric patients
with chromosomal abnormalities, we identified
a proband with schizophrenia who carried a
balanced t(1;16)(p31.2;q21) translocation. The
subject had a history of repeated psychotic
episodes with auditory hallucinations and de-
lusions and was treated with standard anti-
psychotic medications. A cousin of the proband
who also carried the translocation had a psy-
chotic illness with prolonged hospital admission
but was not available for interview (11). Using
fluorescence in situ hybridization (FISH) (11),
we showed that the translocation breakpoint on
chromosome 16 lies within an intron of the
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Fig. 1. Structure and expression of the PDE4B gene in psychiatric patients. (A)
Genomic organization of PDE4B, showing positions of exons (vertical lines),
alternative transcript forms, a scale bar, and bacterial artificial chromosomes
(BACs; closed boxes) used as FISH probes to define the translocation break-
point (dashed vertical line). Only the PDE4B1 form is directly disrupted. (B and
C) FISH with probes synthesized from BACs RP11-433N2 and RP11-442I11,
respectively, on t(1;16) patient metaphase spreads. Arrows mark the normal
and derived chromosomes. (D) PDE4B1 expression in lymphoblastoid cells,
with (T) or without (N) the t(1;16), and with glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) loading controls. (E) DISC1 expression in lympho-
blastoid cells, with (T) or without (N) the t(1;11), and with GAPDH loading
controls. Markers are indicated in kilodaltons.

Fig. 2. Human DISC1 binds the PDE4B UCR2 domain in transfected cells. (A) Domain organization of
type 4 phosphodiesterases. The common structure of core regions forming the UCR1/UCR2 module
and the catalytic domain are indicated. Each PDE4 isoform contains a unique N terminus. (B) HEK293
cells were cotransfected with DISC1 and PDE4 expression vectors. FLAG epitope–tagged immuno-
precipitates from lysates prepared from HEK293 cells cotransfected with either empty vector or
FLAG-DISC1 and PDE4B1-B3 plasmids, probed by Western blot analysis with antibodies against FLAG
and pan-PDE4B. Markers are indicated in kilodaltons. (C) FLAG-tagged immunoprecipitates from
HEK293 cells cotransfected with DISC1 and the indicated FLAG-PDE4B1 constructs (top) probed by
Western analysis with the R47 antibody to detect total DISC1 and PDE4B1-associated DISC1. For a
schematic representation of PDE4B1 constructs and expression of the corresponding FLAG-tagged
PDE4B1 proteins, see fig. S6. (D) Glutathione S-transferase (GST) pull-downs from lysates of HEK293
cells cotransfected with empty FLAG vector or FLAG-DISC1 and GST or GST-UCR2 plasmids, probed
with antibody against FLAG to detect total DISC1 and DISC1 that specifically interacts with the UCR2
domain. (E) Mapping the PDE4B binding site on DISC1. 35S-labeled ND DISC1 fragments (depicted in
fig. S8) and FLAG-tagged, unlabeled PDE4B3 were synthesized by in vitro transcription-translation,
mixed, and incubated for 3 hours in a binding reaction before immunoprecipitation with antibody
against FLAG. Input DISC1 and PDE4B3-bound DISC1 were detected by SDS–polyacrylamide gel
electrophoresis (SDS-PAGE) followed by autoradiography. Equal capture of FLAG-tagged PDE4B3 was
determined by Western analysis with antibody against FLAG (lower). Input signal represents 1/50 of
total binding reaction. Markers are indicated in kilodaltons.

R E P O R T S
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DISC1
from 
year analysis reference

2000 protein interaction screens Millar 2005 
Science

2002 association studies Bradshaw 2011 
Neuropharmacology

2002 protein structure & prediction Soares 2011 
ACS Chem Neurosci

2003 animal models Hikida 2007 
PNAS

2006 expression analysis Lipska 2006
Hum Mol Genet

2008 CNV / 2GS Song 2008
Neuroscience Letters
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protein interactions

‣ used yeast 2 hybrid  
screen to elucidate 
protein network

Camargo et al. (Mol Psych ’07)

In total, including previously described DISC1
screens, over 1097 interactions were identified.
Conservative filtering for potential false positives, as
described previously, resulted in a network of 127
proteins and 158 interactions, with the vast majority
of interactions being novel. Results from each screen
were then combined in order to build a physical
connectivity graph (Figure 1a). For protein annota-
tion and details on the likelihood of each interaction,
as described by the PBS, see Supplementary in-
formation. Common interactions between DISC1
and molecules used in the second round screens
were identified (Figure 1a). For example, the
synaptic protein spectrin (SPTBN1) was identified
as an interacting protein to DISC1, CDC5L,
FLJ13386(Cep63), TRAF3IP1 (MIP-T3), SH3BP5 and

TNIK. KIAA1212, a protein predicted to be down-
stream of Wnt signalling, was identified in both
Nudel and DISC1 screens. The presence of common
interaction clusters suggests that these proteins are
either in the same complex or are part of the same
functional process in the cell.40,41,52,53

Biological context of the DISC1 PPI network
As for DISC1, over-representation analysis of GO
terms was determined for the derived network and for
each individual screen (see Materials and methods).
Most of the interactions identified for Nudel, TNIK,
TRAF3IP1, CDC5L, SEC3L, FLJ13386 and SH3BP5 are
novel. Nonetheless, the over-represented GO terms
are in line with known biological processes and
subcellular compartments to which these proteins

Figure 1 (a) DISC1 network of PPIs. Underlined in red are proteins that interact with DISC1 and were used as baits in
further Y2H screens to derive the protein interaction network. Blue connecting lines indicates an interaction between
molecules that interact with at least two proteins in the network. In boxes are proteins that interact only with the bait protein
screened. *(black) indicates proteins that are located in a schizophrenia risk locus. *(magenta) indicates proteins that are
found in regions where chromosomal abnormalities have been linked to schizophrenia.36,37 (b) Schematic of DISC1 full-
length protein, its potential truncated form and the N-terminus region.

