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a b s t r a c t

There are indications for changes in glutamate metabolism in relation to depression or suicide. The
glutamate-glutamine cycle and neuronal/glial glutamate transporters mediate the uptake of the gluta-
mate and glutamine. The expression of various components of the glutamate-glutamine cycle and the
neuronal/glial glutamate transporters was determined by qPCR in postmortem prefrontal cortex. The
anterior cingulate cortex (ACC) and the dorsolateral prefrontal cortex (DLPFC) were selected from young
MDD patients who had committed suicide (MDD-S; n ¼ 17), from MDD patients who died of non-suicide
related causes (MDD-NS; n ¼ 7) and from matched control subjects (n ¼ 12). We also compared elderly
depressed patients who had not committed suicide (n ¼ 14) with matched control subjects (n ¼ 22). We
found that neuronal located components (EAAT3, EAAT4, ASCT1, SNAT1, SNAT2) of the glutamate-
glutamine cycle were increased in the ACC while the astroglia located components (EAAT1, EAAT2,
GLUL) were decreased in the DLPFC of MDD-S patients. In contrast, most of the components in the cycle
were increased in the DLPFC of MDD-NS patients. In conclusion, the glutamate-glutamine cycle - and
thus glutamine transmission - is differentially affected in depressed suicide patients and depressed non-
suicide patients in an area specific way.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Suicide is an important public health problem that has a strong
association with psychopathology, in particular with mood disor-
ders (Hawton and van Heeringen, 2009). A large body of evidence
suggests that neurobiological factors play an important role in the
predisposition to suicide (Ernst et al., 2009b; Mann and Currier,
2012). Although there is some overlap, this neurobiological pre-
disposition appears to differ considerably from the predisposition
to mood disorders per se, especially in the case of major depressive
disorder (MDD) (Egeland and Sussex, 1985; Mann and Currier,
2010; Turecki, 2014).

The prefrontal cortex (PFC) is one of the major brain structures
to modulate the stress response. It can be stimulatory or inhibitory,
of Amsterdam, Dept. Neuro-
oscience, an Institute of the
Meibergdreef 47, 1105 BA,

b).
depending on specific sub-regions or stressor types. The PFC has
also been implicated in mood disorders and there is a negative
correlation between the severity of post-stroke depression and the
distance between the brain injury site and the frontal pole
(Narushima et al., 2003). Furthermore, dysfunctioning anterior
cingulate cortex (ACC) and dorsolateral prefrontal cortex (DLPFC)
were shown by functional and structural imaging in MDD (Drevets,
2000; Drevets et al., 2008) as well as altered glucose metabolism
and blood flow (Drevets, 1999; Mayberg, 2003; Seminowicz et al.,
2004). Also postmortem data support PFC involvement in MDD:
e.g. reduced glial cell density and neuronal size were observed in
the ACC and DLPFC (Cotter et al., 2001, 2002; Rajkowska and
Miguel-Hidalgo, 2007; Rajkowska et al., 1999).

Recent large-scale gene array studies in post-mortem subjects
have provided strong support for alterations in GABAergic and
glutamatergic neurotransmission in the PFC of depression (Bernard
et al., 2011; Choudary et al., 2005; Duric et al., 2013). However,
these postmortem studies consisted largely of psychiatric patients
who had committed suicide, whereas none of the subjects in the
control group had a psychiatric disease during their lifetime or

mailto:d.f.swaab@nin.knaw.nl
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jpsychires.2016.06.017&domain=pdf
www.sciencedirect.com/science/journal/00223956
http://www.elsevier.com/locate/psychires
http://dx.doi.org/10.1016/j.jpsychires.2016.06.017
http://dx.doi.org/10.1016/j.jpsychires.2016.06.017
http://dx.doi.org/10.1016/j.jpsychires.2016.06.017


J. Zhao et al. / Journal of Psychiatric Research 82 (2016) 8e15 9
committed suicide. Therefore it remains unclear whether these
changes in the PFC were related to depression or to suicide per se.

In a recent study we found that only few GABA and glutamate-
related genes were different in the ACC of elderly depressed pa-
tients who had not committed suicide (Zhao et al., 2012), while
there were obvious changes in depressed patients who had
committed suicide (Zhao et al., 2015). The present study therefore
studied whether changes in the ACC and DLPFC occur in terms of
the glutamate-glutamine cycle and glutamate transporters, in
relation to depression with and without suicide.

Glutamate is synthesized from glutamine by glutaminase in
neurons. After glutamate is released from the synaptic terminal, it
is taken up by astrocytes through high affinity sodium-dependent
neuronal glutamate transporters, such as the excitatory amino
acid transporter (EAAT) 1 and EAAT2 (Bar-Peled et al., 1997;
Chaudhry et al., 1995; Kugler and Schmitt, 2003; Milton et al.,
1997), where it is converted back into glutamine by glutamine
synthetase (Martinez-Hernandez et al., 1977). Glutamine is then
transported back to the neurons by the neutral amino acid trans-
porter (SNAT) 1 and SNAT2, ready for reuse (Melone et al., 2004).
Interestingly, brain-derived neurotrophic factor (BDNF)-induced
increases in SNAT1 expression are required for the regulation of
dendritic length and neuronal complexity during development
(Burkhalter et al., 2007), but BDNF is also clearly linked to
depression and suicide (Dwivedi et al., 2003; Ernst et al., 2009b;
Grah et al., 2014; Qi et al., 2013). This suggests that the
glutamate-glutamine cycle is not only an important constituent of
the glutamatergic neurotransmission system in physiology, but
may also be a vulnerable pathway in psychiatric disorders due to its
linkage with both BDNF and glutamate and GABA neurotransmis-
sion. Intrasynaptic glutamate can also be taken up by EAAT3 and
EAAT4, which are located on neurons (Danbolt, 2001; Rothstein
et al., 1994; Yamada et al., 1997). The EAAT family of glutamate
transporters shows homology to the neutral amino acid trans-
porters (ASCT) 1 and ASCT2 (Arriza et al., 1993; Utsunomiya-Tate
et al., 1996). Studies showed that ASCT1 in glutamate trans-
mission mediates the efflux of glutamate from the neuron into the
synaptic junction via calcium-dependent release, and that ASCT2
activity plays an important role in the glutamine-glutamate cycle
between neurons and glia by facilitating the efflux of glutamine
from glial cells (Broer et al., 1999).

In the present study, we hypothesized that the glutamate-
glutamine cycle is impaired in the brains of depressed individuals
who committed suicide and that the neuronal and glial glutamate
Table 1A
Demographic information for the SMRI subjects.

MDD-S MDD-NS

Age (years, range) 40.41 (24e63) 46.43 (36
Gender (M/F) 10/7 3/4
Race 16W, 1H 7W
PMD (hours, range) 29.59 (13e65) 29.86 (15
Brain pH 6.7 (6.36e6.88) 6.6 (6.3e
Brain weight (gram, range) 1480 (1170e1780) 1441 (127
Side of brain frozen (L/R) 10/7 5/2
Psychotic featurea 9 3
Alcohol hx 11 5
Severity of alcohol abuseb 2.18 (0e5) 1.29 (0e5
Drug hx 5 3
Severity of substance abuseb 0.88 (0e4) 1.43 (0e4
Fluphenazine (lifetime, range)c 1041 (0e6500) 1314 (0e

Abbreviation: Ctr, control; F, female; hx, history; L, left; M, male; MDD-S, major depresse
other cause than suicide; PMD, postmortem delay; R, right.

a Psychotic Feature tested without controls.
b Substance abuse and alcohol abuse was rated on a scale of 0e5.
c Fluphenazine tested without controls.
transporters associated with this cycle are dysregulated. Thus, we
used real-time quantitative PCR (qPCR) to compare the gene
expression patterns in the PFC of the astrocytic glutamate-
glutamine cycle and neuronal/glial glutamate transporters in
depressed patients in relation to suicide.

