
of the myelin sheath, decreased levels of NA could
reflect suboptimal myelin status in those ultra-high
risk individuals who develop a psychotic disorder.
This should be further investigated in imaging
studies. The present data also suggest that these
affected myelin pathways may in particular contri-
bute to the negative symptoms of schizophrenia.
Finally, in light of previously observed negative
associations between NA and obesity-related risk
factors,12 it is unlikely that the present alterations in
NA were simply an epiphenomenon of the metabolic
syndrome. The results of our study would have been
more convincing if fatty acid data of healthy non-
help-seeking matched controls had been included in
our design. Comparison with healthy well-matched
controls has the potential to demonstrate the extent of
the reductions in key membrane fatty acid levels and
to further elucidate abnormalities of lipid metabolism
in ultra-high-risk patients.

Our previous observation that supplementation with
omega-3 fatty acids may prevent transition to psychosis
suggests that the effects of omega-3 fatty acids may
offset the risk conferred by low levels of NA. The
therapeutic effects of omega-3 fatty acids are complex
and not fully understood. Their benefit may result from
altered membrane fluidity and receptor responses
following their incorporation into cell membranes as
well as from interactions with neurotransmitter sys-
tems, the antioxidant defense system or the inflamma-
tory system.13 The efficacy of omega-3 supplementation
in patients at ultra-high-risk of psychosis could also
imply that the present study was underpowered to
detect a significant group difference for DHA. The
significant result for the sum of omega-3 fatty acids in
the unadjusted analysis supports this view and under-
scores the importance of omega-3 fatty acids in the
prodromal phase of psychosis.
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Preliminary report of
biological basis of
sensitivity to the effects of
cannabis on psychosis:
AKT1 and DAT1 genotype
modulates the effects of d-9-
tetrahydrocannabinol on
midbrain and striatal
function

Molecular Psychiatry (2012) 17, 1152–1155; doi:10.1038/

mp.2011.187; published online 31 January 2012

Cannabis use can induce acute psychotic symptoms1

and increase the long-term risk of schizophrenia,2 but
there is a marked interindividual variability in the
susceptibility to these effects. The latter is thought to
have a genetic basis, but it is unclear which particular
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genes are responsible. Here we show that the acute
psychotogenic effects of cannabis are moderated by
two genes that code for proteins that influence
dopamine metabolism, and modulate the effects of
the drug on midbrain and striatal function.

The effects of cannabis on psychosis are mediated
by its constituent d-9-tetrahydrocannabinol (d-9–

THC).1 Induction of psychotic symptoms by d-9-THC
is related to its effect on the striatum,1 a brain region
rich in dopaminergic terminals. Direct measurement
of the effects of d-9-THC on central dopaminergic
transmission in man have been less clear, with two
studies showing evidence of an increase in the
striatum3 and extrastriatal regions,4 and another
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Figure 1 (a) Modulation of the effects of d-9-THC on psychotic symptoms by the interaction between DAT1 30UTR VNTR
and AKT1 rs1130233. Symptoms were measured using the Positive and negative symptoms scale (PANSS) (Supplementary
Methods). Modulation of the effects of d-9-THC on activation (blood oxygen level dependent (BOLD) response) by the
interaction between DAT1 30UTR VNTR and AKT1 rs1130233 in the (b) striatum during encoding and (c) the midbrain during
recall. Accompanying plots depict the magnitude of activation in each region (indexed by mean sum of squares ratio in
arbitrary units, y axis; shaded bars represent the effect of d-9-THC and empty bars represent the effect of placebo). Figure
showing correlation between the effects of d-9-THC on activation (BOLD response) in the (d) striatum (r =�0.41, P = 0.007)
and (e) midbrain (r =�0.56, P < 0.001) and its induction of psychotic symptoms (survive after exclusion of outlier with the
highest symptom score; data not shown here).
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showing no effect in the striatum.5 However, animal
studies (reviewed in ref. 6) have unequivocally
demonstrated an effect of d-9-THC on central dop-
aminergic transmission. The marked interindividual
variation in the psychotic effects of cannabis may
therefore reflect differences in genes that influence
the transmission or metabolism of brain dopamine. We
tested this hypothesis by examining the effects of
variation in the genes for the dopamine transporter
(DAT1, which removes dopamine from central
synapses7) and the protein kinase B (AKT1, an integral
component of the dopamine signaling cascade8) on
the symptomatic and neurophysiological response to
d-9-THC. The human DAT1 gene has a polymorphic
40 bp variable number of tandem repeats (VNTR) in
the 30 untranslated region (UTR), with several alleles
ranging from 3 to 11 copies of the 40-bp repeats, the
9-repeat and 10-repeat alleles being the most common.
The DAT1 30 UTR VNTR modulates activity in the
striatum7,9 and midbrain,9 and its 9-repeat allele is asso-
ciated with higher synaptic dopamine levels than the
10-repeat counterpart.10 AKT1 has recently been impli-
cated in mediating the effects of cannabis on psycho-
sis,11 and variants of both genes have been linked with
schizophrenia in genetic association studies.12–14

Employing an established repeated measures,
placebo-controlled, within-subject design1 (Supple-
mentary Material), we examined the acute effects of
d-9-THC on psychotic symptoms and regional brain
activation in 35 healthy volunteers who had minimal
previous cannabis use and had been genotyped for the
DAT1 30 UTR VNTR and the AKT1 rs1130233 polymor-
phisms. Symptomatic effects of d-9-THC were recorded
using standard psychopathological instruments. The
blood oxygen level dependent response was measured
while subjects performed a verbal learning task1 inside
a magnetic resonance imaging scanner.

