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Increased cortical expression of the zinc transporter SLC39A12
suggests a breakdown in zinc cellular homeostasis as part of
the pathophysiology of schizophrenia
Elizabeth Scarr1,2,3,7, Madhara Udawela1,3,7, Mark A Greenough4, Jaclyn Neo1,3, Myoung Suk Seo1, Tammie T Money1,2,3,5,
Aradhana Upadhyay1,3, Ashley I Bush3,4, Ian P Everall1,2,3, Elizabeth A Thomas6 and Brian Dean1,2,3

Our expression microarray studies showed messenger RNA (mRNA) for solute carrier family 39 (zinc transporter), member 12
(SLC39A12) was higher in dorsolateral prefrontal cortex from subjects with schizophrenia (Sz) in comparison with controls. To better
understand the significance of these data we ascertained whether SLC39A12 mRNA was altered in a number of cortical regions
(Brodmann’s area (BA) 8, 9, 44) from subjects with Sz, in BA 9 from subjects with mood disorders and in rats treated with
antipsychotic drugs. In addition, we determined whether inducing the expression of SLC39A12 resulted in an increased cellular zinc
uptake. SLC39A12 variant 1 and 2 mRNA was measured using quantitative PCR. Zinc uptake was measured in CHO cells transfected
with human SLC39A12 variant 1 and 2. In Sz, compared with controls, SLC39A12 variant 1 and 2 mRNA was higher in all cortical
regions studied. The were no differences in levels of mRNA for either variant of SLC39A12 in BA 9 from subjects with mood disorders
and levels of mRNA for Slc39a12 was not different in the cortex of rats treated with antipsychotic drugs. Finally, expressing both
variants in CHO-K1 cells was associated with an increase in radioactive zinc uptake. As increased levels of murine Slc39a12 mRNA
has been shown to correlate with increasing cellular zinc uptake, our data would be consistent with the possibility of a dysregulated
zinc homeostasis in the cortex of subjects with schizophrenia due to altered expression of SLC39A12.
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INTRODUCTION
Schizophrenia is increasingly acknowledged as occurring in
individuals with a genetic predisposition and the process toward
frank illness is triggered by an encounter with as yet unknown
environmental factors.1 It is now known that environmental
factors act through a variety of epigenetic mechanisms to
modulate gene expression2 and it is proposed that the interaction
between genes and environment occur through epigenetic
mechanisms, which act to change levels of gene expression.
Therefore, it would be expected that alterations of gene
expression makes a significant contribution to the underlying
pathophysiology of the disorders that result from gene× environ-
ment interactions.3,4 The hypothesis that altered gene× environ-
ment interactions contribute to the onset of schizophrenia by
changing gene expression in the central nervous system (CNS) is
supported by the extensive changes, measured by gene expres-
sion arrays, in postmortem CNS from subjects with the disorder.5

These data have given new insights into how changes in gene
expression can affect biological pathways in the CNS to bring
about the functional changes that precipitate the symptoms
associated with schizophrenia. However, to increase our under-
standing of this new knowledge it is necessary to conduct more
focused studies of individual genes, or a limited number of genes
within defined biochemical pathways. These studies are needed to

understand the full extent of changes in expression of a gene or
genes in the CNS from subjects with schizophrenia and to gain an
understanding of the biological processes modulated by the
expression of that gene in specific CNS regions. By combining
these data it will be possible to predict the functional
consequences of changed gene expression in the human CNS.5

We have completed expression microarray studies in
Brodmann’s area (BA) 9 (ref. 6) and 46.7 In the study in BA 9
from subjects with schizophrenia the most differential expressed
gene (increased) was SLC39A12 and, encouragingly, levels of
messenger RNA (mRNA) for that gene was also significantly
increased in BA 46 from subjects with the disorder. These data
suggested that there were widespread changes in cortical
SLC39A12 expression in subjects with schizophrenia that could
be contributing to changes in the many cortical functions, which
are known to be altered in subjects with schizophrenia.8 Thus, in
line with the notion that a better understanding of the data
from studies in the human transcriptome requires more focused
studies,5 we began to determine the extent of changes in
SLC39A12 expression in schizophrenia whether these changes in
gene expression showed any diagnostic specificity or were part of
the mechanisms of action of drugs used to treat the disorder.
On the basis of sequence homology, the human SLC39A12

gene has been included as a member of a family of zinc (Zn)
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transporters designated as the ZRT-IRT-like proteins (current
designation SLC39).9 ZRT-IRT-like proteins act in concert with
another family of transporters, known in non-mammalian organ-
isms as cation diffusion facilitators and in mammals as zinc
transporters (ZnT),10 to regulate the distribution of Zn in the extra-
versus intracellular milieu and within cellular compartments.11

Hence the ZnT maintain Zn homeostasis that is critical for the
normal functioning of tissues including the CNS.12 Relevant to our
studies, SLC39A12 is highly expressed in the brain relative to
peripheral tissues,13 which suggests it could be important in
maintaining zinc homeostasis in the CNS.
Influencing our approach to studying SLC39A12 in the cortex of

subjects with schizophrenia was our discovery that a sub-set of
subjects (25%) with the disorder have a marked decrease in the
cortex muscarinic M1 receptor (CHRM1)14 that allows them to be
separated into a discrete group that we have termed Muscarinic
Receptor Deficit Schizophrenia (MRDS). We identified MRDS
because of a marked loss of radioligand binding to the cortical
CHRM1 and this is pertinent because we have now shown that Zn
potently regulates the orthosteric binding site on CHRM1.15 This
means the changes we see in CHRM1 could, at least in part, be
owing to changes in the action of Zn on that receptor in MRDS.
Other data supporting the interaction between CHRMs and Zn are
those showing Zn administration increases the density of CHRM
in rat CNS16 and, conversely, that CHRM1 has a role in controlling
Zn uptake in differentiated neuroblastoma cells.17 Importantly, the
interaction between Zn and CHRMs forms part of a much wider
roles for Zn that include modulating such important CNS functions
as glutamatergic neurotransmission through NMDA receptors,
long term potentiation and synaptic plasticity.12 It is likely that
changes in SLC39A12 expression in the cortex of subjects with
schizophrenia would affect functionality through many of these
processes as well as influencing the functioning of CHRM1.
Given the potential for changes in SLC39A12 expression to affect

