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Background: Increased oxidative stress is strongly implicated in bipolar disorder (BD), where protein oxidation, lipid peroxidation and
oxidative damage to DNA have been consistently reported. High levels of dopamine (DA) in mania are also well-recognized in patients
with BD, and DA produces reactive oxygen species and electron-deficient quinones that can oxidize proteins when it is metabolized.
Methods: Using immunohistochemistry and acceptor photobleaching Förster resonance energy transfer (FRET), we examined oxidation
and nitration of areas immunoreactive for the DA transporter (DAT) and tyrosine hydroxylase (TH) in the postmortem prefrontal cortex
from patients with BD, schizophrenia and major depression as well as nonpsychiatric controls. Results: We found increased oxidation of
DAT-immunoreactive regions in patients with BD (F3,48 = 6.76, p = 0.001; Dunnett post hoc test p = 0.001) and decreased nitration of THimmunoreactive regions in both patients with BD (F3,45 = 3.10, p = 0.036; Dunnett post hoc test p = 0.011) and schizophrenia (p = 0.027).
On the other hand, we found increased global levels of oxidation in patients with BD (F3,44 = 6.74, p = 0.001; Dunnett post hoc test
p = 0.001) and schizophrenia (p = 0.020), although nitration levels did not differ between the groups (F3,46 = 1.75; p = 0.17). Limitations:
Limitations of this study include the use of postmortem brain sections, which may have been affected by factors such as postmortem
interval and antemortem agonal states, although demographic factors and postmortem interval were accounted for in our statistical
analysis. Conclusion: These findings suggest alterations in levels of protein oxidation and nitration in DA-rich regions of the prefrontal
cortex in patients with BD and schizophrenia, but more markedly in those with BD.

Introduction
Bipolar disorder (BD) is characterized by recurrent episodes
of mania/hypomania and depression, affects 1.5% of the
population, and is associated with high morbidity and mortality.1 The pathophysiology of BD is linked to a number of
factors, including neurotransmitter imbalance, oxidative
stress and genetic causes.2 Increased oxidative stress, which
could result in oxidative and nitrosative damage to biomolecules,3 is a consistent finding in patients with BD. For example, mitochondrial dysfunction and decreased expression of
genes of the electron transport chain, particularly that of

complex I, are reported in patients with BD.4,5 Decreased efficiency of the electron transport chain could result in increased production of reactive oxygen species (ROS).3 Moreover, increased levels of carbonyl groups, 3-nitrotyrosine
(3NT) and decreased levels of antioxidants, such as glutathione, are all reported in patients with BD.6–9
It is widely held that dysregulation of the dopamine (DA)
system is important in BD, where high levels of DA are
thought to underlie mania, a defining feature of the disorder.10 Increasing synaptic DA levels with amphetamine and
Levodopa (L-dopa) produces mania-like behaviour,10,11 and
antipsychotics, which act in part by blocking DA receptors,

Correspondence to: L.T. Young, Centre for Addiction and Mental Health, Clarke Site, 250 College St., Rm 835, Toronto ON M5T 1R8;
ltrevor.young@utoronto.ca
J Psychiatry Neurosci 2014;39:276-85.
Submitted July 29, 2013; Revised Oct. 29, Nov. 29, 2013; Accepted Dec. 2, 2013.
DOI: 10.1503/jpn.130155
© 2014 Canadian Medical Association

276

J Psychiatry Neurosci 2014;39(4)

Oxidation and nitration in dopaminergic areas of the PFC in BD and schizophrenia

are among the most effective treatments for acute mania.12
High levels of DA can be cytotoxic in part through the generation of ROS and electron-deficient quinones during oxidation of DA. 13 In fact, amphetamine increases markers of
oxidative stress, such as lipid peroxidation and protein oxidation, in animals.11,14
Therefore, in this study, we examined oxidative and nitrosative damage in DA-rich regions of the prefrontal cortex
(PFC) using acceptor photobleaching Förster resonance energy transfer (apFRET). We examined the PFC, as it was previously shown to have increased oxidative stress in patients
with BD.5 In order to examine DA-rich areas, we labelled the
dopamine transporter (DAT), which is a transmembrane protein responsible for the uptake of synaptic DA into the presynaptic terminal,15,16 and tyrosine hydroxylase (TH), which
converts L-tyrosine to L-dopa and is the rate-limiting enzyme
in DA synthesis. Previous studies used TH and DAT labelling with immunohistochemistry techniques to visualize
dopaminergic axons in the PFC and reported extensive colocalization between TH- and DAT-immunoreactive (TH-IR/
DAT-IR) axons.15,16 Here, we report evidence of oxidative and
nitrosative damage in DA-rich regions of the postmortem
PFC of patients with BD and schizophrenia.

Methods
Postmortem brain samples
We obtained frozen postmortem PFC (Brodmann areas [BA]
9 and 46) sections (14 µm) from the Stanley Foundation
Neuropathology Consortium (Table 1). The details of these
samples have been published elsewhere.17 Briefly, the groups
consisted of samples from patients with BD, major depressive disorder (MDD) and schizophrenia and from nonpsychiatric controls. There were no differences in sex (F3,55 = 0.11,
p > 0.99), age (F3,55 = 0.53, p = 0.67), postmortem interval (PMI;
F3,55 = 1.70, p = 0.18) and pH (F3,55 = 0.63, p = 0.60) among the
groups (n = 15 per group). Diagnoses were established using
DSM-IV criteria. We used sections with good structural integrity. Samples were randomly coded numerically, and the
experimenters were kept blind to the codes until all the experiments were completed.