2. Experimental procedures

2.1. Subjects from the Stanley Medical Research Institute (SMRI)

Brain material was obtained from the SMRI, after obtaining
permission for a brain autopsy and for the use of the brain material
and clinical data for research purposes. Diagnostic and Statistical
Manual of Mental Disorders (DSM)-IV diagnoses of MDD were
made independently by two senior psychiatrists based on the
medical records and, when necessary, telephone interviews with
family members. This systematized procedure was carried out as
described before (Torrey et al., 2000). The demographic informa-
tion and medical data, including a life-long use of psychotropic
medication and a history of drug abuse provided by SMRI, is shown
in Supplementary Table S1.

The SMRI frozen brain samples contained ACC (Brodmann area
24) and DLPFC (Brodmann area 46) and were obtained from MDD
patients who died of suicide (MDD-S; n ¼ 17), MDD patients who
died from other causes than suicide (MDD-NS; n ¼ 7), and matched
control subjects without a history of suicidal behavior or any other
psychiatric or neurological diagnosis (n ¼ 12). These three groups
were matched for race, age, gender, brain weight, postmortem
delay (PMD), brain pH and hemispheric side (see Table 1A) as much
as possible. All analyses were performed by investigators blind to
the diagnosis.

2.2. Subjects from the Netherlands brain bank (NBB)

Frozen ACC (Brodmann area 24) and DLPFC (Brodmann area 9)
brain material was obtained from the NBB and consisted of elderly
depressed patients who died from non-suicidal causes MDD, n ¼ 5;
bipolar disorder (BD, n ¼ 10) and matched controls who did not
have a psychiatric or neurological disease (n¼ 22). TheMDD versus
BD subgroup and the combined depression group (DEP) versus the
control group were well matched for age, gender, brain weight,
clock time and month of death, PMD and brain pH. Demographic
information and P-value of parameter matches are given in
Table 1B, further clinico-pathological information has been
Ctr F or x2 p

e56) 46.83 (24e63) 1404 0.260
8/4 1034 0.596
11W, 1H 0.529 0.744

e52) 25.25 (9e40) 0.541 0.587
6.9) 6.6 (6.31e6.91) 0.565 0.574
0e1590) 1444 (1200e1595) 0.295 0.747

6/6 0.838 0.658
e 0.100 0.752
6 1029 0.598

) 2.08 (0e5) 0.509 0.606
4 0.403 0.817

) 0.75 (0e4) 0.471 0.629
3000) e 0.121 0.732

d patients who committed suicide; MDD-NS, major depressed patients who died of



Table 1B
Demographic information for the NBB subjects.

ACC DLPFC

Dep Ctr F or x2 p Dep Ctr F or x2 p

Age (years, range) 74.67 (45e93) 79.50 (56e96) 0.964 0.338 72.86 (45e90) 79.50 (56e96) 0.025 0.680
Gender (M/F) 9/3 9/3 0.000 1.000 10/4 10/4 0.000 1.000
Race 12W 12W 0.000 1.000 14W 14W 0.000 1.000
PMD (hours, range) 7.4 (4.3e16.8) 7.1 (4.5e10.3) 0.149 0.773 7.3 (4.3e16.8) 8.2 (2.7e24.7) 1327 0.504
CTD (hh:mm, range)a 13:27 (2:30e23:00) 07:06 (2:00e21:30) e 0.230 12:09 (2:30e23:15) 07:35 (0:01e17:45) e 0.810
MTD (month, range)a 5 (1e10) 7 (2e12) e 0.820 7 (1e11) 6 (3e11) e 0.570
Brain pH (range) 6.43 (6.26e6.64) 6.58 (5.80e7.16) 5153 0.238 6.44 (6.26e6.82) 6.66 (5.80e7.39) 3309 0.113
Brain weight (gram, range) 1306.92 (1080e1488) 1350.58 (1125e1568) 0.015 0.469 1296.36 (1080e1490) 1319.00 (1054e1590) 0.195 0.685
ApoE (4x)b 4 2 1.245 0.980 3 4 0.560 1.000
Braak stage (range)b 1.5 (0e3) 1.5 (0e3) 0.400 1.000 1.5 (0e3) 1.1 (0e3) 2.700 0.690
Side of brain frozen (L/R) 12/0 12/0 0.000 1.000 12/2 14/0 2.154 0.142

AbbreviationACC, anterior cingulate cortex; Ctr, control; CTD, clock time of death; Dep, depressed patients who died of cause other than suicide; DLPFC, dorsolateral prefrontal
cortex; F, female; g, gram; hh, hour; L, left; M, male; mm, minute; MTD, month time of death; PMD, postmortem delay; R, right; W, white caucasian.

a Mardia-Watson-Wheeler test.
b Kolmogorov-Smirnov test.
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described in a previous study (Zhao et al., 2012) and is provided in
Supplementary Table S2.

2.3. Quantitative real-time PCR

RNA isolation, cDNA synthesis and qPCR reactions were per-
formed as described before (Wang et al., 2008; Zhao et al., 2012).
The genes detected were Excitatory Amino Acid Transporter (glial
high affinity glutamate transporter): EAAT1, 2; Excitatory Amino
Acid Transporter (neuronal high affinity glutamate transporter):
EAAT3, 4; Sodium-coupled neutral amino acid transporter: SNAT1,
2; Glutamine synthase: GLUL; Solute Carrier Family 1 (Glutamate/
Neutral Amino Acid Transporter), member 4 (SLC1A4) and member
5 (SLC1A5): ASCT1 and ASCT2. Additional information on all tested
genes and the sequences for each primer pair are shown in
Supplementary Table S3.

2.4. Normalization strategy

To remove sampling-related differences (RNA quantity), a
normalization strategy was used (Vandesompele et al., 2002). The
expression of target genes was normalized using the sets of stable
reference genes mentioned below. The information of reference
genes is as follows: Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), actin-beta (ACTb), tubulin-alpha (TUBa), tubulin-beta 4
(TUBb4), hydroxymethylbilane synthase (HMBS), ubiquitin C (UBC)
for the SMRI-ACC/DLPFC study, GAPDH, ACTb, HPRT1 (hypoxan-
thine phosphoribosyltransferase 1), UBC (ubiquitin C), TUBa,
TUBb4, HMBS for the NBB-ACC/DLPFC study.