CNS function we decided to begin extending our expression array
data by determining whether the expression of the two known
variants of SLC39A12, variant 1 (NP_001138667.1) and variant 2
(NP_689938.2), were altered in BA 8 (frontal eye field), BA 9
(DLPFC) and BA 44 (part of Broca’s area) from subjects with
schizophrenia. To take this understanding beyond pathophysiol-
ogy at the level of the syndrome, our cohort of subjects with
schizophrenia were made up of MRDS and non-MRDS. To gain the
data on whether changes in SLC39A12 expression might be
specific to schizophrenia we measured levels of mRNA for the
gene in BA 9 from subjects with major depressive disorder (MDD)
and bipolar disorder (BD). To determine whether changes in
SLC39A12 expression could be an outcome of the mechanisms of
action of antipsychotic drugs we measured levels of SLC39A12
mRNA in the cortex of rats treated for 12 months with either
antipsychotic drugs or vehicle. Finally, to begin to understand the
function of variants of SLC39A12, beyond that suggested by gene
sequence homology, we determine whether expression of the
gene was associated with the increase in Zn uptake that would be
expected with increased expression of a Zn transporter.

RESULTS
Demographic, CNS collection, and dug histories
Compared to controls, brain pH was slightly, (−1.6%), but
significantly lower in schizophrenia (P= 0.030); there were no
other significant differences in demographic, CNS collection or
drug history data (Table 1). When subjects with schizophrenia
were divided into MRDS and non-MRDS there were no significant
variations in any demographic, tissue collection, or pharmacolo-
gical related data.
In comparison with the controls and bipolar disorders, brain pH

was higher (4.7%) in major depressive disorder (Table 1); there Ta
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were no significant variations in any demographic, other tissue
collection or pharmacological related data.

SLC39A12 variant 1 mRNA
Compared with controls, levels of SLC39A12 variant 1 mRNA were
higher in all three cortical regions from subjects with schizo-
phrenia (BA 8: P= 0.004, Figure 1a; BA 9: P= 0003, Figure 1b and
BA 44: Po0.00001; Figure 1c).
When the subjects with schizophrenia were divided into MRDS,

non-MRDS and compared with controls, in BA 8 there was
significant variation in SLC39A12 variant 1 mRNA between groups
(KW=9.2, P= 0.01) with post hoc tests showing this was due to
higher levels of SLC39A12 variant 1 mRNA in the MRDS group
compared with controls (P= 0.01; Figure 1a). In BA 9, there was
significant variation in SLC39A12 variant 1 mRNA between groups
(KW=15.4, P= 0.00001) due to higher levels of SLC39A12 variant 1
mRNA in the MRDS, but not non-MRDS, compared with controls
(P= 0.0005; Figure 1b). In BA 44, there was a significant variation in
SLC39A12 variant 1 mRNA (KW= 23.9, Po0.0001) due to higher
levels of SLC39A12 variant 1 mRNA in both MRDS (P= 0.0001) and
non-MRDS (P= 0.01; Figure 1c).
Compared with controls, levels of SLC39A12 variant 1 mRNA did

not vary with diagnosis in BA 9 from subjects with mood disorders
(KW=3.1, P= 0.21, Table 2).

SLC39A12 variant 2 mRNA
Compared with controls, levels of SLC39A12 variant 2 mRNA were
higher in all three cortical regions from subjects with schizo-
phrenia (BA 8: Po0.00001, Figure 1d; BA 9: P= 0.001, Figure 1e;
and BA 44: Po0.00001, Figure 1f).

When the subjects with schizophrenia were divided into MRDS,
non-MRDS, and compared with controls, in BA 8 there was a
significant variation in SLC39A12 variant 2 mRNA levels (KW= 17.2,
P= 0.0002) due to higher levels of SLC39A12 variant 2 mRNA in
both schizophrenia MRDS (P= 0.001) and non-MRDS (P= 0.01)
compared with controls (Figure 1d). In BA 9, there was variation in
levels of SLC39A12 variant 2 mRNA between groups (KW= 11.0,
P= 0.004) due to higher levels of SLC39A12 variant 2 mRNA in the
MRDS subjects (P= 0.01) compared with controls (Figure 1e). In BA
44, there were significant variations in SLC39A12 variant 2 mRNA
levels (KW= 22.3, Po0.0001) due to higher levels of SLC39A12
variant 2 mRNA in MRDS (P= 0.001) and non-MRDS (P= 0.001;
Figure 1f).

Figure 1. Relative levels of SLC39A12 variant 1 (a, b and c) and variant 2 (d, e and f) mRNA (median± interquartile range) in BA 8 (a and d),
9 (b and e) and 44 (c and f) from subjects with schizophrenia and age-/sex-matched control subjects as well as subjects with schizophrenia
divided into MRDS and non-MRDS. Probability values in brackets were obtained after analyzing SLC39A12 variant 1 and 2 with potential
confounds included as covariates MDRS, muscarinic receptor deficit schizophrenia; mRNA, messenger RNA.