Immunohistochemistry
We Nissl stained and labelled sections for NeuN to examine
tissue quality before immunohistochemistry experiments
(Fig. 1A and 1B; for supplementary methods see the Appendix, available at jpn.ca). Four adjacent sections per donor were
processed for immunohistochemistry, where 2 sections were
labelled for DAT and free thiols and the other 2 were labelled
for TH and 3NT. We performed the FRET analysis and intensity analysis simultaneously on the same sections.
7-Diethylamino-3-(4’maleimidylphenyl)-4-methylcoumarin
(CPM; Invitrogen; D346) is a specific label for free thiols.18 We
completed CPM labelling using a previously published
method by Mastroberardino and colleagues18 with slight modifications. We used CPM to directly label free thiols without
prior modification of the tissue to minimize alterations to the
sections and introduction of modifications from the experimental procedure. The indirect method by Mastroberardino
and colleagues, in which free thiols are blocked and disulfide
linkages are reduced to be labelled with CPM, was used to increase sensitivity.18 For our samples, the direct labelling
method was sufficient to detect between-subject differences.
In the methods described here, lower CPM labelling indicates
greater oxidation of thiols. Sections fixed with 4% paraformaldehyde (10 min) were incubated in 0.5 mM of CPM in
Tris-HCl (0.1 M, pH 6.8) for 1 hour. Sections were washed extensively, and we carried out immunohistochemistry using
previously published techniques.19 Sections were blocked in
4% goat serum for 1 hour and incubated with the DAT antibody (Millipore; MAB369, 1:250, 60 h at 4°C) in 0.05% TritonX. The specificity of this antibody has been demonstrated in
previous studies.20,21 Sections were then washed, incubated
with Alexa Fluor®488 antirat (Molecuar Probes, A11006) in
0.05% Triton-X for 3 hours and mounted in Fluoromount™
(Cedarlane). To create a negative control for CPM labelling,
paraformaldehyde-fixed sections were alkylated with 100 mM
N-ethylmaleimide (Bioshop; ETM222) and 100 mM iodoacetamide (Sigma-Aldrich; I6125) in Tris-0.1 M, pH 6.8 (15 min)
before CPM labelling. Oxidation of thiol groups with Nethylmaleimide and iodoacetamide diminished CPM
labelling, demonstrating specificity of CPM for free thiols.
Hence, decreased CPM labelling indicates greater thiol

Table 1: Demographic and clinical characteristics of sample by group
Group; mean (range)*
Characteristic
Age, yr
PMI, h
pH
Sex, male:female
Lithium, no.
Antipsychotics, no.
Antidepressants, no.

Control

Bipolar disorder

Schizophrenia

MDD

48 (29–68)
24 (8–42)
6.3 (5.8–6.6)
9:6
0
0
0

42 (25–61)
33 (13–62)
6.2 (5.8–6.5)
9:6
4
8
8

44.2 (25–62)
34 (12–61)
6.1 (5.8–6.6)
9:6
2
12
5

46.4 (30–65)
28 (7–47)
6.2 (5.6–6.5)
9:6
2
0
10

MDD = major depressive disorder; PMI = post mortem interval.
*Unless otherwise indicated.
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oxidation. These sections were used as controls to account for
nonspecific labelling of CPM. 18 For 3NT and TH double
labelling, acetone-fixed sections were blocked with 10% goat
serum in 0.3% phosphate-buffered saline Triton X-100 (PBS-T)
for 30 minutes. Sections were then incubated with primary
antibodies in PBS-T (48 h, 4°C): TH (Millipore; AB152, 1:250)
and 3NT (Abcam; ab61392, 1:200). Sections were washed, incubated with secondary antibodies (2 h, room temperature) in
PBS-T (1:300): Alexa Fluor®488 antirabbit immunoglobin G
(Molecular probes®; A11008) and Alexa Fluor®350 antimouse
immunoglobin G (Molecular probes®; A11045) and mounted
in FluoromountTM (Cedarlane). Specificity of the anti-TH antibody has been demonstrated elsewhere.22 The anti-3NT antibody was previously used by our laboratory.7 To test the
specificity of the anti-3NT antibody, sections were treated
with peroxynitrite (Millipore, 20–107, 1:100), which is used as
a positive control for 3NT labelling, or degraded peroxynitrite
(Millipore, 20–247, 1:100) using a previously published
method.23 An increase in 3NT labelling was observed only
with peroxynitrite, demonstrating the specificity of the anti-

3NT antibody (Appendix, Fig. S1). To minimize the risk of
antibody cross-reactivity, different combinations of primary
and secondary antibodies were tested, where only minor and
nonspecific binding was found, indicating minimal crossreactivity (Fig. 1C and 1D).

Intensity analysis
Intensity analysis was performed using a previously published
method from our group.24 We used a 60× water immersion objective and a confocal laser scanning microscope (CLSM; Olympus Fluoview FV1000, Olympus America Inc.) to capture images
from 5 fields of each section, which were chosen by dividing the
section into 5 equally sized rectangles, and imaging the middle
region of each of the 5 rectangles. For CPM- and DAT-labelled
sections, CPM was excited with the 405 nm laser (15% intensity)
and Alexa488 was excited with the 488 nm laser (18% intensity).
For 3NT- and TH-labelled sections, Alexa488 was excited with a
488 nm laser (15% laser intensity) and Alexa350 was excited with
a 405 nm laser (5% intensity). Detection wavelength for Alexa488
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Fig. 1: (A) Example of a Nissl-stained section taken with Nikon Eclipse 80i Microscope with good section quality. Scale = 44 µm. (B) Example of a
section labelled for NeuN (green). Image was taken with a Nikon Eclipse 80i Microscope. Scale = 58 µm. (C) Example of a section labelled for
dopamine transporter (DAT; green). Image was taken with a confocal laser scanning microscope (CLSM). The inset is an example of a section labelled with only the secondary antibody, demonstrating minimal labelling, and therefore specificity of the secondary antibody. (D) Example of a
section labelled with the tyrosine hydroxylase (TH) antibody (green) taken with a CLSM. The inset is an example of a section labelled with the primary antibody for 3-nitrotyrosine (3NT), and secondary antibody for TH. Minimal labelling was observed, indicating specificity of the secondary antibody. (E) Example of a Förster resonance energy transfer (FRET) experiment for DAT and 7-diethylamino-3-(4'maleimidylphenyl)-4methylcoumarin (CPM) FRET. The red circle indicates the area that has been photobleached. Increase in the intensity of the donor fluorophore
(blue; CPM) can be observed after bleaching the acceptor fluorophore (Alexa488; green), indicating the presence of FRET. (F) Example of a
FRET experiment for TH and 3NT FRET. The red circle indicates the photobleached area. Increase in the intensity of the donor fluorophore
(Alexa350; blue) can be observed after photobleaching the acceptor fluorophore (Alexa488; green), indicating presence of FRET.
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Fig. 2: (A) Correlation between ∆IF for dopamine transporter (DAT) and 7-Diethylamino-3-(4’maleimidylphenyl)-4-methylcoumarin (CPM) and
brain pH, age and postmortem interval (PMI). (B) Correlation between ∆IF for tyrosine hydroxylase (TH) and 3-nitrotyrosine (3NT) and brain
pH, age and PMI. Results were assessed using the Pearson correlation coefficient. The correlations were not significant.
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Fig. 3: (A) Intensity of 7-Diethylamino-3-(4’maleimidylphenyl)-4-methylcoumarin (CPM) labelling after correction for nonspecific CPM binding
with negative control (sections treated with iodoacetamide and N-ethylmaleimide). Results are expressed as mean ± standard error of the
mean (SEM). *p < 0.05; **p < 0.01. n = 50 (control, n = 13; bipolar disorder [BD], n = 13; schizophrenia [SCZ] = 11, major depressive disorder
[MDD] = 13). (B) 3NT immunoreactivity after correction for nonspecific signals as measured by fluorescence intensity. Results are expressed
as mean ± SEM, n = 50 (control = 14, BD = 10, SCZ = 13, MDD = 13). All analyses were performed on nonprocessed, original images in original imaging format (OIF).
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was 500–600 nm and for Alexa350/CPM was 425–475 nm. Confocal aperture diameter was 110 µm, and line-by-line sequential
detection mode was used. Scanning parameters were consistent
for all experiments. We performed image analysis using the
FV10-ASW software version 2.1 (Olympus). For analyzing DAT,
TH and 3NT intensity, we first subtracted background from the
image by selecting 5 regions per field without specific immunoreactivity as background and measuring the average intensity of the regions. This value was subtracted from the overall intensity of the field. We then calculated the average intensity of
the 5 fields to represent the intensity for the section. Therefore,
DAT/TH/3NT intensity = (average intensity of 5 fields from the
section) – (average background intensity of 5 fields from the section). We determined CPM intensity using the sections treated
with iodoacetamide and N-ethylmaleimide (negative control) to
correct for nonspecific labelling,18 which had significantly decreased CPM labelling, demonstrating its specificity for free thiols. Therefore, CPM intensity = (average intensity of 5 fields from
the section) – (average intensity of 5 fields from negative control).