Figure 2 (a) Biological processes, (b) molecular functions, (c) cellular components and (d) protein families over-represented
in the DISC1 network. Terms (rows) are ranked based on over-representation in the whole network using a cutoff of P<0.01
(Supplementary information). Shading highlights the number of proteins from each respective screen (columns) that belong
to a given GO annotation or contain a particular InterPro domain (rows). White (no proteins) to blue (X5 proteins) in a given
category per screen. Common themes were identified amongst each screen. Proteins that interact with DTNBP1 participate in
the same processes as proteins in the DISC1 PPI network suggesting a convergent theme among these schizophrenia risk
factors.

DISC1 Interactome, schizophrenia risk factors and the synapse
LM Camargo et al

78

Molecular Psychiatry
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association studies

‣ used to establish DISC1 as a risk factor in the 
general population

‣ 36 published positive studies (5 negative)

‣ positive associations across: multiple 
populations, disorders, symptom domains, 
and endophenotypic traits

‣ conditioning for risk SNPs in DISC1 increases 
significance of SNPs in interacting proteins

Reviewed in Bradshaw et al. 2011 Neuropharmacology
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protein structure
‣ nobody has 

managed to 
crystallise the 
DISC1 protein

‣ prediction based 
on computation, 
but DISC1 has little 
conservation with 
other proteins 
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animal models
‣ full knockout produces similar phenotype to 

Huntington’s disease models

‣ dominant negative & point mutations 
recapitulate many aspects of psychiatric 
phenotype incl. changes in dopamine 
metabolism

‣ brain anatomy shows neural migration 
phenotype, resulting from abnormal brain 
development, implicating GABAergic 
interneurons
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mRNA expression
‣ qPCR in human tissues 

with risk allele shows 
decrease in binding with 
partner mRNA 

‣ [small scale] arrays run on 
mouse point mutants 
shows changes in 
neuronal migration 
factors

Lipska et al. 2006 Hum Mol Genet

DISC1 species (though that study was relatively under-
powered when compared with ours) (39).

We also report that DISC1 mRNA is developmentally vari-
able in the human brain, showing high levels of expression in
early childhood (neonatal period, infancy) and then declining
rapidly by teenage years and into adulthood. This develop-
mental pattern differs somewhat from observations in the
rodent brain, although different life stages were investigated
in the rodent and human (i.e. we did not explore embryonic
expression and are missing subjects between infant and
teenage years) and the correspondence between rodent and
human brain development has not been fully elucidated.
Nevertheless, in accordance with our data, others reported
higher expression of DISC1 mRNA in the hippocampus of
the mouse during periods of active neurogenesis and during
puberty [at postnatal (P) day 7 (32), at embryonic day (E)

13.5, P35 (43) and at P21 (44)]. In the mouse, DISC1
mRNA was also seen in the developing cerebral cortex, with
the highest levels of expression observed at E14, E16 and
E18, the stages at which neuronal birth and migration are
active. We report here high expression of DISC1 in the
human neonatal period and infancy, that is, times of exuberant
changes in cortical neural architecture and synapse formation.
Together, these data suggest that the overall pattern of DISC1
expression is similar across species and underscore its poten-
tial role in early human brain development, including the
development of the hippocampal formation and the neocortex.

DISC1 mRNA expression in schizophrenia

We did not detect changes in DISC1 mRNA expression levels
in the hippocampus or DLPFC of patients with schizophrenia

Figure 6. Association of DISC1 genotype (rs821597) with low FEZ1, NUDEL and LIS1 expression in patients with schizophrenia (‘controls G/G’ n ¼ 25, ‘con-
trols G/A’ n ¼ 33, ‘controls A/A’ n ¼ 15, ‘patients with schizophrenia G/G’ n ¼ 11, ‘patients with schizophrenia G/A’ n ¼ 14, ‘patients with schizophrenia A/A’
n ¼ 7). Individuals carrying a high-risk G-allele of SNP rs821597 show low levels of expression of FEZ1 in the hippocampus (A), DLPFC (B), NUDEL (C),
LIS1 (D) but not reelin (E) in the hippocampus. Asterisk denotes different from A-carriers, P, 0.05.

1252 Human Molecular Genetics, 2006, Vol. 15, No. 8
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CNV / 2gs
‣ compared bipolar and SZ to 5000 HapMap 

samples

‣ confirmed risk of 2 common structural 
variants w/ SZ

‣ found ultra rare point mutants in important 
binding areas for BP and SZ

‣ CNVs associated with autism (not seen in 
1.5k controls)

Song et al. 2008 Neuroscience Letters
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summary
‣ brain is much more complex than alluded to 

in these slides

‣ disorders most likely reflect combination of 
genetic risk and environmental catalysts

‣ DISC1 is an example of a simple genetic 
finding that has led to new discoveries about 
SZ pathophysiology whilst linking in risk 
pathways for other disorders
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