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+4 mm of the iso-center in the bore longitudinal direction. The 
center of the MRS voxel was then placed at +2 mm of the iso-
center, so the voxel edges were at 2.8 and 1.2 mm from the rhinal 
fissure, respectively; Bregma +0.76 and +2.36 coordinates in the 
mouse brain atlas (Paxinos and Franklin, 2001). In the other 2 
axes, the voxel was centered manually in the midline, and its 
bottom edge was aligned to the top of the corpus callosum.

Diffusion-weighted images were acquired using a pulse field 
gradient sequence with TR = 2 seconds, TE = 31.35 milliseconds, 
field-of-view = 20 x 20 mm, matrix size = 128 x 64, slice thick-
ness = 0.6 mm, number of slices = 15, number of averages = 4, 6 
diffusion directions (-1,1,0; 0,1,1; -1,0,1; -1,-1,0; 0,-1,1; 1,0,1; and 
their opposites to cancel b-value cross terms; Neeman et  al., 
1991) and b-value = 1000 mm2/s. Anatomical scans were acquired 
using a fast spin-echo sequence (TR = 2 seconds, TE = 43.36 mil-
liseconds, Echo Train Length  =  8, field-of-view  =  20 x 20 mm, 
matrix size  =  256 x 256, slice thickness  =  0.6 m, number of 
slices = 15, number of averages = 20). To ensure reproducibility 
of the area imaged across animals, the first slice of the DTI and 
anatomical images was centered at the top of the rhinal fissure.

MRI Analysis

A tensor was fitted to each voxel in the diffusion-weighted 
images using FSL Dtifit (Behrens et al., 2003), and maps of FA and 
radial, axial, and mean diffusivities (RD, AD, MD) were derived. 
Cohort MRI studies require registration of images to a common 
space of reference to enable the analysis of corresponding spa-
tial localizations across subjects. As registration target, we used 
a home-built atlas of the C57Bl/6 mouse brain segmented in 27 
regions of interest (ROI) (supplementary Figure 1). The anatomi-
cal scan from each animal was registered to the atlas using FSL 
FLIRT and FNIRT (Jenkinson and Smith, 2001; Jenkinson et al., 
2002; Andersson et  al., 2007), and the inverse of the transfor-
mations was used to transport the segmented atlas into each 
animal’s space. FA, MD, RD, and AD maps were then multiplied 
by the back-transformed binary masks to obtain average val-
ues within each ROI for each animal. Ventricular volume was 
assessed by manual segmentation of the T2-weighted anatomi-
cal images using FSLview (all FSL programs were provided by 
FMRIB’S Software Tools, Oxford, UK).

Electrophysiology

Adult mice (90 ± 10 days of age) were used for the electrophysi-
ological experiments. Recordings were performed on horizon-
tal brain slices in which fibers from the corpus callosum (CC), 
fimbria-fornix (FF), and both anterior and posterior limbs of 
the anterior commissure (AC) run longitudinal to the slic-
ing plane. The CC was studied within the same slice as the FF; 
this corresponded to the posterior part of the genu of the CC. 
Experiments were performed at 28°C to slow down conduction 
velocity and thus allow better separation between the action 
potentials generated by fast-conducting and slow-conducting 
fibers. The precise distance between the stimulation electrode (a 
bipolar tungsten electrode placed within the WM tract) and the 
recording glass electrode was measured with a calibrated ocu-
lar micrometer. The recording electrode was lowered within the 
WM tract until the compound action potential (CAP), induced 
by a 100-µs bipolar voltage pulse, reached maximum amplitude. 
Stimulations evoked 2 distinct CAPs, associated respectively 
with fast-conducting and slow-conducting fibers (supplemen-
tary Figure 2). The relationships between the stimulus intensity 
and CAP amplitude, the conduction velocity, and the refractory 

period for the fast- and slow-conducting fibers of each WM 
tract were measured (see supplementary Figure 3 for methods 
regarding evaluation of the refractory period).

Statistical Analyses

Statistical analyses were performed in R (R Foundation for 
Statistical Computing, 2012). Spectroscopy data were analyzed 
by fitting a mixed-effects linear model to the concentration 
of each metabolite using genotype, age, and their interaction 
as fixed effects. As random effect, we used intercepts for each 
subject. P-values were obtained from likelihood ratio tests of 
a full-model against a model without the effect in question. 
Significant genotype-age interactions were analyzed posthoc 
with unpaired t tests between genotypes at each age applying 
Holm correction for the 3 comparisons. The same methods were 
used to analyze each DTI-derived diffusivity parameters (FA, RD, 
AD, MD) applying Holm correction for the 27 ROIs. Visual inspec-
tion of residual plots revealed no deviation from normality. 
Autocorrelation functions were fitted to all repeated measure-
ments data to assess independence between ages. F-ratio tests 
were performed to assess homoscedasticity.

A mixed-effects linear model was also fitted to the volumet-
ric data as described above, but we detected heteroscedasticity 
between genotypes. Thus, we analyzed the effect of age within 
each genotype with a 1-way ANOVA and the effect of genotype 
with 3 unpaired t tests (at each age independently with Welch 
approximation to correct for heteroscedasticity).