2.5. Statistical analysis

For the demographic data analyses (age, brain weight, PMD,
brain pH) we used the Mann-Whitney test for 2 sample situations
and the Kruskal-Wallis test withmultiple comparisons for 3 sample
situations. Gender and race differences were determined using the
Chi-square test (For more details, see Table 1A and B). For the sta-
tistical analyses of gene expression data TIBCO Sþ software (version
8.2.0, TIBCO, Seattle, WA, USA) was used. Before processing, the
expression data from target and reference genes were 10log-
transformed. The statistics used to describe data obtained from
studies using precious human brain material (with limited avail-
ability and consequently small samples) may not conform to the
approximate theoretical distributions (e.g. Student-t) usually
assumed in hypothesis testing. The stability of P-values obtained
with parametric statistical tests may, therefore, be insufficient to
provide reliable conclusions about the differences of gene expres-
sion in different psychiatric patient groups or about the correla-
tions between genes within a patient group. Resample procedures
(without replacement) may help to shed light on this problem. To
keep the resample procedures simple and easy to interpret we
resorted to two-group comparisons (like in t-tests) and correlations
per patient group. We used 999 replicates of permuted gene
expression data to generate permutation NULL distributions of the
appropriate test statistics that correspond to NULL hypotheses
implying that the mean differences between 2 groups or the mean
correlation coefficients between 2 genes within a group are zero
(Davison and Hinkley, 1997). For the difference between groups we
used:

T ¼ ðmeanðx2Þ �meanðx1ÞÞ
sd*ðdfÞ�ð1=2Þ

Here, sd is the pooled standard deviation and df denotes the
Welch modified degrees-of-freedom. For normally distributed data
with unknown, unequal variances, T is approximately distributed
as a t-distribution with df degrees-of-freedom. The simulated T’s
are called permutation t-values and the T corresponding to the
observed difference of expression is called the observed t-value.
The following statistic

cor ¼ sum½ðx1�meanðx1ÞÞ*ðx2�meanðx2ÞÞ�
½sumðx1�meanðx1ÞÞ*sumðx2�meanðx2Þ�ð1=2Þ

was calculated for correlation problems. For pairs of normally
distributed data this statistic has an approximate t-distribution
with n�2 degrees-of-freedom (n ¼ number of observations). The
observed test statistic and permutation test statistics are called
observed and permutation cor-values, respectively. In each proce-
dure the observed test statistic was combined with the permuta-
tion test statistics and ordered. Subsequently, the number of
statistics equal to or smaller than and the number of statistics equal
to or larger than the observed value were counted. These numbers
were divided by 1000 (999þ1) to yield the left (p-left) and right (p-
right) probabilities. Two-sided permutation P-values were calcu-
lated as 2 times the minimum of p-left and p-right. All presented
tests for the gene expression data are 2-sided and p-values were
corrected for multiple testing using the Benjamini-Hochberg cri-
terion (Benjamini and Hochberg, 1995) and were considered sta-
tistically significant if their value was less than 0.05.
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3. Results

3.1. Changes in glutamate-glutamine cycle gene expression are
related to suicide, not to depression

Brainmaterial obtained from the SMRI was analyzed for changes
in the genes involved in the glutamate-glutamine cycle and
neuronal/glial glutamate transporters. We determined the RNA
integrity value (RIN) to assess whether the quality of the human
post-mortem tissue RNA isolated from the ACC or DLPFC did not
differ between patient groups (Stan et al., 2006). The RIN did not
show any significant differences between the diagnostic groups in
the SMRI material (RIN value of the ACC from MDD-S patients:
7.69 ± 0.66; MDD-NS patients: 7.49 ± 0.56 and the control group:
7.73 ± 0.95, mean ± SEM; RIN value of the DLPFC from MDD-S:
7.69 ± 0.66, MDD-NS patients: 7.49 ± 0.56 and the control group:
7.73 ± 0.95, mean ± SEM).

In ACC, the expression of neuronal glutamate transporters
ASCT1, EAAT3 and EAAT4 were significantly increased in MDD-S
compared with MDD-NS patients (P ¼ 0.024, P ¼ 0.008 and
P ¼ 0.008 respectively) or with the controls (ASCT1: P ¼ 0.015,
Fig. 1A; EAAT3: P ¼ 0.028, Fig. 1C; EAAT4: P ¼ 0.008, Fig. 1D). In
addition, neuronal located glutamine transporter SNAT1 and SNAT2
transcription levels were elevated in MDD-S patients compared
with MDD-NS patients (P ¼ 0.008 and P ¼ 0.020 respectively) or
with control subjects (P ¼ 0.028, Fig. 1E; and P ¼ 0.028, Fig. 1F;
Fig. 1. Significant expression of genes in ACC and DLPFC of the SMRI patients. Abbreviations:
S, major depressed patients who committed suicide; MDD-NS, major depressed patients w
respectively). ASCT2 transcript level was also increased in the
MDD-S patients compared to MDD-NS patients (P ¼ 0.008, Fig. 1B).
However, none of these genes showed difference betweenMDD-NS
and control subjects. In contrast, we found that ASCT1 and glial
related genes (EAAT1, EAAT2 and GLUL) were decreased in the
MDD-S compared with MDD-NS patients in DLPFC (P ¼ 0.042,
Fig. 1G; P ¼ 0.038, Fig. 1H; P ¼ 0.038, Fig. 1I; P ¼ 0.038, Fig. 1K;
respectively). Furthermore, the transcript levels of these genes, and
of EAAT3 (P ¼ 0.038, Fig. 1J) SNAT1 (P ¼ 0.038, Fig. 1L) and SNAT2
(P ¼ 0.041, Fig. 1M) were increased in the MDD-NS patients
compared with control subjects (Table 2).

To explore what aspects of suicide may cause gene transcription
alterations in the MDD patients, the SMRI MDD-S group was
divided into two subgroups: violent suicide method (hanging,
jumping, shooting and stabbing, n ¼ 12) and non-violent method
(overdose, n ¼ 5). However, we did not find any significant differ-
ence in the expression of the genes studied in either ACC (P > 0.58)
or DLPFC (P > 0.28).

3.2. Changes in glutamate-glutamine cycle gene expression are not
related to suicide ideation

We then examined ACC and DLPFC samples from the NBB (RIN
value of the ACC from the elderly depressed patients: 7.29 ± 0.55
and the control group: 7.24 ± 1.15, mean ± SEM; RIN value of the
DLPFC from the elderly depressed patients: 7.51 ± 0.66 and the
ACC, anterior cingulate cortex; Ctr, control; DLPFC, dorsolateral prefrontal cortex; MDD-
ho died from causes other than suicide. For abbreviations of genes see SI Table 3.



Table 2
SMRI and NBB results in expression of target gene in the ACC and DLPFC.