Förster Resonance Energy Transfer
Acceptor photobleaching FRET measures nonradiative energy
transfer from a donor fluorophore to an acceptor fluorophore
by observing the fluorescence of the donor in the presence
and absence (photobleaching) of the acceptor.25 Acceptor
photobleaching FRET has been used successfully in previous
studies with human samples.25–27 The energy transfer between
a donor and an acceptor fluorophore occurs only when the
donor and the acceptor are within about 30–50 nm of each
other using indirect immunohistochemistry, which allows us
to use this technique to detect the proximity of the molecules.25 For DAT and CPM FRET, Alexa488 (DAT) was the acceptor fluorophore and CPM was the donor fluorophore. For
3NT and TH FRET, Alexa488 (TH) was the acceptor fluorophore and Alexa350 (3NT) was the donor fluorophore. We
performed apFRET with a CLSM (Olympus) using previously
published techniques with small modifications.18,25,26 We used a
60× water immersion objective. Image acquisition parameters
were identical to those used for intensity analysis. We measured the intensity of the donor fluorophore before and after
the photobleaching of the acceptor fluorophore. Photobleaching of the acceptor fluorophore was at 100% laser intensity
(10 µs/pixel) using the 488 nm laser in a single bleaching step
(1.5 s for TH and 3NT, 60 ms for DAT and CPM). Scanning
parameters were consistent during all experiments. Change in
fluorescence was represented as increase in fluorescence (∆IF),
where ∆IF = intensity of donor after photobleaching – intensity of donor before photobleaching. To account for nonspecific binding of CPM, we performed negative controls
where sections were treated with iodoacetamide and Nethylmaleimide before CPM staining and immunohistochemistry as detailed previously. Then we subtracted the ∆IF of the
negative controls from the ∆IF determined for the samples to
calculate the final ∆IF.18 The ∆IF between CPM and the secondary antibody (Alexa488) without the primary antibody
against DAT was undetectable. To test the effect of antibody
cross-reactivity on FRET measurements for 3NT and TH
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FRET, we labelled sections with only the primary antibody for
TH and both secondary antibodies, then we measured FRET.
A very low level of FRET was detected (average ∆IF = 12.5),
indicating negligible cross-reactivity. Five regions of interest
(ROI) per section were chosen as described in the intensity
analysis section and examined. Therefore, ∆IF = (average ∆IF
of 5 ROIs in section) – (average ∆IF of 5 ROIs in negative control). We used the ∆IF to measure energy transfer, which was
demonstrated to be more appropriate with tissue sections
than FRET efficiency owing to its lower sensitivity to nonspecific binding of fluorophores.25 For DAT and CPM FRET,
lower ∆IF indicates lower levels of free thiols in DAT-IR regions, and thus likely increased oxidative stress status in
DAT-IR regions. For TH and 3NT FRET, higher ∆IF indicates
greater 3NT levels in TH-IR regions. All calculations were
performed using FV10-ASW software version 2.1.

Mouse brain study for the effect of PMI on oxidation
of neurons
We used adult male C57/BL6 mice (8–12 wk) to examine the
effect of PMI on thiol oxidation and 3NT formation in neurons. The University Animal Care Committee of the University of Toronto approved our study protocol (protocol number 20009477), and care of animals was performed according
to animal research guidelines of the University of Toronto.
Animals were euthanized by asphyxiation and kept at 4°C
until an appropriate PMI was reached (6, 24, 48, 72 h) to
mimic the storage of cadavers.28 The brain was then extracted,
sagittally bisected, flash frozen in isopentane and dry ice, and
stored at –80°C.17 Each bisected brain was processed and analyzed independently. Sagittal sections of 14 µm were made
using a cryostat, and using standard immunohistochemistry
techniques, acetone- and methanol-fixed sections were labelled with NeuN (Millipore; MAB377B) and CPM or 3NT (abcam; ab61392) and NeuN. The secondary antibodies were
streptavidin-Alexa Fluor®568 (Molecular probes®; S11226)
and Alexa Fluor®350 anti-mouse immunoglobulin G (Molecular probes®; A11045). Controls for CPM and 3NT labelling
were carried out as described above. Sections were then used
to obtain images of the frontal cortex with a CLSM (Olympus) using a 60× water immersion objective. The CPM and
Alexa350 were excited with the 405 nm laser (32% intensity)
and Alexa568 was excited with the 543 nm laser (38% intensity). Detection wavelength for Alexa568 was 555–655 nm
and for CPM and Alexa350 was 425–475 nm. The images
were analyzed using colocalization analysis (Pearson correlation coefficient) between NeuN and CPM (free thiols in neurons) or between NeuN and 3NT (protein nitration in neurons) with FV10-ASW software version 2.1.