Conduction velocity and refractory period were compared 
between genotypes using independent t tests, and the relation-
ship between stimulus intensity and CAP amplitude (normal-
ized or absolute) was compared between genotypes using a 
Generalized Additive Mixed Model with a random effect at the 
individual level to take into account the interdependence of the 
responses to different stimulus intensities within a fiber tract of 
the same individual.

Results

To determine major structural changes, we measured ventricu-
lar volume using T2-weighted MRI. Ventricular volume displayed 
higher variability in KO than in WT mice (F-ratio = 2.9, P = .04) 
(Figure 1). An increase in ventricular size with age was confirmed 
by analyzing separately the data from WT (F1,28 = 98.2, P < .0001) 
and KO mice (F1,30 = 26.9, P < .0001). T tests between genotypes at 
each age (correcting for the unequal variances) revealed signifi-
cantly larger ventricular volume in KO compared with WT mice 
at PND 40 (+25.0% ± 8.1, P = .02), a trend at PND 97 (+17.0% ± 6.4, 
P = .05), but not at PND 180 (+6.7% ± 7.4, P = .5).

To validate and extend previous findings observed during 
development in Gclm KO mice (Duarte et al., 2011), we assessed 
the concentrations of 20 metabolites in the prefrontal cortex of 
KO and WT mice at peri-puberty and young and full adulthood 
(Figure 2). Significant differences between genotypes were found 
for glutathione (-84.7% ± 5.1 in KO, P < .0001), N-acetylaspartate 
(+8.7% ± 2.3, P = .0005), glutamine/glutamate ratio (+11.8% ± 5.3, 
P = .03), and alanine (+11.3% ± 3.4, P = .003). Lactate showed a 
significant interaction between genotype and age (P = .01), and 
posthoc t tests showed a significant difference between geno-
types at PND 40 (+39.8% ± 6.1 in KO, P = .042) and 97 (+68.9% ± 8.9, 
P = .002) but not at 180 (-4.6% ± 6.8, P = .79).

To determine anomalies in WM integrity, we analyzed DTI-
derived diffusivity parameters in 27 ROIs throughout the brain 
of Gclm KO and WT mice at PND 40, 97, and 180. We found no 
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significant interaction of genotype with age in any of the diffu-
sivity parameters or ROIs analyzed. A significant increase of FA 
with age in 22 ROIs was accompanied by a decrease of RD in 6 of 
them. Between genotypes, lower FA in the AC (one region com-
prising both the anterior and posterior limbs, -7.5% ± 1.9, P = .005) 
and FF (-4.5% ± 1.3, P = .03) of KO relative to WT mice attained 
statistical significance after Holm correction for multiple testing 
(Table 1, Figure 3). Of all other parameters analyzed (RD, AD, and 
MD; supplementary Tables 1–3), only an increase of RD in the FF 
was detected in KO compared with WT mice (+6.6% ± 1.7, P = .01) 
(Figure 3).

To assess the functional consequences of the structural 
anomalies detected in the DTI experiment, we performed elec-
trophysiological recordings within the FF and AC and within the 
CC as a negative control. The anterior and posterior limbs of the 
AC were assessed separately, while insufficient resolution did 
not allow this in the DTI experiment. In each WM tract, electri-
cal stimulation evoked 2 distinct CAPs, associated respectively 
with fast- and slow-conducting fibers (supplementary Figure 2). 
However, the CAP amplitude from the slow-conducting fibers 
was much smaller (even absent in 2 of 11 cases) in the poste-
rior than in the anterior part of the FF (supplementary Figure 2). 
Therefore, separate recordings were systematically performed 
within both parts of the FF. We found a small but significant 
decrease in the conduction velocity along the fast-conducting 
fibers in the posterior limb (-14.3% ± 5.1, P = .024) of the AC and the 
slow-conducting fibers of the posterior part of the FF (-8.6% ± 2.6, 
P = .027) in KO compared with WT mice (Figure 4), but there was 
no alteration in the CC. The refractory period was not affected in 
either fast- or slow-conducting fibers of the AC or FF in Gclm KO 
mice (supplementary Figure 3). The relationship between stim-
ulus intensity and absolute CAP amplitude was not different 
between genotypes in any WM tracts (supplementary Figure 4). 

However, when the CAP amplitude was normalized to the maxi-
mal response to render the response-dose independent of the 
number and density of excited fibers, the relationship between 
stimulus intensity and normalized CAP amplitude was signifi-
cantly different between genotypes for the fast-conducting fib-
ers of the posterior limb (P = .046) and the slow-conducting fibers 
of the anterior limb of the AC (P = .004) (supplementary Figure 5). 
These results suggest alterations of physical properties (such 
as axonal diameter) in these fibers. Together, these data reveal 
subtle alterations within FF and AC but not CC of KO mice, thus 
confirming a functional outcome of the structural anomalies 
detected by DTI.