Table 2. Levels of SLC39A12 variant 1 and 2 mRNA in Brodmann’s area
9 from subjects with MDD, BD, and age- and sex-matched controls

Variant 1 Variant 2

Controls MDD BD Controls MDD BD

Median 0.89 0.34 0.83 0.45 0.26 0.32
25% percentile 0.14 0.09 0.30 0.16 0.12 0.15
75% percentile 1.72 0.47 1.18 0.98 0.50 0.59
KW 3.1 0.7
P 0.21 0.69

Abbreviations: BD, bipolar disorders; MDD, major depressive disorders.
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Compared with controls, levels of SLC39A12 variant 2 mRNA in
BA 9 did not vary with diagnosis in mood disorders (KW=0.7,
P= 0.69; Table 2).

Preclinical neuropsychopharmacology
Compared with vehicle, there was no significant variations in
levels of rat cortical Slc39a12 mRNA levels following treatment
with haloperidol, chlorpromazine, or thioridazine (KW=1.99;
P= 0.57; Table 3).

Potential confounds
Correlations between levels of SLC39A12 variant 1 and 2 mRNA
and CNS pH in each cortical region, both variants of SLC39A12
mRNA with postmortem interval in BA 44 as well as SLC39A12
variant 1 mRNA with RNA integratory number (RIN) and
SLC39A12 variant 2 mRNA with LEAP in BA 9 suggested these
non-experimental variables as potential confounds (Supplemen-
tary Table S1). However, when levels of SLC39A12mRNA data were
reanalysed with CNS pH, postmortem interval, RIN, and LEAP
being included as covariates as appropriate, all significant
differences with diagnoses remained except for SLC39A12 variant
1 mRNA in BA 8 and 9 for MRDS compared with controls
(Figure 1a and b).
In mood disorders, there was a correlation between CNS pH

and levels of SLC39A12 variants 1 and 2 mRNA (Supplementary
Table S2). When levels of SLC39A12 variant 1 and 2 mRNA were
compared across diagnoses with CNS pH as a covariate levels of
mRNA still did not vary with diagnoses (Variant 1 P= 0.15; Variant
2 P= 0.69).

Zinc uptake studies
When CHO-K1 cells were transfected with SLC39A12 variant 1 and
variant 2 both variants were expressed with equal efficiency. There
were dose-dependent increases in 65Zn uptake when the radio-
active Zn was present at 10 μmol/l (F2,30 = 6.67, P= 0.004) and
100 μmol/l (F2,33 = 11.04, P= 0.0002). Under both conditions, cells
that expressed either variant had higher radioactive Zn accumula-
tion than controls (33% increase, Po0.05; Figure 2) and there was
no difference in radioactive Zn accumulation between variant 1
and 2 expressing CHO-K1 cells.

DISCUSSION
At the functional level, this study is the first to show that
increasing the level of expression of human SLC39A12 variant 1
and 2 in CHO cells is associated with a significant increase in Zn
transport. These data give experimental support to the proposal,
based on gene sequence homology, that the SLC39A12 gene
encodes a Zn transporter. Our data complement those from a
mouse study that reports the levels of murine Slc39a12 mRNA in a
cell that correlates with the level of Zn uptake.13

Our data from the human cortex adds to our expression array
studies in showing that SLC39A12 mRNA levels are higher in

schizophrenia. This study extends our expression array findings by
showing that mRNA for SLC39A12 variant 1 and 2 are higher in BA
8, 9 and 44 from subjects with schizophrenia. However, our data
on levels of SLC39A12 variant 1 mRNA in BA 8 and 9 from subjects
with MRDS need to be interpreted with caution as differences in
levels of this mRNA may be due, in part, to the effects of CNS pH
(BA 8 and 9) and RNA quality (RIN: BA 9). However, overall our data
are consistent with the conclusion that there are widespread
increases in the expression of SLC39A12 in the cortex from
subjects with schizophrenia some of which are limited to the
cortex from subjects with MRDS.
Our study also shows that changes in SLC39A12 variant 1 and 2

expression have some degree of diagnostic specificity as there
was no change in levels of expression of either variant of
SLC39A12 in BA 9 from subjects with mood disorders.
Our current data also argue that changes in cortical levels of

SLC39A12 in schizophrenia are not simply due to antipsychotic
drug treatment. This is because, levels of neither variant of
SLC39A12 mRNA varied with (i) the type or dose of antipsychotic
drug prescribed to subjects with schizophrenia prior to death, (ii)
in the cortex of rats after treatment with antipsychotic drugs used
to treat the subjects with schizophrenia from whom tissue was
obtained for this study or (iii) in expression array studies using
cortex from rodents after typical and atypical antipsychotic drug
treatment (rat18,19 and mouse;20,21 note expression arrays did have
probes for Slc39a12). In addition, levels of SLC39A12 mRNA only
varied in subjects with MRDS who had similar antipsychotic drug
treatments, whereas subjects with non-MRDS who argue against
the changes in SLC39A12 mRNA being simply an effect of drug
treatment. Importantly, at the time of designing our studies it was
proposed that rodents only expressed a single Slc29a12 gene
product. It has subsequently been shown that like humans, at
least cows, rats, and mice express two forms of Slc29a12.22 The
quantitative PCR (qPCR) primers we used in our study would
amplify both forms of Slc29a12 mRNA present in the rat cortex
and therefore further experiments would be needed to determine
whether antipsychotic drug treatment selectively affects the levels
of mRNA for one of the two form of Slc29a12 in rat cortex.
The hypothesis that changes in SLC39A12 in the cortex of

subjects with schizophrenia would be associated with changes in
Zn transport is supported by the data that suggest the members
of the ZRT-IRT-like proteins family are located in the plasma
membrane, and increase intracellular Zn levels by facilitating
uptake from the extracellular environment.23 There would appear
to be a dynamic relationship between the localization of Zn and
the activity of SLC39A12, because it has been reported that
depleting intracellular Zn increases expression of Slc39a12 mRNA
in cultured murine T cells23 and the recruitment of Slc39a12 to
the plasma membrane.13 Notably, SLC39A12 is the most highly
expressed Zn transporter in the brain where it appears to have a
pivotal role in the development of the neural network.13