Statistical analysis
We performed statistical analyses using SPSS software version 20. We determined normal distribution of data using
the Kolmogorov–Smirnov test. As the data were normally
distributed, we used parametric tests for further analysis.
We assessed the effect of covariates (age, sex, PMI and pH)
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Dopamine transporter and TH immunoreactivity

using the Pearson correlation test. As age was the only variable that significantly correlated with one of our dependent
variables (DAT intensity; Pearson r = 0.34, p = 0.031), we
used an analysis of covariance (ANCOVA) model with age
as a covariate and performed a Dunnett post hoc test to
examine the effect of diagnosis. Data are presented as mean
± standard error of the mean (SEM).

We examined DAT and TH immunoreactivity in the sections
by measuring fluorescence intensity. The groups did not differ
for DAT immunoreactivity (F3,44 = 1.48, p = 0.23; Fig. 1C) or TH
immunoreactivity (F3,46 = 0.86, p = 0.47; Fig. 1D).

Intensity of CPM and 3NT immunoreactivity

Results
We quantified the intensity of CPM to assess the amount of
free thiols in the sections. There was a significant difference
among the groups (F3,44 = 6.74, p = 0.001; Fig. 3A), where patients with BD (p = 0.001) and schizophrenia (p = 0.020) had
lower CPM intensity in the PFC than nonpsychiatric controls.
Age, sex, PMI and pH did not correlate with CPM or 3NT intensity. To explore the potential effect of psychotropic drugs,
we compared psychiatric patients who were taking lithium,
antipsychotics or antidepressants at the time of death with patients who were taking drugs and with nonpsychiatric controls. Patients who were taking antipsychotics at the time of
death were found to have lower CPM intensity (F2,44 = 7.69, p =
0.001) than controls (p = 0.001). On the other hand, patients
who were not taking antidepressants had lower CPM intensity (F2,44 = 8.31, p = 0.001) than controls (p = 0.001). There were
no other effects of drug treatment on either CPM intensity or
3NT immunoreactivity. We also assessed 3NT immunoreactivity by measuring fluorescence intensity. In contrast to CPM
intensity, 3NT immunoreactivity did not differ among the
groups (F3,45 = 1.80, p = 0.16; Fig. 3B). Because protein stability

Sample characteristics
Our sample consisted of patients with BD (n = 15), schizophrenia (n = 15) and MDD (n = 15) and of nonpsychiatric
controls (n = 15). Demographic and clinical characteristics of
the sample are summarized in Table 1. Age, PMI and brain
pH did not significantly correlate with CPM intensity, 3NT
immunoreactivity, TH immunoreactivity, ∆IF between DAT
and CPM and ∆IF between 3NT and TH (Fig. 2). Dopamine
transporter immunoreactivity did not correlate with PMI or
pH but positively correlated with age (Pearson r = 0.34, p =
0.031). Furthermore, psychiatric patients with a history of
substance abuse had lower DAT intensity (F2,46 = 6.74, p =
0.003) than nonpsychiatric controls (p = 0.001). We Nissl
stained the sections to examine their quality and found that
sections had good histological quality without large holes
or tears (Fig. 1A). Also, the average glia:neuron ratio (1:37)
was comparable to that published in previous studies examining the same area.29,30
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Fig. 4: (A) Change in fluorescence (∆IF) between Alexa488 labelling dopamine transporter (DAT) and CPM labelling free thiols. Higher values
indicate greater amounts of free thiols in DAT-IR regions after correction for background ∆IF (FRET in oxidized sections). Results are expressed as mean ± SEM *p < 0.05 **p < 0.01. n = 54 (Control = 14, bipolar disorder [BD] = 14; schizophrenia [SCZ] n = 12; major depressive
disorder [MDD] n = 14). (B) ∆IF between Alexa488 labelling tyrosine hydroxylase (TH), and Alexa350 labelling 3-nitrotyrosine (3NT). Greater
∆IF indicates greater nitration. Results are expressed as mean ± SEM. *p < 0.05; **p < 0.01. n = 50 (Control n = 11, BD n = 11, SCZ n = 14,
MDD n = 14). All analyses were performed on nonprocessed, original images in Original Imaging Format (OIF).
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may be affected by longer PMIs, we examined the effect of
longer PMIs on the frontal cortex using mouse brain. We
examined neurons as they have lower antioxidant capacity
than glial cells.3 We found that CPM (F3,12 = 1.30, p = 0.32) and
3NT labelling (F3,12 = 0.82, p = 0.82) in neurons did not change
with increasing PMI up to 72 hours.

Acceptor photobleaching FRET analysis
Initially, our aim was to examine oxidation and nitration in
both TH-IR and DAT-IR regions using FRET analysis. However, FRET between CPM and Alexa488 labelling TH was not
detectable in our sections. Moreover, FRET between Alexa350
labelling 3NT and Alexa488 labelling DAT was not detectable.
Therefore, we examined free thiols in DAT-IR regions (DAT
and CPM FRET) and nitration of TH-IR regions (TH and 3NT
FRET). There was a significant difference among the groups
for DAT and CPM FRET (F3,48 = 6.76, p = 0.001), where patients
with BD had lower energy transfer between CPM and DAT
(Alexa488) than controls (p = 0.001, Fig. 4A). Also, the groups
differed significantly for TH and 3NT FRET (F3,45 = 3.10,
p = 0.036; Fig. 4B), where patients with BD (p = 0.011) and
schizophrenia (p = 0.027) had lower levels of nitration than
controls. Similarly, to explore the potential effect of psychotropic drugs, we compared patients who were prescribed
antipsychotics, antidepressants or lithium with those who
were not prescribed drugs and also with nonpsychiatric controls. The only significant effect was that patients who were
not prescribed antidepressants had lower TH and 3NT FRET
(F2,42 = 3.26; p = 0.048) than healthy controls (p = 0.027), although this effect was not observed when comparing those
who were prescribed antidepressants with controls.