Discussion

The present longitudinal multimodal MR study at 14.1 T and 
follow-up electrophysiological experiments demonstrated neu-
rochemical, structural, and functional anomalies in Gclm KO 
mice, a model of redox dysregulation relevant to schizophrenia 
and other psychiatric disorders. These mice displayed small 
but significant alterations in WM structure of the FF and AC as 
assessed by DTI from peri-puberty onwards. Reduced conduction 

Figure� 2.  Neurochemical alterations in the cortex of Gclm KO mice relative 

to controls (out of the whole neurochemical profile analyzed). Mean ± SEM are 

shown. *P < .05, significant genotype effect. Top left panel shows the position of 

the voxel used for the acquisition.
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Figure�1.  Ventricular volume in Gclm KO and wild-type (WT) mice along devel-

opment. Each box plot depicts group average (horizontal black lines), inter-quar-

tile range (box), and 95% confidence interval (whiskers). *P < .05 significant effect 

of genotype, unpaired 2-tailed t test with Welch approximation to correct for 

heteroscedasticity.
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velocity along both tracts was consistent with FA alterations. 
Ventricular enlargement and neurochemical profile anoma-
lies were also found in peri-pubertal Gclm KO mice, but some 

tended to normalize at full adulthood. This highlights the criti-
cal role of the redox system during the development of brain 
structures known to be affected in psychiatric disorders such as 

Figure�3.  Anomalies in diffusivity parameters derived from diffusion tensor imaging (DTI) in Gclm KO mice. Fractional anisotropy (FA) in the anterior commissure (AC) 

(A) and fimbria-fornix (FF) (B) and radial diffusivity (RD) in the AC (C) and FF (D) along the development of Gclm KO and wild-type (WT) mice. The graphs depict group 

average ± SEM. *P < .05 for genotype effect corrected for multiple comparisons (see Methods). The right panel presents FA (E-F) and RD (G-H) images from a representative 

animal. Highlighted for spatial reference are the AC in blue (E,G) and the FF in yellow (F,H).

Table�1.  Mean FA Values Per ROI and Genotype, Difference between Genotypes, and Standard Error of the Difference Estimated by a Mixed-
Effects Linear Model Using Genotype and Age as Fixed Factors and Intercepts for Each Subject as Random Factor

Region of interest Mean WT Mean KO WT-KO (%) WT-KO SD (%) p p corrected

Fornix and Fimbria 0.43 0.41 4.5 1.3 0.001 *0.034
Internal Capsule and Pallidum 0.41 0.40 1.6 0.8 0.054 1
Dorsal Hippocampal Commissure 0.40 0.39 3.3 1.5 0.023 0.629
Medulla and Pons 0.38 0.36 5.4 3.1 0.08 1
Corpus Callosum 0.37 0.37 0.7 1.6 0.641 1
Anterior Commissure 0.31 0.28 7.5 1.9 0 *0.005
Septum 0.29 0.31 -4.2 1.4 0.004 0.096
Cingulum 0.29 0.29 -2.6 1.2 0.028 0.746
Midbrain 0.28 0.28 -0.9 1.7 0.587 1
External Capsule 0.27 0.26 1.7 1.1 0.122 1
Thalamus 0.24 0.24 0.7 1.0 0.496 1
Basal Ganglia 0.24 0.24 -1.8 1.9 0.317 1
Superior Colliculi 0.23 0.23 0.4 2.1 0.846 1
Subiculum 0.23 0.24 -5.0 3.5 0.147 1
Hypothalamus 0.23 0.22 3.8 2.3 0.098 1
Amygdala and Amygdaloid 0.23 0.22 0.8 2.8 0.766 1
Olfactory Nucleus 0.22 0.23 -4.9 2.0 0.018 0.476
Dorsal Raphe 0.21 0.22 -3.9 3.3 0.233 1
Entorhinal, Piriform and Insular Cortex 0.21 0.21 -0.9 1.3 0.485 1
Orbital Cortex 0.20 0.21 -3.8 1.5 0.011 0.308
Periaqueductal Gray 0.20 0.21 -5.6 2.3 0.013 0.356
Frontal Association and Motor Cortex 0.18 0.18 -1.8 1.2 0.127 1
Caudate and Putamen 0.17 0.18 -2.4 1.5 0.098 1
Prelimbic and Cingulate Cortex 0.17 0.17 -0.8 1.2 0.501 1
Sensory and Visual Cortex 0.16 0.17 -4.5 2.0 0.03 0.806
Dorsal Hippocampus 0.16 0.16 -0.4 2.0 0.847 1
Ventral Hippocampus 0.14 0.14 -2.1 3.3 0.526 1