SMRI cohort NBB cohort

Fold changes p.perm Bhadj.p Fold changes p.perm Bhadj.p

MDD-S/MDD-NS MDD-S/Ctr MDD-NS/Ctr MDD-S/MDD-NS MDD-S/Ctr MDD-NS/Ctr MDD-S/MDD-NS MDD-S/Ctr MDD-NS/Ctr Dep-NS/Ctr

ACC
EAAT1 1.3 1.9 1.5 0.488 0.058 0.420 0.537 0.101 0.478 0.9 0.612 0.918
EAAT2 1.5 1.9 1.3 0.332 0.072 0.614 0.406 0.113 0.614 1.1 0.774 0.934
EAAT3 3.0 1.8 0.6 0.002** 0.012* 0.292 0.008** 0.028* 0.371 1.0 0.182 0.918
EAAT4 3.0 2.2 0.8 0.002** 0.002** 0.392 0.008** 0.008** 0.462 1.1 0.228 0.918
GLUL 1.6 1.3 0.8 0.088 0.228 0.602 0.132 0.314 0.614 1.1 0.592 0.918
SNAT1 3.3 1.6 0.5 0.002** 0.010** 0.068 0.008** 0.028* 0.112 1.0 0.578 0.918
SNAT2 2.1 1.4 0.7 0.006** 0.012* 0.200 0.020* 0.028* 0.287 0.8 0.318 0.918
ASCT1 2.4 1.8 0.7 0.008** 0.004** 0.552 0.024* 0.015* 0.588 1.0 0.830 0.934
ASCT2 2.3 1.3 0.6 0.002** 0.040* 0.034 0.008** 0.073 0.066 1.0 0.986 0.986

DLPFC
EAAT1 0.4 1.5 3.5 0.014* 0.304 0.006** 0.039* 0.372 0.039* 1.7 0.710 0.948
EAAT2 0.5 1.7 3.7 0.014* 0.130 0.004** 0.039* 0.195 0.039* 1.6 0.948 0.948
EAAT3 0.6 1.3 2.2 0.154 0.522 0.008** 0.212 0.538 0.039* 1.3 0.764 0.948
EAAT4 0.8 1.3 1.7 0.140 0.126 0.028* 0.201 0.195 0.058 1.6 0.840 0.948
GLUL 0.6 1.6 2.9 0.014* 0.232 0.008** 0.039* 0.306 0.039* 1.3 0.794 0.948
SNAT1 0.7 1.3 1.8 0.260 0.392 0.014* 0.330 0.446 0.039* 1.5 0.734 0.948
SNAT2 0.8 1.6 1.8 0.352 0.058 0.016* 0.415 0.106 0.041* 1.0 0.028 0.252
ASCT1 0.6 1.8 3.1 0.018* 0.080 0.004** 0.042* 0.132 0.039* 1.1 0.940 0.948
ASCT2 1.0 1.6 1.5 0.760 0.012* 0.066 0.760 0.039* 0.115 1.1 0.706 0.948

The differences among MDD-S, MDD-NS and Ctr in the SMRI, Dep-NS and Ctr in the NBB were tested with permutation tests respectively. The permutation P-values were
corrected for multiple testing using the false discovery rate. P < 0.05 were considered significant and marked as bold Italic style, * indicates P < 0.05, ** indicates P < 0.001. Fold
changes were calculated using the mean gene expression values.
Abbreviations: ACC, anterior cingulate cortex; Bhadj.p, Benjamini-Hochberg adjusted p-values; Ctr, control; Dep-NS, depressed patients who died of non-suicidal cause;
DLPFC, dorsolateral prefrontal cortex; MDD-S, major depressive disorder who committed suicide; MDD-NS, major depressive disorder who died of non-suicidal cause; NBB,
Netherlands Brain Bank; p.perm, p-values obtained using permutation tests; SMRI, Stanley Medical Research Institute. For abbreviations of genes see SI Table 3.
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control group: 7.66 ± 0.88, mean ± SEM).
None of the depressed patients from the NBB had committed

suicide. Consistent with our results from the SMRI subjects, we did
not observe significant changes in the ACC of depressed patients
and controls. Based on their clinical records, we divided the DEP
group into subgroups of patients that either did or did not have a
record of suicidal thoughts and ideation. To assess whether suicidal
ideation contributes to gene transcription in this area, the same set
of markers related to glutamate-glutamine cycle and neuronal
glutamate transporters were tested. We did not find any significant
differences in the ACC (P > 0.95) nor in the DLPFC (P > 0.16) with
respect to suicide ideation, either for neuronal located genes (ACC:
P > 0.95; DLPFC: P > 0.45) or astrocytic genes (ACC: P > 0.95; DLPFC:
P > 0.16). These findings suggest that suicide itself, but not mere
suicide ideation, may cause changes in the expression of genes
involved in the glutamate-glutamine cycle.
Table 3
Correlation between BDNF, TrkB.T1 and target genes in the SMRI cohort.

ACC

BDNF TrkB.T1

MDD-S MDD-NS Ctr MDD-S MDD-NS Ctr

EAAT1 0.513 0.079 0.330 0.046* 0.036* 0.81
EAAT2 0.546 0.111 0.339 0.036* 0.036* 0.40
EAAT3 0.336 0.036* 0.330 0.046* 0.079 0.98
EAAT4 0.148 0.224 0.288 0.336 0.111 0.90
GLUL 0.866 0.175 0.330 0.018* 0.036* 0.45
SNAT1 0.404 0.036* 0.406 0.018* 0.111 0.39
SNAT2 0.513 0.072 0.441 0.018* 0.203 0.64
ASCT1 0.404 0.072 0.330 0.018* 0.079 0.40
ASCT2 0.120 0.203 0.586 0.095 0.121 0.33

Permutation P-values of the correlations of BDNF and TrkB with the target genes. The P-
marked as bold Italic style, * indicates P < 0.05.
Abbreviations: ACC, anterior cingulate cortex; Ctr, control; DLPFC, dorsolateral prefrontal
depressive disorder who died of non-suicidal cause; SMRI, Stanley Medical Research Ins
3.3. Correlation with BDNF/TrkB

As both the SMRI and NBB patient cohorts of the present study
had also been investigated in our previous studies on the expres-
sion of BDNF/TrkB-related genes (Qi et al., 2013; Zhao et al., 2015),
we investigated the putative relationship between truncated re-
ceptor of BDNF (TrkB.T1) and BNDF with the present target genes
here. There appeared to be a positive correlation between the
TrkB.T1 and astrocytic genes (EAAT1, EAAT2, GLUL), and also
neuronal located genes (EAAT3, SNAT1, SNAT2, ASCT1) in the MDD-
S individuals (For more details of P-values, see Table 3). TrkB.T1
only correlated with astrocytic genes in the MDD-NS group, while
there was no such correlation in the control group in the ACC. We
found that TrkB.T1 was correlated with both astrocytic genes
(EAAT2, GLUL) and neuronal located genes (EAAT3, SNAT1, SNAT2,
ASCT1) in the MDD-S patients, but not in the MDD-NS nor control
DLPFC

BDNF TrkB.T1

MDD-S MDD-NS Ctr MDD-S MDD-NS Ctr

9 0.399 0.784 0.374 0.062 0.511 0.420
6 0.507 0.990 0.374 0.048* 0.378 0.374
4 0.602 0.784 0.948 0.048* 0.805 0.748
0 0.782 0.990 0.748 0.399 0.978 0.748
4 0.399 0.511 0.374 0.036* 0.624 0.468
2 0.915 0.990 0.910 0.036* 0.805 0.748
3 0.944 0.511 0.948 0.036* 0.990 0.748
6 0.862 0.378 0.748 0.036* 0.784 0.948
0 0.122 0.978 0.374 0.399 0.990 0.948

values were corrected for multiple testing. P < 0.05 were considered significant and

cortex; MDD-S, major depressive disorder who committed suicide; MDD-NS, major
titute. For abbreviations of genes see SI Table 3.
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subjects in the DLPFC (For more details of P-values, see Table 3).
BDNF is correlated with EAAT3 and SNAT1 in the ACC of MDD-NS
patient group, while there was no correlation in either MDD-S or
control subjects. In addition, we did not find any correlation in the
DLPFC (For more details of P-values, see Table 3).