Table 3. Levels of Slc39a12 variant 1 mRNA (ratio geometric mean of 3
reference genes) in the cortex of rats treated for 12 months with either
vehicle, haloperidol (1.0 mg/kg/day), chlorpromazine (10 mg/kg/day),
or thioridazine (10 mg/kg/day)

Vehicle Haloperidol Chlorpromazine Thioridazine

Median 0.53 0.59 0.54 0.59
25% percentile 0.44 0.46 0.52 0.44
75% percentile 0.57 0.67 1.03 0.62
KW 1.99
P 0.57

Figure 2. 65Zinc accumulation in non-transfected CHO-K1 cells and
those expressing recombinant human SLC39A12 variant 1 (a) or 2 (b)
following incubation with 10 and 100 μmol/l zinc for 10 min.
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At present, it is not clear as to what the consequences of increased
expression of SLC39A12 would be in the adult cortex.
Importantly, there is no evidence that changes in SLC39A12

expression would impact on total cortical Zn levels, which means
our findings on SLC39A12 expression and the finding that total
levels of Zn are not altered in the brains from subjects with
schizophrenia24–27 are not conflicting. Current understanding of
the roles of the multiple human ZnT is that not only are they
critical in ensuing a homeostasis between extra- and intracellular
Zn, but they also have a role in ensuing correct Zn homeostasis
across cellular compartments.11 This could mean that changes in
SLC39A12 expression would most likely result in a redistribution of
Zn within cellular compartments. Unfortunately, as yet, we do not
have the capacity to test this hypothesis by measuring Zn
in cellular compartments in human postmortem CNS tissue. How-
ever, animal studies have shown that changes in Zn homeostasis
brought about by acute Zn depletion28,29 is associated
with impaired spatial learning, whereas developmental Zn
deficiency30,31 results in working memory deficits. Although these
are deficits that are often seen in subjects with schizophrenia32 it
is still open to conjecture as to whether they could be brought
about by changes of Zn homeostasis that could be caused by
increased expression of SLC39A12.
There are a number of limitations to our study. In using whole

cortical homogenate we do not have the data as to whether
changes in SLC39A12 expression may be limited to a certain cell
type; such data would be informative as to the potential impact of
SLC39A12 on cortical function, but was beyond the scope of the
current study. Although our studies in rats have the advantage of
being relatively long (12 months), they have the limitation of small
treatment groups (n= 5). Further studies in larger cohorts with a
broader range of antipsychotic drugs, including atypical drugs,
would be worthwhile to determine whether changes in SLC39A12
expression may be part of the mechanism of action of such drugs.
As stated earlier, ZnT are divided into two families that contain

21 members; the ZRT-IRT-like proteins (SLC39; Zrt-, Irt-like Proteins)
and ZnT (SLC30). One of our microarray studies7 revealed that of
the 21 ZnT that were interrogated using the U133 Plus 2.0 array
there were small but significant changes in levels of SLC39A1,
SLC39A12, SLC30A3, and SLC30A10 mRNA in subjects with
schizophrenia with effect between − 4.0% and 4.6%, respectively.
If, like SLC39A12, changes in other ZnT prove to be limited to
subjects with schizophrenia and widespread throughout the
cortex, then the combined effect of these changes could have
substantial effects on Zn homeostasis and this could be a factor
contributing to the pathophysiology of the disorder. In addition, it
is not known whether the two variants of SLC39A12 impact on
different CNS functions, and therefore it is not possible to
comment on the consequences of changes in the expression of
one or both of these variants for subjects with schizophrenia.
However, it is known that Slc39a12 has roles in controlling
cyclicAMP-response-element-binding protein phosphorylation
and activity, neurite outgrowth as well as microtubule poly-
merization and stability.13 It would be predicted that changes in
these processes in human cortex would have profound effects on
functionality and such effects could contribute to the patho-
physiology of schizophrenia.

MATERIALS AND METHODS
Human tissue
Consent was obtained from the Ethics Committee of the Victorian Institute
of Forensic Medicine and the Mental Health Research and Ethics
Committee of Melbourne Health before tissue was obtained from the
Victorian branch of the Australian Brain Bank Network. Psychiatric
diagnoses was made according to DSM-IV criteria by consensus consultant
psychiatrists and a senior psychologist following a case history review
using Diagnostic Instrument for Brain Studies.33,34 Following the case

history review, duration of illness (DI) was calculated as the time from first
contact with a psychiatric service. Postmortem interval and brain pH were
determined as described previously.35

Tissue was obtained from 30 subjects with schizophrenia, made up of 15
subjects with MRDS and 15 subjects who had schizophrenia but did not
have a marked loss of cortical CHRM1 (non-MRDS).14 Tissue was also
obtained from 30 subjects with no history of psychiatric illness (controls)
matched as closely as possible for age, sex, brain pH, and postmortem
interval to those with schizophrenia (Table 1, full details Supplementary
Table S3). In addition, levels of SLC39A12mRNA was measured in BA 9 from
10 subjects with MDD, 10 subjects with BD, and 9 age- and sex-matched
controls (Table 1, full details Supplementary Table S3). Sample sizes were
dictated by availability of tissue but experience shows they allow the
detection of differences between groups ⩾ 15%.
All cortical regions studied were taken from the left hemisphere, with BA

9 being taken as the lateral surface of the frontal lobe, including the
middle frontal gyrus superior to the inferior frontal sulcus, BA 8 being
taken as the superior frontal gyrus extending from the cingulate sulcus on
the medial surface to the middle frontal gyrus laterally, and BA 44 being
taken as the operculum region of the inferior frontal gyrus between the
ascending limb of the lateral sulcus and the inferior precentral sulcus.