The first and second columns are calculated by averaging the values of the 3 ages for each animal and then the average of all animals of the respective genotype. The 

third column is calculated as (mean WT – mean KO) x 100/mean WT. The fourth column shows the SD of the difference (mean WT – mean KO) also in percentage of 

mean WT. P-values for genotype differences from the likelihood ratio tests before and after correction for multiple comparisons are given in the fifth and sixth columns, 

respectively.
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remain unclear. We demonstrated that the modest but significant 
FA decrease within the FF and AC of Gclm KO mice is associated 
with reduced conduction velocity. By contrast, DTI parameters 
and conduction velocity appeared normal in the CC. The mech-
anism by which the conduction velocity is decreased in the AC 
and FF is currently unknown. In both the anterior and posterior 
limbs of the AC of KO mice, the conduction velocity was or tended 
to be lower in the fast- (putatively myelinated) but not slow-con-
ducting fibers (putatively not or less myelinated). This suggests 
anomalies at the level of the myelin sheath and/or the interplay 
between oligodendrocytes and axons (Ritter et al., 2013). In the FF 
of KO mice, however, the reduced FA may be in part independent 
of oligodendrocytes, since the conduction velocity was affected 
in slow-conducting fibers, which likely represent non- or weakly 
myelinated axons. It is counter-intuitive, though, that a radial dif-
fusivity increase in Gclm KO mice–which is typically considered a 
sign of myelin alteration–attained statistical significance in the FF. 
In the AC, in contrast, this was only true before the stringent cor-
rection for multiple comparisons was applied. Together, our data 
highlight that even a modest alteration of DTI parameters in a WM 
tract can be associated with a small reduction of axonal conduc-
tion not exclusively restricted to the myelinated fibers.

Vulnerability of the FF and AC to Redox 
Dysregulation

Our data revealed that the FF and AC are vulnerable to a defi-
cit in glutathione. Based on DTI parameters, both WM tracts are 
already affected in peri-pubertal KO mice and remain so through 
adulthood. Moreover, the axonal conductivity is also reduced 
along these 2 tracts, which could potentially impair proper com-
munication between the brain regions directly connected via 
these fiber tracts, particularly when very precise temporal coher-
ent activity is critical. The FF connects the hippocampus with 
the hypothalamus and other subcortical areas, including the 
septal nuclei, nucleus accumbens, mammillary bodies, and tha-
lamic anterior nucleus. These structures play a role in a range of 
behaviors impaired in schizophrenia, such as memory retrieval, 
emotionality, or motivation (White et al., 2008a). Reduced anisot-
ropy in the FF has been reported in both chronic (Kuroki et al., 
2006; Ellison-Wright and Bullmore, 2009; Fitzsimmons et  al., 
2009; Qiu et  al., 2010) and first-episode patients (Luck et  al., 
2010; Fitzsimmons et  al., 2014; Lee et  al., 2013). This suggests 
that anomalies in the FF appear early in the illness. Likewise, 
Gclm KO mice showed reduced FA in the FF at peri-pubertal 
age and adulthood. In a complementary study, we found that 
early psychosis patients displayed decreased FA along the for-
nix and reduced hippocampal volume, which are associated 
with peripheral markers of redox homeostasis (P. S. Baumann, A. 
Griffa, M. Fournier, C. Ferrari, L. Alameda, M. Cuenod, J.P. Thiran, 
P. Hagmann, K.Q. Do, and P. Conus, unpublished observations). 
Noteworthy, adult Gclm KO mice have also reduced number 
of parvalbumin-immunoreactive interneurons and impaired 
gamma oscillations in the ventral hippocampus (Steullet et al., 
2010). Therefore, the structural and functional alterations in the 
FF may be linked to hippocampal anomalies. MRI studies have 
also unveiled reduced FA in the fornix (Barysheva et  al., 2013) 
and reduced volume of the fimbria (Elvsåshagen et al., 2013) in 
bipolar patients and reduced FA in the fornix in children with 
autism (Poustka et  al., 2012), suggesting common pathological 
mechanisms probably comprising oxidative stress.

The AC is comprised by 2 independent bundles: the anterior 
and posterior limbs. The anterior limb allows inter-hemispheric 
communication between the 2 contra-lateral olfactory systems 

(Kucharski et  al., 1990). The posterior limb interconnects the 
orbitofrontal cortices, the inferior temporal lobes, and the amyg-
dalas (Di Virgilio et al., 1999; Patel et al., 2010), regions known to 
be affected in schizophrenia (White et al., 2008a; Kanahara et al., 
2013). Structural abnormalities have been reported in the AC of 
schizophrenia patients, including decreased WM density (Hulshoff 
Pol et al., 2004), reduced FA (Choi et al., 2011), and reduced fiber 
number (Highley et al., 1999). Reduced FA has also been reported 
in the AC of young bipolar patients (Saxena et al., 2012).