3.4. Possible confounding factors

The possible confounders in our study, such as age, gender, brain
pH, brain weight, PMD, hemisphere side, ethnicity, history of sub-
stance abuse, severity of substance abuse and psychotic feature, did
not differ between the groups (Table 1A and B), implying that they
will not have affected our conclusions. Concerning the possible
differences between MDD and BD in the NBB cohort, calculation for
all the target genes proved that there was no significance difference
between these two subgroups (ACC: P > 0.30; DLPFC: P > 0.05).
Furthermore, we have shown earlier that there is no significant
difference between MDD and BD patients on the GABA/glutamate
related genes in the PFC in our previous study (Zhao et al., 2012).
Thus, there is no indication that pooled MDD-BD in the NBB cohort
would affect our conclusion. Since psychosis was present in some of
the subjects in the SMRI patient cohort, all differentially expressed
genes were compared for the presence or absence of psychosis.
None of the comparisons were found to be significant in ACC
(P > 0.94). In the DLPFC, there is a significantly lower EAAT3
expression in non-psychotic MDD patients (P ¼ 0.036), the
expression of the other genes is not different between psychotic
and non-psychotic patients (P > 0.11). A potentially contributing
confounding factor in all postmortem studies is medication. How-
ever, this does not seem to be a confounder for our data, as medi-
cation (SSRI, SARI, TCA) did not affect any of the gene expression in
ACC (P > 0.48) or in DLPFC (P > 0.51). SNRI could not be tested
because one group only had 2 observations.

4. Discussion

In the present study we found in the SMRI cohort that ASCT2
and neuronal located molecule transcript levels were significantly
higher in the ACC of MDD-S patients than in the MDD-NS patients
or the control subjects. In contrast, decreased ASCT1 and astroglia
located molecule transcript level were found in the DLPFC of MDD-
S patients compared to MDD-NS patients. Furthermore, most of the
target genes were increased when comparing MDD-NS with con-
trol subjects in the same brain area. We did not find any difference
in expression level in the NBB cohort. Our results suggest that the
changes in ACC synaptic glutamate cycle are rather related to sui-
cide than to depression per se, and that they are neuronal located.
For DLPFC, suicide related changes are more astroglia located and
the depression related changes are from both neuronal and astro-
glia. In both brain areas, the molecular changes in suicide and
depression seem to go into an opposite direction.

Glutamine serves as a substrate in both glutamatergic and
GABAergic neurons (Gao and Bao, 2011). The uptake of glutamine
into neurons is facilitated by system A amino-acid transporters
(Mackenzie and Erickson, 2004; Ogura et al., 2006) and these
transporters can thus alter both GABA and glutamate functioning.
SNAT1 (also termed SLC38A1) is a system A transporter localized in
neurons. It shows a high affinity for glutamine released by astroglia
(Broer, 2014; Schioth et al., 2013) and is present at the start of the
glutamate-glutamine cycle in neurons. Although the 11 human
transmembrane domains of SNAT1 show a high homology with the
murine ortholog of this protein (Wang et al., 2000), their functional
and kinetic properties in humans are still poorly understood
(Pochini et al., 2014). Like SNAT1, SNAT2 (also termed SLC38A2) is
also expressed in neurons, and acts as a system A transporter
(Sundberg et al., 2008; Varoqui et al., 2000; Yao et al., 2000). One of
the differences between these two transporters is that SNAT1
prefers glutamine (Varoqui et al., 2000), while SNAT2 carries
several neutral amino acids, including glutamine and alanine, with
alanine transport being approximately four times as efficient as
glutamine transporter (Yao et al., 2000). Alanine can be converted
into glutamate later. Glutamine is a precursor of glutamate, which
is further converted into GABA by glutamate decarboxylase (GAD),
which is present in GABAergic neurons. The increased SNAT1 and
SNAT2 in our study may thus cause more glutamine influx into
neurons and over-activate GABA synthesis. This is in line with our
previous study, which showed increased GAD levels in the ACC of
MDD-S patients (J. Zhao et al., in preparation). Furthermore, animal
experiments have shown that SNAT1 is significantly up-regulated
by diazepam (a GABA-A receptor agonist) treatment (Sundberg
et al., 2008), and the transcript levels of both GABA-A and GABA-
B receptor transcript were up-regulated in the MDD-S patients (J.
Zhao et al., in preparation), suggesting that increases in SNAT1
might be involved in the dysfunction of GABA receptors in the ACC
of MDD patients who committed suicide. Five depressed patients in
the NBB cohort were treated with benzodiazepine (BDZ) during the
last 3months of their life, but we did not find significant differences
in SNAT1 mRNA between the BDZ treated and non-BDZ treated
depressed patients. No such comparison could be performed in the
SMRI cohort, as therewas insufficient information on their BDZ use.
Another animal study showed that SNAT1 and/or SNAT2 are altered
in a post-traumatic epilepsy model. Moreover, exogenous gluta-
mine enhanced the abnormal evoked and spontaneous activity
characteristic of the injured neocortex. This effect could be blocked
by inhibition of SNAT1 and SNAT2 in the post-traumatic epilepsy
model (Tani et al., 2007), suggesting that the increased SNAT1 and
SNAT2 in the MDD-S patients (ACC) and in the MDD-NS patients
(DLPFC) are promising novel pharmaceutical target for suicide and
depression treatment.

The main candidates to mediate glutamate efflux from neurons
are EAAT3, EAAT4 and ASCT1 that are significantly increased in the
ACC of MDD-S individuals. In contrast, we found that ASCT1 mRNA
expression is decreased in the DLPFC, while also the expression
level of EAAT3 and EAAT4 were decreased although they did not
reach significance. This shows that impaired glutamate transport in
suicide shows opposite changes in ACC and DLPFC. Furthermore,
when comparing MDD-NS to control subjects, most of the target
genes are increased, which strongly indicates that suicide and
depression also show opposite changing patterns in the DLPFC. This
pattern was supported by our observations in ACC. We found that
all the suicide related changes were upregulated, while the
depression related changes were decreased according to the fold
changes, although they did not reach significance. Although the
mechanism by which EAAT3, EAAT4 and ASCT1 expression is
altered in the different brain areas is unknown, as functional
consequence, extracellular and synaptic glutamate levels could be
elevated in the ACC and decreased in the DLPFC in MDD-S patients.
In clinical investigations, NMDA-antagonists, such as ketamine,
turned out to be potent and rapid acting antidepressant agents and
also to be effective in suppressing suicide ideations (Ballard et al.,
2014; Chen and Lipton, 2006; Zarate et al., 2006) while they also
modify glutamate signaling via AMPA-receptors (Maeng and
Zarate, 2007), a possibility supported by our previous study (Zhao
et al., in preparation).