There was a main effect of DAT1 genotype (F1,31 =
7.46, P = 0.01; 9-repeat carriers > 10-repeat homo-
zygotes) and a trend for a main effect of AKT1 genotype
(F1,31 = 3.42, P = 0.07; G homozygotes > heterozygotes)
on the increase in psychotic symptoms induced by
d-9-THC. There was also an interaction (F1,31 = 4.49,
P = 0.04) between the effects of the DAT1 and AKT1
genotypes on the symptomatic effect of d-9-THC; the
increase in symptoms was greater in individuals who
were G homozygotes of AKT1 rs1130233 and also
carriers of the 9-repeat allele of the DAT1 30UTR VNTR
(hereafter referred to as GG/9-repeat carrier; n = 7),
relative to those that were not (hereafter referred to as
REST; n = 28) (P < 0.001; post-hoc testing; Figure 1a
and Supplementary Figures 1 and 2; Supplementary
Tables 1–6).

This was associated with an interaction between
the effects of DAT1 and AKT1 genotype and of d-9-
THC on activation in the striatum during encoding,
and in the midbrain during recall (Supplementary
Material). During encoding, following placebo, indi-
viduals who were G homozygotes of AKT1 and
carriers of the 9-repeat allele (DAT1 30UTR VNTR)
showed strong striatal activation, whereas there was a

little response in the REST (Figure 1b). d-9-THC
markedly attenuated the striatal activation in GG/
9-repeat carrier individuals, but had a minimal effect
in the REST group. Similarly, during the recall
condition, following placebo, subjects who were
homozygotes for the G allele of AKT1 and carriers of
the 9-repeat allele for the DAT1 30UTR VNTR showed
strong activation in the midbrain, whereas there was
only a modest response in the REST (Figure 1c).
Administration of d-9-THC led to deactivation in the
midbrain in GG/9-repeat carrier individuals, but
had little effect on the response in the REST group.
This interaction at the neurophysiological level
was not secondary to effects at the behavioral level,
as there were no significant interactions between
d-9-THC and genotype on task performance.

To confirm the role of the striatum and midbrain
in mediating the psychotic effects of d-9-THC, we
examined the relationship between its effect on
activation in these regions and its effect on psychotic
symptoms. In both areas, there was a correlation
between the neurophysiological effects of d-9-THC
and the severity of psychotic symptoms it induced:
the more d-9-THC attenuated striatal and midbrain
activation, the greater the severity of the psychotic
symptoms (Figures 1d and e).

While these results should be considered as
preliminary and need independent replication, they
are consistent with the effects of the DAT1 30UTR
VNTR on midbrain and striatal activity7,9 and the
activation of striatal AKT115 by d-9-THC. They are
also consistent with independent epidemiological11,16

and experimental17,18 evidence that heritable vari-
ations in dopamine neurotransmission affecting the
signaling cascade or synaptic availability of dopamine
moderate sensitivity to the acute17,18 and long-
term11,16 effects of cannabis on psychosis and extend
this further by describing how such an effect may be
mediated in the brain. Together, they suggest that
individuals carrying the risk variants of either the
DAT1 30UTR VNTR or the AKT1 rs130233 polymor-
phisms have an increased sensitivity to the psychotic
effects of d-9-THC, but that this is especially increased
in subjects who carry both these variants. Further-
more, this effect involves an alteration in the neural
response to d-9-THC in the dopamine-rich regions of
striatum and midbrain, consistent with independent
evidence that the psychotic effects of cannabis are
mediated by dopamine.1,3
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Schizophrenia risk gene
ZNF804A does not
influence macroscopic
brain structure:
an MRI study in 892
volunteers

Molecular Psychiatry (2012) 17, 1155–1157; doi:10.1038/
mp.2011.181; published online 24 January 2012

The single nucleotide polymorphism (SNP) rs1344706
in the ZNF804A gene was the first SNP to reach un-
equivocal genome-wide significance for schizophrenia,
but little is known about how it confers susceptibility.
Here, we looked for neuroanatomical correlates of
rs1344706, and of other SNPs across the gene, in a
large structural MRI data set of healthy young adults,
using brain volumetry and voxel-based morphometry
(VBM). Neither rs1344706 nor the other SNPs, indivi-
dually or in combination, affected any volumetric or
VBM parameter. As such, the association of ZNF804A
with psychosis seems unlikely to be mediated through
an influence of rs1344706 or any other SNP on macro-
scopic brain structure.

Schizophrenia and bipolar disorder are highly
heritable disorders. Data from genome-wide associa-
tion studies (GWAS) provide compelling evidence for
association to the ZNF804A (zinc finger protein 804A)
gene, at chromosome 2q32.1. Association to schizo-
phrenia was originally reported in 2008,1 and a recent
meta-analysis of > 21 000 cases and 38 000 controls
found an odds ratio (OR) of 1.10, P = 2.5�10�11 for
schizophrenia, and OR 1.11, P = 4� 10�13 for schizo-
phrenia and bipolar disorder combined.2 The genetic
signal arises predominantly from a single, intragenic
SNP, rs13447063 or possibly a haplotype that includes
it.2 The roles of ZNF804A and the functional cor-
relates of rs1344706 are unclear, although the latter is
predicted to create a transcription factor-binding site
and to affect gene expression of ZNF804A.4

Several studies have used neuroimaging to examine
whether rs1344706 impacts upon brain structure.
Lencz et al.5 showed in 39 healthy volunteers that
carriers of the risk allele (A) of rs1344706 had sig-
nificantly larger total white matter but reduced gray
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