DTI studies in schizophrenia patients have also revealed 
alterations in other cortical and subcortical WM structures 
(Ellison-Wright and Bullmore, 2009; Segal et  al., 2010; Abdul-
Rahman et al., 2011; Lee et al., 2013; Canu et al., 2014; Holleran 
et  al., 2014) that were not significantly altered in the brain of 
Gclm KO mice. While the identified FA reduction in FF and AC are 
the most prominent WM alterations resulting from a whole brain 
analysis in Gclm KO and WT mice, this does not exclude that 
other WM tracts may be slightly affected by deficiency in anti-
oxidant systems. Interestingly, many of the WM tracts that could 
be analyzed in our study also displayed small and nonsignificant 
lower FA and higher RD in Gclm KO compared with WT mice. It 
should be noted that the small size of the mouse brain poses a 
challenge for detecting alterations in small or diffuse WM tracts. 
In particular, despite the high resolution achieved (voxel size was 
0.16 x 0.31 x 0.6 mm3), partial volume effects are prominent in 
cortico-cortical projections. In the CC, most studies in schizo-
phrenia have found alterations in the genu, its most anterior 
part (Ellison-Wright and Bullmore, 2009). In our study, the CC ROI 
comprises all the antero-posterior range of the corpus callosum, 
which may have diluted possible alterations, but this lack of focal 
power in big ROIs is inherent to this exploratory study.

In conclusion, redox dysregulation caused by reduced glu-
tathione synthesis has a negative impact on the structure and 
function of a subset of WM tracts. The alterations in FF and AC 
are present at peri-pubertal age and remain during adulthood 
without further worsening. These data suggest that redox dys-
regulation/oxidative stress could contribute to the impaired WM 
integrity found in schizophrenia and other psychiatric disorders.

Acknowledgments

We thank our financial supporters. We also thank Dr Mehdi 
Gholamrezaee for his support with statistical analysis.

This work was supported by the Swiss National Science 
Foundation grants (31-116689) to KQD, (310030_135736/1) 
to KQD and PS and Ambizione grant (148250)to JMND, the 
National Center of Competence in Research (NCCR) “SYNAPSY 
— The Synaptic Bases of Mental Diseases” from the Swiss 
National Science Foundation (51AU40_125759) to KQD, the 
Avina Foundation, Damm-Etienne Foundation, and Alamaya 
Foundation. This research was also in part supported by the 
Center for BioMedical Imaging of the University of Lausanne, 
Ecole Polytechnique Fédéral de Lausanne, University of Geneva, 
Geneva University Hospital, and Lausanne University Hospital 
and by the Jeanet & Leenaards foundations.

Statement of Interest

None.

References
Abdul-Rahman MF, Qiu A, Sim K (2011) Regionally specific white 

matter disruptions of fornix and cingulum in schizophrenia. 



8  |  International Journal of Neuropsychopharmacology, 2016

PLoS One 6:e18652 Available at: http://www.pubmedcentral.
nih.gov/articlerender.fcgi?artid=3077390&tool=pmcentrez&r
endertype=abstract. Retrieved June 12, 2013.

Andersson JLR, Jenkinson M, Smith S (2007) Non-linear regis-
tration aka Spatial normalisation FMRIB Technial Report 
TR07JA2. Oxford.

Arnone D, Cavanagh J, Gerber D, Lawrie SM, Ebmeier KP, McIn-
tosh a. M (2009) Magnetic resonance imaging studies in bipo-
lar disorder and schizophrenia: Meta-analysis. Br J Psychiatry 
195:194–201.

Back S a, Gan X, Li Y, Rosenberg P a, Volpe JJ (1998) Maturation-
dependent vulnerability of oligodendrocytes to oxidative 
stress-induced death caused by glutathione depletion. J Neu-
rosci 18:6241–6253 Available at: http://www.ncbi.nlm.nih.
gov/pubmed/9698317.

Barysheva M, Jahanshad N, Foland-Ross L, Altshuler LL, Thomp-
son PM (2013) White matter microstructural abnormalities 
in bipolar disorder: A whole brain diffusion tensor imaging 
study. NeuroImage Clin 2:558–568 Available at: http://dx.doi.
org/10.1016/j.nicl.2013.03.016.

Baxter PS, Bell KFS, Hasel P, Kaindl AM, Fricker M, Thomson D, 
Cregan SP, Gillingwater TH, Hardingham GE (2015) Synaptic 
NMDA receptor activity is coupled to the transcriptional con-
trol of the glutathione system. Nat Commun 6:6761 Available 
at: http://www.nature.com/doifinder/10.1038/ncomms7761.

Behrens TEJ, Woolrich MW, Jenkinson M, Johansen-Berg H, 
Nunes RG, Clare S, Matthews PM, Brady JM, Smith SM (2003) 
Characterization and propagation of uncertainty in diffu-
sion-weighted MR imaging. Magn Reson Med 50:1077–1088 
Available at: http://www.ncbi.nlm.nih.gov/pubmed/14587019. 
Retrieved January 29, 2013.

Buckman TD, Kling AS, Eiduson S, Sutphin MS, Steinberg A (1987) 
Glutathione peroxidase and CT scan abnormalities in schizo-
phrenia. Biol Psychiatry 22:1349–1356.

Byne W, Kidkardnee S, Tatusov A, Yiannoulos G, Buchsbaum MS, 
Haroutunian V (2006) Schizophrenia-associated reduction 
of neuronal and oligodendrocyte numbers in the anterior 
principal thalamic nucleus. Schizophr Res 85:245–253 Avail-
able at: http://www.ncbi.nlm.nih.gov/pubmed/16730162. 
Retrieved January 13, 2015.