We did not find any similar changes in the NBB cohort, which is
in line with our finding from SMRI cohort that the changes in ACC
synaptic glutamate cycle are rather related to suicide than to
depression per se in ACC. For DLPFC, it seems there is a discrepancy
between SMRI and NBB results. Since the age difference between
SMRI cohort (average: 43.72 years old) and NBB cohort (average:
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75.42 years old), also the PMD difference (SMRI: 28.19 h and NBB:
7.55 h), we performed further calculation and found that all
adjusted permutation P-values of the correlation between target
gene expression and age are > 0.05, and >0.98 for PMD in DLPFC of
SMRI cohort. This suggests that age and PMD did not affect our
result and did not contributed to the discrepancy. It has also to be
noted that the DLPFC in the SMRI and NBB cohorts represented
different Brodmann areas (i.e. BA 46 or BA 9 respectively). This may
explain why DLPFC-SMRI showed numbers of changes while
DLPFC-NBB did not show any significant change.

The BDNF/TrkB system has been linked to depression and sui-
cide (Dwivedi et al., 2003; Ernst et al., 2009b; Qi et al., 2013). BDNF
regulates dendritic length and neuronal complexity during devel-
opment, which requires BDNF-induced increases in SNAT1
expression (Burkhalter et al., 2007). Interestingly, in a previous
genetic study an association was observed between altered
expression of SNAT1 and suicidal behavior (Ernst et al., 2009a). In
our current study we found that BDNF is positively correlated with
SNAT1 and EAAT3, and the truncated receptor of BDNF (TrkB.T1)
was positive correlated with EAAT1, EAAT2 and GLUL in the ACC of
MDD-S and MDD-NS group respectively. No such correlation was
found in the control group of the SMRI cohort. Since the ACC suicide
related changes are more neuronal located (see before), they may
be closely linked to BDNF. In the DLPFC only TrkB.T1 was correlated
with most of the target genes in the MDD-S patient group, but not
with BDNF. Furthermore, there was no correlation observed in
either MDD-NS group or control group. This, and gene expression
comparisons (see above) suggests that the suicide changes in the
DLPFC are both, neuronal and astroglia related.

In conclusion, we observed that the neuronal located compo-
nents of the glutamate-glutamine cycle were increased in the ACC
while the astroglia located components were decreased in the
DLPFC of MDD-S patients. In contrast, most of the components
were increased in the DLPFC of MDD-NS patients. These data sug-
gest that glutamine transmission in the glutamate-glutamine cycle
is affected differentially in depressed suicide patients and
depressed non-suicide patients in an area specific way.

Funding

This investigation was supported by the Royal Netherlands
Academy of Arts and Sciences (10CDP037).

Contributors

J.Zhao, P.J.Lucassen and D.F.Swaab designed the experiments
and prepared themanuscript. J.Zhao, D.J. vanWamelena, X-R Qi and
S-F Gao performed the experiments. J.Zhao collected data and
together with R. W.H.Verwer did Statistical analysis. D.F.Swaab
obtained funding.

Acknowledgement

Postmortem brain tissue was donated by The Stanley Medical
Research Institute Brain Collection and by the Netherlands Brain
Bank. We are indebted to them for providing us with the brain
material and patient information. We thank Unga Unmehopa for
her technical help, Wilma Verweij and Dr. Helmut Kessels for
critical reading of the manuscript.

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.jpsychires.2016.06.017.
References

Arriza, J.L., Kavanaugh, M.P., Fairman, W.A., Wu, Y.N., Murdoch, G.H., North, R.A.,
Amara, S.G., 1993. Cloning and expression of a human neutral amino acid
transporter with structural similarity to the glutamate transporter gene family.
J. Biol. Chem. 268, 15329e15332.

Ballard, E.D., Ionescu, D.F., Vande Voort, J.L., Niciu, M.J., Richards, E.M.,
Luckenbaugh, D.A., Brutsche, N.E., Ameli, R., Furey, M.L., Zarate Jr., C.A., 2014.
Improvement in suicidal ideation after ketamine infusion: relationship to re-
ductions in depression and anxiety. J. Psychiatric Res. 58, 161e166.

Bar-Peled, O., Ben-Hur, H., Biegon, A., Groner, Y., Dewhurst, S., Furuta, A.,
Rothstein, J.D., 1997. Distribution of glutamate transporter subtypes during
human brain development. J. Neurochem. 69, 2571e2580.

Benjamini, Y., Hochberg, Y., 1995. Controlling the false discovery rate: a practical
and powerful approach to multiple testing. J. Roy. Stat. Soc. 57, 289e300.

Bernard, R., Kerman, I.A., Thompson, R.C., Jones, E.G., Bunney, W.E., Barchas, J.D.,
Schatzberg, A.F., Myers, R.M., Akil, H., Watson, S.J., 2011. Altered expression of
glutamate signaling, growth factor, and glia genes in the locus coeruleus of
patients with major depression. Mol. Psychiatr. 16, 634e646.

Broer, A., Brookes, N., Ganapathy, V., Dimmer, K.S., Wagner, C.A., Lang, F., Broer, S.,
1999. The astroglial ASCT2 amino acid transporter as a mediator of glutamine
efflux. J. Neurochem. 73, 2184e2194.

Broer, S., 2014. The SLC38 family of sodium-amino acid co-transporters. Pflugers
Arch. 466, 155e172.

Burkhalter, J., Fiumelli, H., Erickson, J.D., Martin, J.L., 2007. A critical role for system
A amino acid transport in the regulation of dendritic development by brain-
derived neurotrophic factor (BDNF). J. Biol. Chem. 282, 5152e5159.

Chaudhry, F.A., Lehre, K.P., van Lookeren Campagne, M., Ottersen, O.P., Danbolt, N.C.,
Storm-Mathisen, J., 1995. Glutamate transporters in glial plasma membranes:
highly differentiated localizations revealed by quantitative ultrastructural
immunocytochemistry. Neuron 15, 711e720.

Chen, H.S., Lipton, S.A., 2006. The chemical biology of clinically tolerated NMDA
receptor antagonists. J. Neurochem. 97, 1611e1626.

Choudary, P.V., Molnar, M., Evans, S.J., Tomita, H., Li, J.Z., Vawter, M.P., Myers, R.M.,
Bunney Jr., W.E., Akil, H., Watson, S.J., Jones, E.G., 2005. Altered cortical gluta-
matergic and GABAergic signal transmission with glial involvement in
depression. Proc. Natl. Acad. Sci. U. S. A. 102, 15653e15658.

Cotter, D., Mackay, D., Chana, G., Beasley, C., Landau, S., Everall, I.P., 2002. Reduced
neuronal size and glial cell density in area 9 of the dorsolateral prefrontal cortex
in subjects with major depressive disorder. Cereb. Cortex 12, 386e394.

Cotter, D., Mackay, D., Landau, S., Kerwin, R., Everall, I., 2001. Reduced glial cell
density and neuronal size in the anterior cingulate cortex in major depressive
disorder. Arch. Gen. Psychiatr. 58, 545e553.

Danbolt, N.C., 2001. Glutamate uptake. Prog. Neurobiol. 65, 1e105.
Davison, A.C., Hinkley, D.V., 1997. Bootstrap Methods and Their Application. Cam-

bridge University Press, Cambridge, UK.
Drevets, W.C., 1999. Prefrontal cortical-amygdalar metabolism in major depression.