Discussion
In this study, we examined the association between oxidative
stress and DA in patients with BD by measuring oxidative
and nitrosative damage in DA-rich areas of the PFC. Using
FRET, we found increased oxidation of DAT-IR areas in patients with BD, whereas nitration of TH-IR areas was decreased in patients with BD and schizophrenia. When we
examined global levels of oxidative and nitrosative damage,
however, we did not find between-group differences in levels
of nitration, but found thiol oxidation to be increased in both
patients with BD and schizophrenia. These results suggest
alterations in oxidation and nitration of DA-rich areas in the
PFC that are particularly marked in patients with BD, but
also in those with schizophrenia.
When oxidation and nitration of DAT and TH immunoreactivity were examined using FRET, we found increased
oxidation in DAT-IR areas in patients with BD while nitration
in TH-IR areas was decreased in both patients with BD and
schizophrenia. These results suggest oxidative and nitrosative
modifications to DA-rich areas in both patients with BD and
schizophrenia, which could contribute to the dysregulation of
the DA system hypothesized to occur in patients with these
disorders. More specifically, hyperactivity of the DA system
in mania is well-recognized, where antipsychotics, which act
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in part by blocking DA signalling, are among the most effective treatments for acute mania,12 and dopaminergic agonists
have been found to produce mania-like behaviour in humans
and in animals.10,31 The DA hypothesis for schizophrenia is
more complex, however, as the direction of DA dysregulation
may differ depending on symptoms (positive v. negative) and
brain region (cortical v. subcortical).32 However, owing to the
limitations of using postmortem brain sections, future studies
examining the consequences of these alterations to DA signalling and behaviour are required. Furthermore, it is interesting to note that patients with BD and schizophrenia had similar alterations in our study, which is consistent with the
results of previous studies showing extensive overlap between these 2 disorders, including cognitive deficits,33 genetic
alterations,34 changes in brain morphology35 and oxidative
stress.36 Our results also showed that patients who are not prescribed antidepressants have lower TH and 3NT FRET than
controls. This effect is difficult to interpret. While antidepressants have been shown to have neuroprotective effects
through mechanisms other than oxidative stress, including
regulation of neurotrophin levels,37 it is not known whether
the reduction in oxidative stress in patients treated with antidepressants reflect their neuroprotective effects. A larger issue
relates to the difficulty in disentangling the effects of medication and diagnosis, since antidepressants in most cases were
prescribed to patients with depression but not to those with
BD or schizophrenia.
Acceptor photobleaching FRET has a resolution of about
30–50 nm, and the effectiveness of FRET increases as the distance between the fluorophores decreases,25 suggesting that
oxidation and nitration in DAT-IR and TH-IR areas as measured by FRET may in large part include direct oxidation of
DAT and nitration of TH. Previous studies have demonstrated that DAT is a target of thiol oxidation but not nitration,38 which may have contributed to our difficulty measuring FRET between the fluorophores labelling DAT and 3NT
(data not shown). As DAT oxidation decreases its ability to
uptake DA,31,38 increased DAT oxidation in patients with BD
may contribute to increased levels of synaptic DA. Whether
TH is primarily a target of nitration or cysteine oxidation is
controversial, with some studies showing evidence for both39
and others reporting TH nitration and oxidation only when
the protein is unfolded.40,41 In the present study, we could not
detect FRET between CPM labelling free thiols and TH. Since
it is physiologically unlikely that all the cysteine residues of
TH were in the oxidized state, we believe that CPM may not
have been able to access the thiol groups of the TH protein as
they are highly shielded from the surrounding environment.42 Decrease in 3NT levels in TH-IR regions was an unexpected finding, as increased oxidative stress is strongly implicated in BD. 7 This finding may be specific to the TH
protein or to L-dopa–rich areas, since DA, L-dopa and 3,4dihydroxyphenylacetic acid are favourable substrates for reactive nitrogen species, and may protect proteins in their
proximity that are less favourable substrates for nitration.39
Further study is required to elucidate this hypothesis. Also,
because TH nitration has been shown to decrease its ability to
produce L-dopa,39,41 decreased nitration of TH in patients
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with BD and schizophrenia suggests that nitration of TH may
be present in normal conditions to limit the activity of this
enzyme. Consequently, decreased nitration of TH in patients
with BD and schizophrenia could act to “disinhibit” TH and
result in higher levels of presynaptic DA. Also, while TH-IR
and DAT-IR fibres colocalize in the human PFC,15 TH is also
present in noradrenergic neurons, suggesting that decreased
nitration in TH-IR regions may also occur in noradrenergic
cells. Interestingly, dysregulation of noradrenergic signalling
has also been shown in patients with BD,43 suggesting a potential role for decreased TH nitration in the noradrenergic
system. Furthermore, while the focus of this study was the
DA system, such changes could also occur in other neuronal
populations. Future studies examining these alterations in
different neuronal cells may increase our understanding of
the pathophysiology of BD and schizophrenia.
Alterations in the PFC are consistently implicated in BD
and other psychiatric disorders, where studies have reported
decreased metabolism, morphological changes 44 and increased oxidative damage.5 Moreover, the PFC has a high relative density of dopaminergic axons compared with other
cortical regions,15 and DA is involved in the regulation of
working memory by the PFC,45 which is impaired in patients
with BD and schizophrenia.46,47 These studies suggest that
dysregulation of the DA system in the PFC may be involved
in the pathophysiology of these disorders. In agreement with
previous studies, we found that TH and DAT labelling
reveals fibres that may be dopaminergic axons. We also saw
punctate structures that were occasionally connected by
fibres, which may be axonal varicosities and terminals15,16
(Fig. 1C and Fig. 1D). Dopamine transporter and TH immunoreactivity examined by measuring fluorescence intensity did not differ among the groups, which is in agreement
with the results of previous studies examining the same samples as those used in the present study (data can be found in
the Stanley Neuropathology Consortium Integrative Database: http://sncid.stanleyresearch.org). We also found that
DAT intensity was lower in patients with a history of substance abuse than in controls. Although the substances used
by the patients are unknown, this finding suggests that drug
abuse may influence the dopaminergic system in the PFC. It
should, however, be noted that fluorescence intensity is not a
truly quantitative measure of dopaminergic innervation. As
our purpose was to visualize DA-rich areas of the PFC and
our sections (frozen, 14 µm thick) were not amenable to
stereological analysis,48 we did not pursue this further using
more quantitative methods.16,48
Global levels of free thiols and 3NT were examined by
measuring fluorescence intensity. We used CPM to label free
thiols using a method validated by Mastroberardino and colleagues.18 We chose to use thiol oxidation as a marker of protein oxidation as it occurs more readily than formation of
protein carbonyls and hence may be a more sensitive measure.18 3-Nitrotyrosine is a marker of protein nitration that has
been used in other studies examining oxidative stress.5–7 We
found increased thiol oxidation in patients with BD and
schizophrenia, but we did not find between-group differences in protein nitration. Previous studies have consistently