Canu E, Agosta F, Filippi M (2014) A selective review of structural 
connectivity abnormalities of schizophrenic patients at dif-
ferent stages of the disease. Schizophr Res 161:19–28 Available 
at: http://www.ncbi.nlm.nih.gov/pubmed/24893909. Retrieved 
December 15, 2014.

Chakraborty G, Mekala P, Yahya D, Wu G, Ledeen RW (2001) Intra-
neuronal N-acetylaspartate supplies acetyl groups for myelin 
lipid synthesis: evidence for myelin-associated aspartoac-
ylase. J Neurochem 78:736–745 Available at: http://www.ncbi.
nlm.nih.gov/pubmed/11520894.

Che Y, Wang J-F, Shao L, Young T (2010) Oxidative damage to RNA but 
not DNA in the hippocampus of patients with major mental ill-
ness. J Psychiatry Neurosci 35:296–302 Available at: http://www.
pubmedcentral.nih.gov/articlerender.fcgi?artid=2928282&tool=
pmcentrez&rendertype=abstract. Retrieved January 13, 2015.

Choi H, Kubicki M, Whitford TJ, Alvarado JL, Terry DP, Niznikie-
wicz M, McCarley RW, Kwon JS, Shenton ME (2011) Diffusion 
tensor imaging of anterior commissural fibers in patients 
with schizophrenia. Schizophr Res 130:78–85 Available at: 
http://www.ncbi.nlm.nih.gov/pubmed/21561738. Retrieved 
December 21, 2012.

Di Virgilio G, Clarke S, Pizzolato G, Schaffner T (1999) Cortical 
regions contributing to the anterior commissure in man. Exp 
Brain Res 124:1–7.

Do KQ, Trabesinger a H, Kirsten-Krüger M, Lauer CJ, Dydak U, 
Hell D, Holsboer F, Boesiger P, Cuénod M (2000) Schizophre-
nia: glutathione deficit in cerebrospinal fluid and prefrontal 
cortex in vivo. Eur J Neurosci 12:3721–3728 Available at: http://
www.ncbi.nlm.nih.gov/pubmed/11029642.

Do KQ, Cabungcal JH, Frank A, Steullet P, Cuenod M (2009) Redox 
dysregulation, neurodevelopment, and schizophrenia. Curr 
Opin Neurobiol 19:220–230 Available at: http://www.ncbi.nlm.
nih.gov/pubmed/19481443. Retrieved August 10, 2011.

Du F, Cooper AJ, Thida T, Shinn AK, Cohen BM, Ongür D (2013) 
Myelin and axon abnormalities in schizophrenia measured 
with magnetic resonance imaging techniques. Biol Psychia-
try 74:451–457 Available at: http://www.ncbi.nlm.nih.gov/
pubmed/23571010. Retrieved May 27, 2014.

Duarte JMDN, Kulak A, Gholam-Razaee MM, Cuenod M, Gruetter 
R, Do KQ (2011) N-Acetylcysteine Normalizes Neurochemical 
Changes in the Glutathione-Deficient Schizophrenia Mouse 
Model During Development. Biol Psychiatry Available at: 
http://www.ncbi.nlm.nih.gov/pubmed/21945305. Retrieved 
November 25, 2011.

Edmiston EE, Wang F, Kalmar JH, Womer FY, Chepenik LG, Pitt-
man B, Gueorguieva R, Hur E, Spencer L, Staib LH, Constable 
RT, Fulbright RK, Papademetris X, Blumberg HP (2011) Lateral 
ventricle volume and psychotic features in adolescents and 
adults with bipolar disorder. Psychiatry Res 194:400–402.

Ellison-Wright I, Bullmore E (2009) Meta-analysis of diffusion 
tensor imaging studies in schizophrenia. Schizophr Res 
108:3–10 Available at: http://www.ncbi.nlm.nih.gov/pub-
med/19128945. Retrieved November 17, 2012.

Elvsåshagen T, Westlye LT, Bøen E, Hol PK, Andersson S, Andreas-
sen OA, Boye B, Malt UF (2013) Evidence for reduced dentate 
gyrus and fimbria volume in bipolar II disorder. Bipolar Dis-
ord 15:167–176.

Fitzsimmons J, Kubicki M, Smith K, Bushell G, Estepar RSJ, Westin 
C-F, Nestor PG, Niznikiewicz M a, Kikinis R, McCarley RW, Shen-
ton ME (2009) Diffusion tractography of the fornix in schizo-
phrenia. Schizophr Res 107:39–46 Available at: http://www.
pubmedcentral.nih.gov/articlerender.fcgi?artid=2646850&tool
=pmcentrez&rendertype=abstract. Retrieved May 29, 2013.