Rat tissue
The rat tissue used in our studies came from groups of five 6-week-old
male Sprague-Dawley rats that were treated with vehicle, 1.0 mg/kg
per day haloperidol, 10 mg/kg per day chlorpromazine, or 10 mg/kg
per day thioridazine (n= 5 per treatment arm) in drinking water for 12
months.36 These typical antipsychotic drugs were selected on the basis
that they had been used to treat subjects with schizophrenia from whom
tissue was taken to study of SLC39A12 mRNA in human cortex
(Supplementary Table S3). The doses of antipsychotic drugs were chosen
to give a rat dopamine D2 receptor occupancy of between 60 and 80%, the
presumed clinically effective receptor occupancy for such drugs in
human.37 All studies were approved by the Animal Ethics Committee of
the Florey Institute for Neuroscience and Mental Health. The rat cortex
used in thus study was taken from the right hemisphere +2.7mm relative
to bregma.
For all experiments measurements were made by individuals who were

blind to diagnoses (human) and treatments (animal) and for the rat studies
randomization for processing tissue were not used.

RNA purification and first-strand cDNA synthesis
Total RNA was isolated from ~100 mg frozen tissue samples using 1.0 ml
TRIzol reagent (Thermo Fisher, Scoresby, Victoria, Australia) and its quality
assessed as described previously.38

Real-time PCR
qPCR was performed as described previously.38 Primer sequences are
given in Supplementary Table S4; the identities of all amplicons were
confirmed by sequencing prior to qPCR. Relative quantities were calculated
using the Pfaffl method.39 For studies using human cortex, appropriate
reference genes were selected by geNorm analysis (http://medgen.ugent.
be/ ~ jvdesomp/genorm/) of the qPCR data on levels of mRNA for nine
potential reference genes identified as not changing with psychiatric
diagnoses from our expression microarray data. These analyses suggested
that mRNA for glyceraldehyde-3-phosphate dehydrogenase (GAPDH),
M= 1.398; peptidylprolyl isomerase A (PPIA), M= 1.386; and alpha synuclein
(SNCA), M= 1.407 had a level of stability expected of reference genes. A
similar process identified succinate dehydrogenase complex, subunit A,
flavoprotein (Sdha); mitogen-activated protein kinase kinase 5 (Map2k5);
and mitogen-activated protein kinase 6 (Mapk6) as having levels of stability
expected of reference genes in rat cortex. Analysis of minimally derived
data (i.e., Ct corrected for qPCR efficiency) showed that levels of mRNA for
the selected reference genes did not vary with diagnoses in humans or
drug treatment in rats and thus were suitable for use as reference genes.

Zinc uptake
Transformation of plasmid DNA constructs and transient transfections
were essentially performed according to standard protocols. Thus, GFP-
tagged Homo sapiens SLC39A12 transcript variants 1 and 2, (Origene,
Rockville MD, USA) were transformed into One shot Top 10 electrocomp
E.coli cells (Thermo Fisher) by electroporation, using the Gene Pulser II
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electroporation system (BioRad, Gladesville, NSW, Australia), according to
manufacturers’ instructions. Plasmid DNA was isolated with plasmid midi
kits (Qiagen, Chadstone, Victoria, Australia), according to the manufac-
turer’s protocol and its concentration determined with a Nanodrop.
CHO-K1 cells were maintained in Basal Medium Eagle (BME) media

supplemented with 1 × penicillin/streptomycin, 2 mmol/l L-glutamine (Life
Technologies), 10% foetal bovine serum (v/v) (Bovogen), 200 μmol/l
L-proline and 1 mmol/l sodium pyruvate (Sigma-Aldrich, Castle Hill, NSW,
Australia). Cells were seeded at 1 × 105 cells per well 24 h prior to
transfection. Plasmid DNA (1.6 μg) and Lipofectamine (4 μg) were diluted
separately in 100 μl of Opti-MEM-reduced serum medium (Invitrogen),
incubated for 5 min at room temperature, then mixed and incubated for
20 min at room temperature. The DNA/lipid mixture (200 μl) was added to
each well, where BME had been replaced by 800 μl of fresh Opti-MEM
supplemented with 10% fetal bovine serum and incubated for 24 h at 37 °
C in 5% CO2. This protocol gave transfection efficiencies of 30% for both
variants. Cells that underwent this process without plasmid DNA were used
as the negative control.

65Zn-uptake experiments were adapted from previous methods.40 As
the affinity of human SLC39A12 for Zn was unknown, uptake was
determined at 10 and 100 μM Zn. Cells were grown in Basal Medium Eagle
supplemented with 10% foetal bovine serum for 24 h. Uptake media was
Hanks balanced salt solution, supplemented with 0.04 MBq of 65ZnCl2
(Perkin-Elmer, Waltham, MA, USA), made to the final concentration (10 or
100 μmol/l) with ZnCl2. Cells were incubated in uptake media for 10 min.
The media was removed, cells washed thrice with ice-cold, Zn-free Hanks
balanced salt solution (+5 mmol/l EDTA) and collected in 0.1% SDS
+2 mmol/l EDTA. 65Zn was measured using a γ-counter (1282 Compu-
Gamma, LKB Wallac) and standardized to total protein.