reported increased markers of oxidative stress for both patients with schizophrenia and BD, where increased levels of
protein carbonyl groups and lipid peroxidation have been
found.6,9 Oxidation of thiol groups can alter protein structure
and function49 and may be a contributing factor in the pathophysiology of these disorders. Increased thiol oxidation in
patients with BD and schizophrenia may occur owing to a
number of different reasons, including lower levels of glutathione8,9 and mitochondrial dysfunction,4 particularly that
of complex I, which could increase the production of ROS3
that can oxidize proteins. Decreased levels of expression of
subunits of the mitochondrial electron transport chain have
been reported for both patients with BD and schizophrenia.4
Since cell loss and morphological alterations are found in the
PFC in patients with BD and schizophrenia,50–54 cellular dysfunction produced by protein oxidation may contribute to
these alterations. This may lead to a decline in the proper
functioning of the PFC. As mentioned previously, decreased
working memory is consistently reported in patients with
BD,55,56 suggesting that cellular dysfunction produced by oxidative damage could be contributing to this as well. Furthermore, we found an effect of prescribed medications, where
patients who were prescribed antipsychotics had greater oxidative damage than controls. Since antipsychotics are D2 receptor antagonists, the effect of these drugs on oxidative
damage in the DA system is of potential interest.31 Also, patients who were not prescribed antidepressants had greater
global oxidative damage than those who were prescribed
antidepressants, which is consistent with a potential protective effect of these drugs, as described for TH and 3NT FRET
results. 3-nitrotyrosine, which is formed when reactive nitrogen species, such as peroxynitrite, react with tyrosine residues,57 was used as a marker of protein nitration. We chose to
label 3-nitrotyrosine to examine protein nitration as it has
been successfully used by our group and others to examine
oxidative stress in postmortem brain samples.5–7 Although we
did not find global 3NT levels to differ among the groups, a
previous study showed increased 3NT levels in the PFC of
patients with BD and schizophrenia.5 The difference between
these findings may be explained by the use of different techniques, as the earlier study5 measured 3NT levels using the
ELISA technique from whole tissue homogenates whereas
the present study used immunohistochemistry to label cells
in tissue sections. Moreover, the earlier study examined
BA 10 whereas the present study examined BA 9 and BA 46.
Brodmann areas 9 and 10 have different cytoarchitecture,
suggesting that they may differ in the type and abundance of
cells.58 Since different cells have different vulnerabilities to
oxidative stress, this may have contributed to the difference
between these 2 areas.3 Nonetheless, the differences in overall
3NT levels among diagnostic groups were in the same direction as those reported earlier by our group.5 Also, while
global 3NT levels did not differ between groups, nitration of
TH-IR regions measured by FRET was decreased in patients
with BD and schizophrenia. This suggests that nitration may
be a more specific phenomenon where increase or decrease in
nitration of certain proteins does not always correspond with
global levels of oxidative stress.57

J Psychiatry Neurosci 2014;39(4)

283

Kim et al.

Limitations
Our findings must be interpreted in light of their limitations. First, we had a small sample size and used multiple
comparisons for statistical analysis. Second, we measured
fluorescence intensity to compare DAT, TH and 3NT immunoreactivity among the groups. Fluorescence intensity
obtained from tissue sections labelled with antibodies is a
relative measure and is limited by factors such as photobleaching and tissue quality. To minimize the effect of these
factors on our results, we kept the scanning parameters consistent, subtracted background intensity and used only sections with good histological quality. Also, because we used
human postmortem brain samples, pre- and postmortem
factors, such as antemortem agonal states, may have affected our results.59,60 To account for this, we examined the
effect of demographic factors and postmortem alterations in
data analysis by correlating our findings with PMI, pH and
age. Furthermore, in agreement with the results of previous
studies that examined PMIs of up to 48 hours,60,61 thiol oxidation and nitration in the mouse frontal cortex did not
change up to a PMI of 72 hours. Although we found an effect of the history of substance abuse on 1 measure, DAT intensity, we do not have detailed information on the history
of substance abuse or dependence to further explore how
these factors could have influenced our results. In addition,
while the effects of drug treatment on CPM intensity (antipsychotics and antidepressants) and TH and 3NT FRET
(antidepressants) are of potential interest, there are several
important limitations. These include small sample size, the
differences in prescribing patterns across diagnosis and absence of information on whether the patients were taking
the prescribed medications. Other approaches not solely
relying on postmortem brain samples may be more helpful
to determine the effects of drug treatment on these measures. In addition, we examined only the PFC. Examining
different areas of the brain may help to further elucidate the
association between DA and oxidative stress in patients
with BD and schizophrenia. Finally, use of other techniques,
such as mass spectrometry to examine oxidative and nitrosative modifications to DAT and TH in postmortem brain
and functional assays to examine the cause and consequences of such modifications may help elucidate the association between oxidative stress and DA in patients with BD
and schizophrenia.

Conclusion

Acknowledgements: We thank Ginnie Ng for her contributions in
cell counting of the Nissl stained sections and Dr. Dennis Grant for
donating the mice for the postmortem interval experiment. We also
declare CIHR, Brain and Behaviour Research Foundation
(NARSAD), and OGS as sources of funding, and Stanley Foundation
Neuropathology Consortium as source of human postmortem brain
sections.
Competing interests: None declared.
Contributors: H.K. Kim, A.C. Andreazza and L.T. Young designed the
study. H.K. Kim, D.P.Y. Yeung and C. Isaacs-Trépanier acquired the
data, which H.K. Kim, A.C. Andreazza, D.P.Y. Yeung and L.T. Young
analyzed. H.K. Kim, A.C. Andreazza and L.T. Young wrote the article,
which all authors reviewed and approved for publication.

References
1.
2.
3.
4.

5.

6.
7.
8.

9.
10.
11.
12.

Our results demonstrate increased protein oxidation in the
PFC of patients with BD and schizophrenia. We also found
increased thiol oxidation in DAT-IR regions of patients with
BD and dysregulation of protein nitration in TH-IR regions of
patients with BD and schizophrenia, suggesting oxidative
and nitrosative modifications to DA-rich areas in both of
these disorders. Therefore, our findings suggest that the
interaction between oxidative stress and DA may be important for the pathophysiology of BD and schizophrenia, and
that future studies examining the role of oxidative modifica-

284

tions on dopaminergic proteins may contribute to a better
understanding of how dysregulation of the DA system
occurs in patients with these disorders.