Fitzsimmons J, Hamoda H, Swisher T, Terry D, Rosenberger G, 
Seidman, LJ, Goldstein J, Mesholam-Gately R, Petryshen T, 
Wojcik J, Kikinis R, Kubicki M (2014) Diffusion tensor imag-
ing study of the Fornix in first episode Schizophrenia and in 
Healthy Controls. Schizophr Res 156:157–160.

Flatow J, Buckley P, Miller BJ (2013) Meta-analysis of oxidative 
stress in schizophrenia. Biol Psychiatry 74:400–409 Available 
at: http://www.pubmedcentral.nih.gov/articlerender.fcgi?arti
d=4018767&tool=pmcentrez&rendertype=abstract. Retrieved 
December 17, 2014.

Flynn SW, Lang DJ, Mackay a L, Goghari V, Vavasour IM, Whittall 
KP, Smith GN, Arango V, Mann JJ, Dwork a J, Falkai P, Honer 
WG (2003) Abnormalities of myelination in schizophrenia 
detected in vivo with MRI, and post-mortem with analysis 
of oligodendrocyte proteins. Mol Psychiatry 8:811–820 Avail-
able at: http://www.ncbi.nlm.nih.gov/pubmed/12931208. 
Retrieved May 27, 2014.

Fournier M, Ferrari C, Baumann PS, Polari A, Monin A, Bellier-
Teichmann T, Wulff J, Pappan KL, Cuenod M, Conus P, Do KQ 
(2014) Impaired Metabolic Reactivity to Oxidative Stress in 
Early Psychosis Patients. Schizophr Bull 40:973–983 Available 
at: http://www.ncbi.nlm.nih.gov/pubmed/24687046.

French HM, Reid M, Mamontov P, Simmons R a, Grin-
span JB (2009) Oxidative stress disrupts oligodendro-
cyte maturation. J Neurosci Res 87:3076–3087 Available  

http://www.ncbi.nlm.nih.gov/pubmed/16730162
http://www.ncbi.nlm.nih.gov/pubmed/24893909
http://www.ncbi.nlm.nih.gov/pubmed/11520894
http://www.ncbi.nlm.nih.gov/pubmed/11520894
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2928282&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2928282&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2928282&tool=pmcentrez&rendertype=abstract
http://www.ncbi.nlm.nih.gov/pubmed/21561738
http://www.ncbi.nlm.nih.gov/pubmed/11029642
http://www.ncbi.nlm.nih.gov/pubmed/11029642
http://www.ncbi.nlm.nih.gov/pubmed/19481443
http://www.ncbi.nlm.nih.gov/pubmed/19481443
http://www.ncbi.nlm.nih.gov/pubmed/23571010
http://www.ncbi.nlm.nih.gov/pubmed/23571010
http://www.ncbi.nlm.nih.gov/pubmed/21945305
http://www.ncbi.nlm.nih.gov/pubmed/19128945
http://www.ncbi.nlm.nih.gov/pubmed/19128945
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2646850&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2646850&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2646850&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=4018767&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=4018767&tool=pmcentrez&rendertype=abstract
http://www.ncbi.nlm.nih.gov/pubmed/12931208
http://www.ncbi.nlm.nih.gov/pubmed/24687046


http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3138415&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3138415&tool=pmcentrez&rendertype=abstract
http://www.ncbi.nlm.nih.gov/pubmed/20633320
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3313842&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3313842&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3313842&tool=pmcentrez&rendertype=abstract
http://www.ncbi.nlm.nih.gov/pubmed/11590144
http://www.ncbi.nlm.nih.gov/pubmed/11590144
http://www.ncbi.nlm.nih.gov/pubmed/10680699
http://www.ncbi.nlm.nih.gov/pubmed/10680699


10  |  International Journal of Neuropsychopharmacology, 2016

pathways in schizophrenia. J Neurosci 22:2718–2729 Available 
at: http://www.ncbi.nlm.nih.gov/pubmed/11923437.

Miyakawa T, Sumiyoshi S, Deshimaru M, Suzuki T, Tomonari 
H, Yasuoka F, Tatetsu S (1972) Electron microscopic study 
on schizophrenia. Acta Neuropathol 20:67–77 Available at: 
http://link.springer.com/10.1007/BF00687903.

Moffett JR, Arun P, Ariyannur PS, Namboodiri AM a (2013) N-Acet-
ylaspartate reductions in brain injury: Impact on post-injury 
neuroenergetics, lipid synthesis, and protein acetylation. 
Front Neuroenergetics 5:1–19.

Monin a, Baumann PS, Griffa A, Xin L, Mekle R, Fournier M, Butt-
icaz C, Klaey M, Cabungcal JH, Steullet P, Ferrari C, Cuenod 
M, Gruetter R, Thiran JP, Hagmann P, Conus P, Do KQ (2014) 
Glutathione deficit impairs myelin maturation: relevance for 
white matter integrity in schizophrenia patients. Mol Psy-
chiatry:1–12. Available at: http://www.ncbi.nlm.nih.gov/pub-
med/25155877. Retrieved January 2, 2015.