Statistical analysis
In the case of non-experimental data and the Zn-uptake experiments,
Student’s t-test or one-way analysis of variance (followed by Holm–Sidak’s
multiple comparisons test corrected for multiple comparisons and
accounting for confidence intervals and significance to identify the source
of variance) to avoid an over representation of false-positive variation in
data. Fisher’s Exact, or the χ2, test were used to compare non-numeric
demographic data.41 By contrast, analyses of the qPCR data normalized to
the geometric mean of the reference genes was showed that data from the
different diagnostic cohorts in individual cortical regions was not normally
distributed in 58% of the data sites. Hence these data were analyzed using
Mann–Whitney U-test or the Kruskal–Wallis test with a Dunnett’s post hoc
comparing diagnosis with controls. The qPCR data were expressed
normalized to the geometric mean of levels of mRNA for three reference
genes,42 measured within each region and hence when examining the
data for variation between diagnoses, comparisons were made within each
cortical region. Potential relationships with the demographic, tissue
collection, and treatment data with the experimental data were assessed
using a Spearman’s Rank Order Correlations. The effects of potential non-
numeric confounds such as sex, genotype, suicide, and anticholinergic
medication were assessed using either Mann–Whitney U-test or the
Kruskal–Wallis test. To determine the impact of any potential confounds
shown to differ significantly between diagnoses or to result in a
Spearman’s r that deviated significantly from zero, the data from the
diagnostic cohorts were compared using Rank Analyses of Variance with
appropriate variables included as covariates.43 Analyses were performed
using GraphPad Prism 6.02 (GraphPad Software, La Jolla, CA, USA) or
Minitab Statistical Software release 16 (Minitab Inc., La Jolla, CA, USA).

ACKNOWLEDGMENTS
We thank Geoff Pavey for his curation of the postmortem human tissue received from
the Victorian Brain Bank Network. This work was supported by the National Medical &
Health Research Council (project grant 566967: E.S. and B.D.; Senior Research
Fellowship #APP1002240: B.D.; Australia Fellowship #APP 1037234: A.B.; Centre for
Research Excellence Grant 1001216 (Fellowship: T.T.M.)), the Australian Research
Council (Future Fellowship FT100100689: E.S.), and the CRC for Mental Health as well
as Operational Infrastructure Support (OIS) from the Victorian State Government.

CONTRIBUTIONS
E.S. and B.D. conceptialized the studies, E.S. completed the data analyses and E.S. and
B.D. had a major role in preparing the manuscript submitted for publication. M.U.
oversaw all the experimental procedures and designed all of the primer sequences as

well as had a major role in preparing the manuscript for publication. J.C., M.S.S., T.M.
and A.J. completed the experimental protocols and had input in writing the
manuscript submitted for publications. M.G. and A.B. provided expertize in and
measured zinc uptake as well as having input into the preparation of the submitted
manuscript. I.E. provided clinical expertize and had input into the submitted
manuscript.

COMPETING INTERESTS
The authors declare no conflict of interest.

REFERENCES
1. Tsuang, M. Schizophrenia: genes and environment. Biol. Psychiatry 47,

210–220 (2000).
2. Jaenisch, R. & Bird, A. Epigenetic regulation of gene expression: how the genome

integrates intrinsic and environmental signals. Nat. Genet. 33 Suppl, 245–254
(2003).

3. Millan, M. J. An epigenetic framework for neurodevelopmental disorders: from
pathogenesis to potential therapy. Neuropharmacology 68, 2–82 (2013).

4. Gavin, D. P. & Akbarian, S. Epigenetic and post-transcriptional dysregulation of
gene expression in schizophrenia and related disease. Neurobiol. Dis. 46,
255–262 (2012).

5. Horvath, S. & Mirnics, K. Schizophrenia as a disorder of molecular pathways.
Biol. Psychiatry 77, 22–28 (2015).

6. Dean B., Pavey G., & Scarr E. 2011 Neuroscience Meeting Planner (Society for
Neuroscience: Washington, DC, USA, 2011).

7. Narayan, S. et al. Molecular profiles of schizophrenia in the CNS at different stages
of illness. Brain Res. 1239, 235–248 (2008).

8. Callicott, J. H. et al. Complexity of prefrontal cortical dysfunction in schizophrenia:
more than up or down. Am. J. Psychiatry 160, 2209–2215 (2003).

9. Milner, M. J., Seamon, J., Craft, E. & Kochian, L. V. Transport properties of members
of the ZIP family in plants and their role in Zn and Mn homeostasis. J. Exp. Bot. 64,
369–381 (2013).

10. Eide, D. J. Zinc transporters and the cellular trafficking of zinc. Biochim. Biophys.
Acta 1763, 711–722 (2006).

11. Hennigar, S. R. & Kelleher, S. L. Zinc networks: the cell-specific compartmentali-
zation of zinc for specialized functions. Biol. Chem. 393, 565–578 (2012).

12. Sensi, S. L., Paoletti, P., Bush, A. I. & Sekler, I. Zinc in the physiology and pathology
of the CNS. Nat. Rev. Neurosci. 10, 780–791 (2009).

13. Chowanadisai, W., Graham, D. M., Keen, C. L., Rucker, R. B. & Messerli, M. A.
Neurulation and neurite extension require the zinc transporter ZIP12 (slc39a12).
Proc. Natl Acad. Sci. USA 110, 9903–9908 (2013).

14. Scarr, E. et al. Decreased cortical muscarinic receptors define a subgroup of
subjects with schizophrenia. Mol. Psychiatr. 14, 1017–1023 (2009).

15. Dean B., Hopper S., Conn P. J., Scarr E. Changes in BQCA allosteric modulation of [3H]
NMS binding to human cortex within schizophrenia and by divalent cations.
Neuropsychopharmaclogy; doi:10.1038/npp.2015.330; e-pub ahead of print (2016).

16. Bonfante-Cabarcas, R. et al. Pharmacological doses of Zn2+ induce a muscarinic
cholinergic supersensitivity. J. Biomed. Sci. 9, 639–644 (2002).

17. Zuchner, T., Schliebe, N. & Schliebs, R. Zinc uptake is mediated by M1 muscarinic
acetylcholine receptors in differentiated SK-SH-SY5Y cells. Int. J. Dev. Neurosci. 24,
23–27 (2006).