Ann. N. Y. Acad. Sci. 877, 614e637.
Drevets, W.C., 2000. Functional anatomical abnormalities in limbic and prefrontal

cortical structures in major depression. Prog. Brain Res. 126, 413e431.
Drevets, W.C., Savitz, J., Trimble, M., 2008. The subgenual anterior cingulate cortex

in mood disorders. CNS Spectr. 13, 663e681.
Duric, V., Banasr, M., Stockmeier, C.A., Simen, A.A., Newton, S.S., Overholser, J.C.,

Jurjus, G.J., Dieter, L., Duman, R.S., 2013. Altered expression of synapse and
glutamate related genes in post-mortem hippocampus of depressed subjects.
Int. J. Neuropsychopharmacol. Official Sci. J. Coll. Int. Neuropsychopharmacol.
16, 69e82.

Dwivedi, Y., Rizavi, H.S., Conley, R.R., Roberts, R.C., Tamminga, C.A., Pandey, G.N.,
2003. Altered gene expression of brain-derived neurotrophic factor and re-
ceptor tyrosine kinase B in postmortem brain of suicide subjects. Arch. Gen.
Psychiatr. 60, 804e815.

Egeland, J.A., Sussex, J.N., 1985. Suicide and family loading for affective disorders.
JAMA 254, 915e918.

Ernst, C., Dumoulin, P., Cabot, S., Erickson, J., Turecki, G., 2009a. SNAT1 and a family
with high rates of suicidal behavior. Neuroscience 162, 415e422.

Ernst, C., Mechawar, N., Turecki, G., 2009b. Suicide neurobiology. Prog. Neurobiol.
89, 315e333.

Gao, S.F., Bao, A.M., 2011. Corticotropin-releasing hormone, glutamate, and gamma-
aminobutyric acid in depression. Neuroscientist 17, 124e144.

Grah, M., Mihanovic, M., Ruljancic, N., Restek-Petrovic, B., Molnar, S., Jelavic, S.,
2014. Brain-derived neurotrophic factor as a suicide factor in mental disorders.
Acta Neuropsychiatr. 1e8.

Hawton, K., van Heeringen, K., 2009. Suicide. Lancet 373, 1372e1381.
Kugler, P., Schmitt, A., 2003. Complementary neuronal and glial expression of two

high-affinity glutamate transporter GLT1/EAAT2 forms in rat cerebral cortex.
Histochem Cell Biol. 119, 425e435.

Mackenzie, B., Erickson, J.D., 2004. Sodium-coupled neutral amino acid (System N/
A) transporters of the SLC38 gene family. Pflugers Arch. 447, 784e795.

Maeng, S., Zarate Jr., C.A., 2007. The role of glutamate in mood disorders: results
from the ketamine in major depression study and the presumed cellular
mechanism underlying its antidepressant effects. Curr. Psychiatr. Rep. 9,
467e474.

Mann, J.J., Currier, D., 2012. Medication in Suicide Prevention Insights from
Neurobiology of Suicidal Behavior.

http://dx.doi.org/10.1016/j.jpsychires.2016.06.017
http://dx.doi.org/10.1016/j.jpsychires.2016.06.017
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref1
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref1
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref1
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref1
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref1
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref2
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref2
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref2
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref2
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref2
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref3
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref3
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref3
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref3
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref4
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref4
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref4
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref5
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref5
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref5
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref5
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref5
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref6
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref6
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref6
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref6
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref7
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref7
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref7
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref8
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref8
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref8
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref8
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref9
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref9
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref9
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref9
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref9
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref10
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref10
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref10
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref11
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref11
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref11
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref11
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref11
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref12
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref12
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref12
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref12
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref13
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref13
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref13
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref13
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref14
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref14
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref15
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref15
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref16
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref16
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref16
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref17
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref17
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref17
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref18
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref18
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref18
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref19
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref19
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref19
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref19
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref19
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref19
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref20
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref20
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref20
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref20
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref20
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref21
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref21
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref21
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref22
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref22
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref22
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref23
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref23
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref23
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref24
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref24
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref24
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref25
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref25
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref25
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref25
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref26
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref26
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref27
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref27
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref27
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref27
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref28
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref28
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref28
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref29
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref29
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref29
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref29
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref29
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref30
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref30


J. Zhao et al. / Journal of Psychiatric Research 82 (2016) 8e15 15
Mann, J.J., Currier, D.M., 2010. Stress, genetics and epigenetic effects on the
neurobiology of suicidal behavior and depression. Eur. Psychiatr. J. Assoc. Eur.
Psychiatr. 25, 268e271.

Martinez-Hernandez, A., Bell, K.P., Norenberg, M.D., 1977. Glutamine synthetase:
glial localization in brain. Science 195, 1356e1358.

Mayberg, H.S., 2003. Modulating dysfunctional limbic-cortical circuits in depres-
sion: towards development of brain-based algorithms for diagnosis and opti-
mised treatment. Br. Med. Bull. 65, 193e207.

Melone, M., Quagliano, F., Barbaresi, P., Varoqui, H., Erickson, J.D., Conti, F., 2004.
Localization of the glutamine transporter SNAT1 in rat cerebral cortex and
neighboring structures, with a note on its localization in human cortex. Cereb.
Cortex 14, 562e574.

Milton, I.D., Banner, S.J., Ince, P.G., Piggott, N.H., Fray, A.E., Thatcher, N., Horne, C.H.,
Shaw, P.J., 1997. Expression of the glial glutamate transporter EAAT2 in the
human CNS: an immunohistochemical study. Brain Res. Mol. Brain Res. 52,
17e31.

Narushima, K., Kosier, J.T., Robinson, R.G., 2003. A reappraisal of poststroke
depression, intra- and inter-hemispheric lesion location using meta-analysis.
J. Neuropsychiatr. Clin. Neurosci. 15, 422e430.

Ogura, M., Nakamichi, N., Takano, K., Oikawa, H., Kambe, Y., Ohno, Y., Taniura, H.,
Yoneda, Y., 2006. Functional expression of A glutamine transporter responsive
to down-regulation by lipopolysaccharide through reduced promoter activity in
cultured rat neocortical astrocytes. J. Neurosci. Res. 83, 1447e1460.

Pochini, L., Scalise, M., Galluccio, M., Indiveri, C., 2014. Membrane transporters for
the special amino acid glutamine: structure/function relationships and rele-
vance to human health. Front. Chem. 2, 61.

Qi, X.R., Zhao, J., Liu, J., Fang, H., Swaab, D.F., Zhou, J.N., 2015. Abnormal retinoid and
TrkB signaling in the prefrontal cortex in mood disorders. Cereb. Cortex 25 (1),
75e83.

Rajkowska, G., Miguel-Hidalgo, J.J., 2007. Gliogenesis and glial pathology in
depression. CNS Neurol. Disord. Drug Targets 6, 219e233.

Rajkowska, G., Miguel-Hidalgo, J.J., Wei, J., Dilley, G., Pittman, S.D., Meltzer, H.Y.,
Overholser, J.C., Roth, B.L., Stockmeier, C.A., 1999. Morphometric evidence for
neuronal and glial prefrontal cell pathology in major depression. Biol. Psychiatr.
45, 1085e1098.

Rothstein, J.D., Martin, L., Levey, A.I., Dykes-Hoberg, M., Jin, L., Wu, D., Nash, N.,
Kuncl, R.W., 1994. Localization of neuronal and glial glutamate transporters.
Neuron 13, 713e725.