13.
14.
15.
16.

Kupfer DJ. The increasing medical burden in bipolar disorder.
JAMA 2005;293:2528-30.
Salvadore G, Quiroz JA, Machado-Vieira R, et al. The neurobiology of the switch process in bipolar disorder: a review. J Clin
Psychiatry 2010;71:1488-501.
Halliwell B. Reactive oxygen species and the central nervous system. J Neurochem 1992;59:1609-23.
Scola G, Kim HK, Young LT, et al. A fresh look at complex I in microarray data: clues to understanding disease-specific mitochondrial alterations in bipolar disorder. Biol Psychiatry. 2012. doi: S00063223(12)00583-5 [pii] 10.1016/j.biopsych.2012.06.028.
Andreazza AC, Shao L, Wang JF, et al. Mitochondrial complex I activity and oxidative damage to mitochondrial proteins in the prefrontal cortex of patients with bipolar disorder. Arch Gen Psychiatry
2010;67:360-8.
Andreazza AC, Kauer-Sant’anna M, Frey BN, et al. Oxidative
stress markers in bipolar disorder: a meta-analysis. J Affect Disord
2008;111:135-44.
Andreazza AC, Kapczinski F, Kauer-Sant’Anna M, et al. 3-Nitrotyrosine
and glutathione antioxidant system in patients in the early and late
stages of bipolar disorder. J Psychiatry Neurosci 2009;34:263-71.
Gawryluk JW, Wang JF, Andreazza AC, et al. Decreased levels of
glutathione, the major brain antioxidant, in post-mortem prefrontal cortex from patients with psychiatric disorders. Int J
Neuropsychopharmacol 2011;14:123-30.
Kulak A, Steullet P, Cabungcal JH, et al. Redox dysregulation in
the pathophysiology of schizophrenia and bipolar disorder: insights from animal models. Antioxid Redox Signal 2013;18:1428-43.
Berk M, Dodd S, Kauer-Sant’anna M, et al. Dopamine dysregulation syndrome: implications for a dopamine hypothesis of bipolar
disorder. Acta Psychiatr Scand Suppl 2007;(434):41-9.
Frey BN, Valvassori SS, Réus GZ, et al. Effects of lithium and valproate on amphetamine-induced oxidative stress generation in an
animal model of mania. J Psychiatry Neurosci 2006;31:326-32.
Cipriani A, Barbui C, Salanti G, et al. Comparative efficacy and acceptability of antimanic drugs in acute mania: a multiple-treatments
meta-analysis. Lancet 2011;378:1306-15.
Hastings TG, Lewis DA, Zigmond MJ. Role of oxidation in the
neurotoxic effects of intrastriatal dopamine injections. Proc Natl
Acad Sci U S A 1996;93:1956-61.
Valvassori SS, Rezin GT, Ferreira CL, et al. Effects of mood stabilizers on mitochondrial respiratory chain activity in brain of rats
treated with d-amphetamine. J Psychiatr Res 2010;44:903-9.
Ciliax BJ, Drash GW, Staley JK, et al. Immunocytochemical localization of the dopamine transporter in human brain. J Comp Neurol
1999;409:38-56.
Akil M, Pierri JN, Whitehead RE, et al. Lamina-specific alterations
in the dopamine innervation of the prefrontal cortex in schizophrenic subjects. Am J Psychiatry 1999;156:1580-9.

J Psychiatry Neurosci 2014;39(4)

Oxidation and nitration in dopaminergic areas of the PFC in BD and schizophrenia

17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.

30.
31.
32.
33.
34.
35.
36.
37.

38.

39.

Torrey EF, Webster M, Knable M, et al. The stanley foundation brain
collection and neuropathology consortium. Schizophr Res 2000;44:151-5.
Mastroberardino PG, Orr AL, Hu X, et al. A FRET-based method
to study protein thiol oxidation in histological preparations. Free
Radic Biol Med 2008;45:971-81.
Waldvogel HJ, Curtis MA, Baer K, et al. Immunohistochemical
staining of post-mortem adult human brain sections. Nat Protoc
2006;1:2719-32.
Wills J, Jones J, Haggerty T, et al. Elevated tauopathy and alphasynuclein pathology in postmortem Parkinson’s disease brains
with and without dementia. Exp Neurol 2010;225:210-8.
Miller GW, Staley JK, Heilman CJ, et al. Immunochemical analysis
of dopamine transporter protein in Parkinson’s disease. Ann
Neurol 1997;41:530-9.
O’Connell LA, Matthews BJ, Ryan MJ, et al. Characterization of
the dopamine system in the brain of the túngara frog, Physalaemus pustulosus. Brain Behav Evol 2010;76:211-25.
Zhang P, Wang YZ, Kagan E, et al. Peroxynitrite targets the epidermal growth factor receptor, Raf-1, and MEK independently to
activate MAPK. J Biol Chem 2000;275:22479-86.
Che Y, Wang JF, Shao L, et al. Oxidative damage to RNA but not
DNA in the hippocampus of patients with major mental illness.
J Psychiatry Neurosci 2010;35:296-302.
König P, Krasteva G, Tag C, et al. FRET-CLSM and doublelabeling indirect immunofluorescence to detect close association of
proteins in tissue sections. Lab Invest 2006;86:853-64.
Keese M, Magdeburg RJ, Herzog T, et al. Imaging epidermal
growth factor receptor phosphorylation in human colorectal cancer cells and human tissues. J Biol Chem 2005;280:27826-31.
Sharma N, Hewett J, Ozelius LJ, et al. A close association of
torsinA and alpha-synuclein in Lewy bodies: a fluorescence resonance energy transfer study. Am J Pathol 2001;159:339-44.
Hynd MR, Lewohl JM, Scott HL, et al. Biochemical and molecular
studies using human autopsy brain tissue. J Neurochem 2003;85:543-62.
Selemon LD, Rajkowska G, Goldman-Rakic PS. Elevated neuronal
density in prefrontal area 46 in brains from schizophrenic patients:
application of a three-dimensional, stereologic counting method.
J Comp Neurol 1998;392:402-12.
Selemon LD, Rajkowska G, Goldman-Rakic PS. Evidence for progression in frontal cortical pathology in late-stage Huntington’s
disease. J Comp Neurol 2004;468:190-204.
Kim HK, Andreazza AC. The relationship between oxidative stress
and post-translational modification of the dopamine transporter in
bipolar disorder. Expert Rev Neurother 2012;12:849-59.
Howes OD, Kapur S. The dopamine hypothesis of schizophrenia:
version III–the final common pathway. Schizophr Bull 2009;35:549-62.
Schretlen DJ, Cascella NG, Meyer SM, et al. Neuropsychological
functioning in bipolar disorder and schizophrenia. Biol Psychiatry
2007;62:179-86.
Potash JB, Bienvenu OJ. Neuropsychiatric disorders: shared genetics
of bipolar disorder and schizophrenia. Nat Rev Neurol 2009;5:299-300.
Maier W, Zobel A, Wagner M. Schizophrenia and bipolar disorder:
differences and overlaps. Curr Opin Psychiatry 2006;19:165-70.
Ng F, Berk M, Dean O, et al. Oxidative stress in psychiatric disorders:
evidence base and therapeutic implications. Int J Neuropsychopharmacol
2008;11:851-76.
Saarelainen T, Hendolin P, Lucas G, et al. Activation of the TrkB
neurotrophin receptor is induced by antidepressant drugs and is
required for antidepressant-induced behavioral effects. J Neurosci
2003;23:349-57.
Park SU, Ferrer JV, Javitch JA, et al. Peroxynitrite inactivates the human dopamine transporter by modification of cysteine 342: potential
mechanism of neurotoxicity in dopamine neurons. J Neurosci
2002;22:4399-405.
Park S, Geddes TJ, Javitch JA, et al. Dopamine prevents nitration
of tyrosine hydroxylase by peroxynitrite and nitrogen dioxide: Is
nitrotyrosine formation an early step in dopamine neuronal damage? J Biol Chem 2003;278:28736-42.