18. Kontkanen, O., Toronen, P., Lakso, M., Wong, G. & Castren, E. Antipsychotic drug
treatment induces differential gene expression in the rat cortex. J. Neurochem. 83,
1043–1053 (2002).

19. Fatemi, S. H. et al. Chronic olanzapine treatment causes differential expression
of genes in frontal cortex of rats as revealed by DNA microarray technique.
Neuropsychopharmacology 31, 1888–1899 (2006).

20. Iwata, S., Morioka, H. & Miyata, A. Classification of antipsychotic drugs by gene
expression in the frontal cortex of mice. Nihon Shinkei Seishin Yakurigaku Zasshi
26, 107–109 (2006).

21. Rizig, M. A. et al. A gene expression and systems pathway analysis of the effects
of clozapine compared to haloperidol in the mouse brain implicates susceptibility
genes for schizophrenia. J. Psychopharmacol. 26, 1218–1230 (2012).

22. Chowanadisai, W. Comparative genomic analysis of slc39a12/ZIP12: insight into a
zinc transporter required for vertebrate nervous system development. PLoS ONE
9, e111535 (2014).

23. Daaboul, D., Rosenkranz, E., Uciechowski, P. & Rink, L. Repletion of zinc in zinc-
deficient cells strongly up-regulates IL-1beta-induced IL-2 production in T-cells.
Metallomics 4, 1088–1097 (2012).

24. Greiner, A. C., Chan, S. C. & Nicolson, G. A. Human brain contents of calcium,
copper, magnesium, and zinc in some neurological pathologies. Clin. Chim. Acta
64, 211–213 (1975).

SLC39A12 in psychiatric disorders
E Scarr et al

6

npj Schizophrenia (2016) 16002 © 2016 Schizophrenia International Research Society/Nature Publishing Group



25. Kornhuber, J. et al. Iron, copper, zinc, magnesium, and calcium in postmortem
brain tissue from schizophrenic patients. Biol. Psychiatry 36, 31–34 (1994).

26. Religa, D. et al. Elevated cortical zinc in Alzheimer disease. Neurology 67,
69–75 (2006).

27. Adams, C. E., Demasters, B. K. & Freedman, R. Regional zinc staining in post-
mortem hippocampus from schizophrenic patients. Schizophr. Res. 18,
71–77 (1995).

28. Frederickson, R. E., Frederickson, C. J. & Danscher, G. In situ binding of bouton
zinc reversibly disrupts performance on a spatial memory task. Behav. Brain Res.
38, 25–33 (1990).

29. Lassalle, J. M., Bataille, T. & Halley, H. Reversible inactivation of the hippocampal
mossy fiber synapses in mice impairs spatial learning, but neither consolidation
nor memory retrieval, in the Morris navigation task. Neurobiol. Learn. Mem. 73,
243–257 (2000).

30. Halas, E. S., Eberhardt, M. J., Diers, M. A. & Sandstead, H. H. Learning and memory
impairment in adult rats due to severe zinc deficiency during lactation. Physiol.
Behav. 30, 371–381 (1983).

31. Halas, E. S., Hunt, C. D. & Eberhardt, M. J. Learning and memory disabilities
in young adult rats from mildly zinc deficient dams. Physiol. Behav. 37,
451–458 (1986).

32. McClure, M. M. et al. Visual-spatial learning and memory in schizotypal person-
ality disorder: continued evidence for the importance of working memory in the
schizophrenia spectrum. Arch. Clin. Neuropsychol. 22, 109–116 (2007).

33. Hill, C. et al. Problem of diagnosis in postmortem brain studies of schizophrenia.
Am. J. Psychiatr. 153, 533–537 (1996).

34. Roberts, S. B. et al. Confirmation of the diagnosis of schizophrenia after death
using DSM-IV: a Victorian experience. Aust. N. Z. J. Psychiatry 32, 73–76 (1998).

35. Scarr, E., Um, J. Y., Cowie, T. F. & Dean, B. Cholinergic muscarinic M4 receptor
gene polymorphisms: a potential risk factor and pharmacogenomic marker for
schizophrenia. Schizophr. Res. 146, 279–284 (2013).

36. Crook, J. M., Dean, B., Pavey, G. & Copolov, D. The binding of [3H]AF-DX 384 is
reduced in the caudate-putamen of subjects with schizophrenia. Life Sci. 64,
1761–1771 (1999).

37. Kapur, S., Wadenberg, M. L. & Remington, G. Are animal studies of antipsychotics
appropriately dosed? Lessons from the bedside to the bench. Can. J. Psychiatry
45, 241–246 (2000).

38. Udawela, M., Scarr, E., Hannan, A. J., Thomas, E. A. & Dean, B. Phospholipase C
beta 1 expression in the dorsolateral prefrontal cortex from patients with
schizophrenia at different stages of illness. Aust. N. Z. J. Psychiatry 45, 140–147
(2011).

39. Pfaffl, M. W. A new mathematical model for relative quantification in real-time
RT-PCR. Nucleic Acids Res. 29, e45 (2001).

40. Greenough, M. A. et al. Presenilins promote the cellular uptake of copper and zinc
and maintain copper chaperone of SOD1-dependent copper/zinc superoxide
dismutase activity. J. Biol. Chem. 286, 9776–9786 (2011).

41. Rodriguez, S., Gaunt, T. R. & Day, I. N. Hardy-Weinberg equilibrium testing of
biological ascertainment for Mendelian randomization studies. Am. J. Epidemiol.
169, 505–514 (2009).

42. Lipska, B. K. et al. Critical factors in gene expression in postmortem human brain:
Focus on studies in schizophrenia. Biol. Psychiatry 60, 650–658 (2006).