Schioth, H.B., Roshanbin, S., Hagglund, M.G., Fredriksson, R., 2013. Evolutionary
origin of amino acid transporter families SLC32, SLC36 and SLC38 and physio-
logical, pathological and therapeutic aspects. Mol. Asp. Med. 34, 571e585.

Seminowicz, D.A., Mayberg, H.S., McIntosh, A.R., Goldapple, K., Kennedy, S., Segal, Z.,
Rafi-Tari, S., 2004. Limbic-frontal circuitry in major depression: a path modeling
metanalysis. Neuroimage 22, 409e418.

Stan, A.D., Ghose, S., Gao, X.M., Roberts, R.C., Lewis-Amezcua, K., Hatanpaa, K.J.,
Tamminga, C.A., 2006. Human postmortem tissue: what quality markers mat-
ter? Brain Res. 1123, 1e11.
Sundberg, B.E., Waag, E., Jacobsson, J.A., Stephansson, O., Rumaks, J., Svirskis, S.,
Alsio, J., Roman, E., Ebendal, T., Klusa, V., Fredriksson, R., 2008. The evolutionary
history and tissue mapping of amino acid transporters belonging to solute
carrier families SLC32, SLC36, and SLC38. J. Mol. Neurosci. 35, 179e193.

Tani, H., Bandrowski, A.E., Parada, I., Wynn, M., Huguenard, J.R., Prince, D.A.,
Reimer, R.J., 2007. Modulation of epileptiform activity by glutamine and system
A transport in a model of post-traumatic epilepsy. Neurobiol. Dis. 25, 230e238.

Torrey, E.F., Webster, M., Knable, M., Johnston, N., Yolken, R.H., 2000. The stanley
foundation brain collection and neuropathology consortium. Schizophr. Res. 44,
151e155.

Turecki, G., 2014. The molecular bases of the suicidal brain. Nat. Rev. Neurosci. 15
(12), 802e816.

Utsunomiya-Tate, N., Endou, H., Kanai, Y., 1996. Cloning and functional character-
ization of a system ASC-like Naþ-dependent neutral amino acid transporter.
J. Biol. Chem. 271, 14883e14890.

Vandesompele, J., De Preter, K., Pattyn, F., Poppe, B., Van Roy, N., De Paepe, A.,
Speleman, F., 2002. Accurate normalization of real-time quantitative RT-PCR
data by geometric averaging of multiple internal control genes. Genome Biol.
3. RESEARCH0034.

Varoqui, H., Zhu, H., Yao, D., Ming, H., Erickson, J.D., 2000. Cloning and functional
identification of a neuronal glutamine transporter. J. Biol. Chem. 275,
4049e4054.

Wang, H., Huang, W., Sugawara, M., Devoe, L.D., Leibach, F.H., Prasad, P.D.,
Ganapathy, V., 2000. Cloning and functional expression of ATA1, a subtype of
amino acid transporter A, from human placenta. Biochem. Biophys. Res. Com-
mun. 273, 1175e1179.

Wang, S.S., Kamphuis, W., Huitinga, I., Zhou, J.N., Swaab, D.F., 2008. Gene expression
analysis in the human hypothalamus in depression by laser microdissection and
real-time PCR: the presence of multiple receptor imbalances. Mol. Psychiatr. 13,
786e799, 741.

Yamada, K., Wada, S., Watanabe, M., Tanaka, K., Wada, K., Inoue, Y., 1997. Changes in
expression and distribution of the glutamate transporter EAAT4 in developing
mouse Purkinje cells. Neurosci. Res. 27, 191e198.

Yao, D., Mackenzie, B., Ming, H., Varoqui, H., Zhu, H., Hediger, M.A., Erickson, J.D.,
2000. A novel system A isoform mediating Naþ/neutral amino acid cotransport.
J. Biol. Chem. 275, 22790e22797.

Zarate Jr., C.A., Singh, J.B., Carlson, P.J., Brutsche, N.E., Ameli, R., Luckenbaugh, D.A.,
Charney, D.S., Manji, H.K., 2006. A randomized trial of an N-methyl-D-aspartate
antagonist in treatment-resistant major depression. Arch. Gen. Psychiatr. 63,
856e864.

Zhao, J., Bao, A.M., Qi, X.R., Kamphuis, W., Luchetti, S., Lou, J.S., Swaab, D.F., 2012.
Gene expression of GABA and glutamate pathway markers in the prefrontal
cortex of non-suicidal elderly depressed patients. J. Affect. Disord. 138,
494e502.

Zhao, J., Qi, X.R., Gao, S.F., Lu, J., van Wamelen, D.J., Kamphuis, W., Bao, A.M.,
Swaab, D.F., 2015. Different stress-related gene expression in depression and
suicide. J. Psychiatr. Res. 68, 176e185.

http://refhub.elsevier.com/S0022-3956(16)30124-8/sref31
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref31
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref31
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref31
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref32
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref32
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref32
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref33
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref33
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref33
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref33
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref34
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref34
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref34
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref34
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref34
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref35
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref35
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref35
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref35
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref35
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref36
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref36
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref36
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref36
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref37
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref37
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref37
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref37
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref37
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref38
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref38
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref38
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref39
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref39
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref39
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref39
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref40
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref40
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref40
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref41
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref41
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref41
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref41
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref41
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref42
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref42
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref42
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref42
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref43
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref43
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref43
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref43
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref44
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref44
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref44
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref44
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref45
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref45
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref45
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref45
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref46
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref46
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref46
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref46
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref46
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref47
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref47
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref47
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref47
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref48
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref48
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref48
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref48
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref49
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref49
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref49
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref50
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref50
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref50
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref50
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref50
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref51
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref51
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref51
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref51
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref52
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref52
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref52
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref52
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref53
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref53
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref53
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref53
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref53
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref54
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref54
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref54
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref54
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref54
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref55
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref55
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref55
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref55
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref56
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref56
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref56
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref56
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref56
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref57
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref57
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref57
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref57
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref57
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref58
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref58
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref58
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref58
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref58
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref59
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref59
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref59
http://refhub.elsevier.com/S0022-3956(16)30124-8/sref59

	Prefrontal changes in the glutamate-glutamine cycle and neuronal/glial glutamate transporters in depression with and withou ...
	1. Introduction
	2. Experimental procedures
	2.1. Subjects from the Stanley Medical Research Institute (SMRI)
	2.2. Subjects from the Netherlands brain bank (NBB)
	2.3. Quantitative real-time PCR
	2.4. Normalization strategy
	2.5. Statistical analysis

	3. Results
	3.1. Changes in glutamate-glutamine cycle gene expression are related to suicide, not to depression
	3.2. Changes in glutamate-glutamine cycle gene expression are not related to suicide ideation
	3.3. Correlation with BDNF/TrkB
	3.4. Possible confounding factors

	4. Discussion
	Funding
	Contributors
	Acknowledgement
	Appendix A. Supplementary data
	References