40.

41.
42.
43.
44.

45.
46.
47.
48.
49.
50.

51.

52.

53.
54.
55.
56.
57.
58.
59.
60.
61.

Ara J, Przedborski S, Naini AB, et al. Inactivation of tyrosine
hydroxylase by nitration following exposure to peroxynitrite and 1methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP). Proc Natl Acad
Sci U S A 1998;95:7659-63.
Blanchard-Fillion B, Souza JM, Friel T, et al. Nitration and inactivation of tyrosine hydroxylase by peroxynitrite. J Biol Chem 2001;276:
46017-23.
Daubner SC, Le T, Wang S. Tyrosine hydroxylase and regulation
of dopamine synthesis. Arch Biochem Biophys 2011;508:1-12.
Manji HK, Quiroz JA, Payne JL, et al. The underlying neurobiology of bipolar disorder. World Psychiatry 2003;2:136-46.
Almeida JR, Akkal D, Hassel S, et al. Reduced gray matter volume
in ventral prefrontal cortex but not amygdala in bipolar disorder:
significant effects of gender and trait anxiety. Psychiatry Res 2009;
171:54-68.
D’Ardenne K, Eshel N, Luka J, et al. Role of prefrontal cortex and
the midbrain dopamine system in working memory updating.
Proc Natl Acad Sci U S A 2012;109:19900-9.
Glahn DC, Bearden CE, Cakir S, et al. Differential working memory impairment in bipolar disorder and schizophrenia: effects of
lifetime history of psychosis. Bipolar Disord 2006;8:117-23.
Thompson JM, Gray JM, Hughes JH, et al. Impaired working
memory monitoring in euthymic bipolar patients. Bipolar Disord
2007;9:478-89.
West MJ. Introduction to stereology. Cold Spring Harb Protoc 2012;
2012(8).
Winther JR, Thorpe C. Quantification of thiols and disulfides.
Biochim Biophys Acta 2013;1840:838-46.
Almeida JR, Akkal D, Hassel S, et al. Reduced gray matter volume
in ventral prefrontal cortex but not amygdala in bipolar disorder:
significant effects of gender and trait anxiety. Psychiatry Res 2009;
171:54-68.
Berman KF, Doran AR, Pickar D, et al. Is the mechanism of prefrontal
hypofunction in depression the same as in schizophrenia? Regional
cerebral blood flow during cognitive activation. Br J Psychiatry
1993;162:183-92.
Frey BN, Stanley JA, Nery FG, et al. Abnormal cellular energy and
phospholipid metabolism in the left dorsolateral prefrontal cortex
of medication-free individuals with bipolar disorder: an in vivo
1H MRS study. Bipolar Disord 2007;9(Suppl 1):119-27.
López-Larson MP, DelBello MP, Zimmerman ME, et al. Regional
prefrontal gray and white matter abnormalities in bipolar disorder. Biol Psychiatry 2002;52:93-100.
Rajkowska G, Halaris A, Selemon LD. Reductions in neuronal and
glial density characterize the dorsolateral prefrontal cortex in bipolar disorder. Biol Psychiatry 2001;49:741-52.
Glahn DC, Bearden CE, Cakir S, et al. Differential working memory impairment in bipolar disorder and schizophrenia: effects of
lifetime history of psychosis. Bipolar Disord 2006;8:117-23.
Thompson JM, Gray JM, Hughes JH, et al. Impaired working
memory monitoring in euthymic bipolar patients. Bipolar Disord
2007;9:478-89.
Greenacre SA, Ischiropoulos H. Tyrosine nitration: localisation,
quantification, consequences for protein function and signal transduction. Free Radic Res 2001;34:541-81.
Semendeferi K, Armstrong E, Schleicher A, et al. Prefrontal cortex
in humans and apes: a comparative study of area 10. Am J Phys
Anthropol 2001;114:224-41.
Vawter MP, Tomita H, Meng F, et al. Mitochondrial-related gene
expression changes are sensitive to agonal-pH state: implications
for brain disorders. Mol Psychiatry. 2006;11(7):615, 63-79.
Chandana R, Mythri RB, Mahadevan A, et al. Biochemical analysis
of protein stability in human brain collected at different postmortem intervals. Indian J Med Res 2009;129:189-99.
Harish G, Venkateshappa C, Mahadevan A, et al. Glutathione
metabolism is modulated by postmortem interval, gender difference and agonal state in postmortem human brains. Neurochem Int
2011;59:1029-42.

J Psychiatry Neurosci 2014;39(4)

285