43. Quade, D. Rank Analyses of Covariance. J. Am. Stat. Assoc. 62, 1187–1200 (1967).

This work is licensed under a Creative Commons Attribution 4.0
International License. The images or other third party material in this

article are included in the article’s Creative Commons license, unless indicated
otherwise in the credit line; if the material is not included under the Creative Commons
license, users will need to obtain permission from the license holder to reproduce the
material. To view a copy of this license, visit http://creativecommons.org/licenses/
by/4.0/

Supplementary Information accompanies the paper on the npj Schizophrenia website (http://www.nature.com/npjschz)

SLC39A12 in psychiatric disorders
E Scarr et al

7

© 2016 Schizophrenia International Research Society/Nature Publishing Group npj Schizophrenia (2016) 16002

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


 

Minerva Access is the Institutional Repository of The University of Melbourne

 

 

Author/s: 

Scarr, E; Udawela, M; Greenough, MA; Neo, J; Seo, MS; Money, TT; Upadhyay, A; Bush, AI;

Everall, IP; Thomas, EA; Dean, B

 

Title: 

Increased cortical expression of the zinc transporter SLC39A12 suggests a breakdown in

zinc cellular homeostasis as part of the pathophysiology of schizophrenia

 

Date: 

2016-03-09

 

Citation: 

Scarr, E., Udawela, M., Greenough, M. A., Neo, J., Seo, M. S., Money, T. T., Upadhyay, A.,

Bush, A. I., Everall, I. P., Thomas, E. A.  &  Dean, B. (2016). Increased cortical expression of

the zinc transporter SLC39A12 suggests a breakdown in zinc cellular homeostasis as part of

the pathophysiology of schizophrenia. NPJ SCHIZOPHRENIA, 2 (1),

https://doi.org/10.1038/npjschz.2016.2.

 

Persistent Link: 

http://hdl.handle.net/11343/59333

 

File Description:

Published version

License: 

CC BY


	Increased cortical expression of the zinc transporter SLC39A12 suggests a breakdown in zinc cellular homeostasis as part of the pathophysiology of schizophrenia
	INTRODUCTION
	RESULTS
	Demographic, CNS collection, and dug histories

	Table 1 A summary of the demographic, CNS collection, and pharmacological history data (mean�&#x000B1;�s.e.m.) for cases used in this study
	SLC39A12 variant 1 mRNA
	SLC39A12 variant 2 mRNA

	Figure 1 Relative levels of SLC39A12 variant 1 (a, b and c) and variant 2 (d, e and f) mRNA (median�&#x000B1;�interquartile range) in BA 8 (a and d), 9 (b and e) and 44 (c and f) from subjects with schizophrenia and age-/sex-matched control subjects as we
	Table 2 Levels of SLC39A12 variant 1 and 2 mRNA in Brodmann&#x02019;s area 9 from subjects with MDD, BD, and age- and sex-matched controls
	Preclinical neuropsychopharmacology
	Potential confounds
	Zinc uptake studies

	DISCUSSION
	Table 3 Levels of Slc39a12 variant 1 mRNA (ratio geometric mean of 3 reference genes) in the cortex of rats treated for 12�months with either vehicle, haloperidol (1.0&znbsp;mg/kg/day), chlorpromazine (10&znbsp;mg/kg/day), or thioridazine (10&znbsp;mg/kg/
	Figure 2 65Zinc accumulation in non-transfected CHO-K1�cells and those expressing recombinant human SLC39A12 variant 1 (a) or 2 (b) following incubation with 10 and 100&znbsp;&#x003BC;mol/l zinc for 10&znbsp;min.
	MATERIALS AND METHODS
	Human tissue
	Rat tissue
	RNA purification and first-strand cDNA synthesis
	Real-time PCR
	Zinc uptake
	Statistical analysis

	We thank Geoff Pavey for his curation of the postmortem human tissue received from the Victorian Brain Bank Network. This work was supported by the National Medical &#x00026; Health Research Council (project grant 566967: E.S. and B.D.; Senior Research Fe
	ACKNOWLEDGEMENTS
	Tsuang, M. Schizophrenia: genes and environment. Biol. Psychiatry 47, 210&#x02013;220 (2000).Jaenisch, R. &#x00026; Bird, A. Epigenetic regulation of gene expression: how the genome integrates intrinsic and environmental signals. Nat. Genet. 33 Suppl, 245
	Tsuang, M. Schizophrenia: genes and environment. Biol. Psychiatry 47, 210&#x02013;220 (2000).Jaenisch, R. &#x00026; Bird, A. Epigenetic regulation of gene expression: how the genome integrates intrinsic and environmental signals. Nat. Genet. 33 Suppl, 245
	REFERENCES



 
    
       
          application/pdf
          
             
                Increased cortical expression of the zinc transporter SLC39A12 suggests a breakdown in zinc cellular homeostasis as part of the pathophysiology of schizophrenia
            
         
          
             
                npj Schizophrenia ,  (2016). doi:10.1038/npjschz.2016.2
            
         
          
             
                Elizabeth Scarr
                Madhara Udawela
                Mark A Greenough
                Jaclyn Neo
                Myoung Suk Seo
                Tammie T Money
                Aradhana Upadhyay
                Ashley I Bush
                Ian P Everall
                Elizabeth A Thomas
                Brian Dean
            
         
          doi:10.1038/npjschz.2016.2
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Schizophrenia International Research Society/Nature Publishing Group
          10.1038/npjschz.2016.2
          2334-265X
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/npjschz.2016.2
            
         
      
       
          
          
          
             
                doi:10.1038/npjschz.2016.2
            
         
          
             
                npjschz ,  (2016). doi:10.1038/npjschz.2016.2
            
         
          
          
      
       
       
          True
      
   