Neeman M, Freyer JP, Sillerud LO (1991) A simple method for 
obtaining cross-term-free images for diffusion anisotropy 
studies in NMR microimaging. Magn Reson Med 21:138–143.

Ng F, Berk M, Dean O, Bush AI (2008) Oxidative stress in psychi-
atric disorders : evidence base and therapeutic implications. 
Int J Neuropsychopharmacol 11:851–876.

Ou X, Sun S-W, Liang H-F, Song S-K, Gochberg DF (2009) The 
MT pool size ratio and the DTI radial diffusivity may reflect 
the myelination in shiverer and control mice. NMR Biomed 
22:480–487 Available at: http://www.ncbi.nlm.nih.gov/pub-
med/19123230. Retrieved October 5, 2012.

Papadia S, Soriano FX, Léveillé F, Martel M-A, Dakin K a, Hansen 
HH, Kaindl A, Sifringer M, Fowler J, Stefovska V, McKenzie G, 
Craigon M, Corriveau R, Ghazal P, Horsburgh K, Yankner B a, 
Wyllie DJ a, Ikonomidou C, Hardingham GE (2008) Synaptic 
NMDA receptor activity boosts intrinsic antioxidant defenses. 
Nat Neurosci 11:476–487.

Park Y-U, Jeong J, Lee H, Mun JY, Kim J-H, Lee JS, Nguyen MD, 
Han SS, Suh P-G, Park SK (2010) Disrupted-in-schizophrenia 
1 (DISC1) plays essential roles in mitochondria in collabora-
tion with Mitofilin. Proc Natl Acad Sci U S A 107:17785–17790 
Available at: http://www.pubmedcentral.nih.gov/articleren-
der.fcgi?artid=2955093&tool=pmcentrez&rendertype=abstr
act. Retrieved January 14, 2015.

Patel MD, Toussaint N, Charles-Edwards GD, Lin JP, Batchelor PG 
(2010) Distribution and fibre field similarity mapping of the 
human anterior commissure fibres by diffusion tensor imag-
ing. Magn Reson Mater Physics, Biol Med 23:399–408.

Paxinos G, Franklin KBJ (2001) The Mouse Brain in Stereotaxic 
Coordinates. London: Academic Press.

Poustka L, Jennen-Steinmetz C, Henze R, Vomstein K, Haffner J, 
Sieltjes B (2012) Fronto-temporal disconnectivity and symp-
tom severity in children with autism spectrum disorder. 
World J Biol Psychiatry 13:269–280.

Prabakaran S, Swatton JE, Ryan MM, Huffaker SJ, Huang JT-J, Grif-
fin JL, Wayland M, Freeman T, Dudbridge F, Lilley KS, Karp N 
a, Hester S, Tkachev D, Mimmack ML, Yolken RH, Webster MJ, 
Torrey EF, Bahn S (2004) Mitochondrial dysfunction in schizo-
phrenia: evidence for compromised brain metabolism and 
oxidative stress. Mol Psychiatry 9:684–697, 643 Available at: 
http://www.ncbi.nlm.nih.gov/pubmed/15098003. Retrieved 
January 21, 2014.

Qiu A, Tuan TA, Woon PS, Abdul-Rahman MF, Graham S, Sim K 
(2010) Hippocampal-cortical structural connectivity disrup-
tions in schizophrenia: an integrated perspective from hip-
pocampal shape, cortical thickness, and integrity of white 
matter bundles. Neuroimage 52:1181–1189 Available at: 

http://www.ncbi.nlm.nih.gov/pubmed/20573561. Retrieved 
June 12, 2013.

R Foundation for Statistical Computing (2012) R: A language and 
environment for statistical computing. Vienna, Austria. Avail-
able at: http://www.r-project.org/.

Raffa M, Mechri A, Othman L Ben, Fendri C, Gaha L, Kerkeni A 
(2009) Decreased glutathione levels and antioxidant enzyme 
activities in untreated and treated schizophrenic patients. 
Prog Neuropsychopharmacol Biol Psychiatry 33:1178–1183 
Available at: http://www.ncbi.nlm.nih.gov/pubmed/19576938. 
Retrieved January 13, 2015.

Ritter J, Schmitz T, Chew L-J, Buhrer C, Mobius W, Zonouzi M, 
Gallo V (2013) Neonatal Hyperoxia Exposure Disrupts Axon-
Oligodendrocyte Integrity in the Subcortical White Matter. J 
Neurosci 33:8990–9002. Available at: http://www.jneurosci.
org/cgi/doi/10.1523/JNEUROSCI.5528-12.2013.

Rodríguez-Santiago B, Brunet A, Sobrino B, Serra-Juhé C, Flo-
res R, Armengol L, Vilella E, Gabau E, Guitart M, Guillamat 
R, Martorell L, Valero J, Gutiérrez-Zotes A, Labad A, Car-
racedo A, Estivill X, Pérez-Jurado L a (2010) Association of 
common copy number variants at the glutathione S-trans-
ferase genes and rare novel genomic changes with schizo-
phrenia. Mol Psychiatry 15:1023–1033 Available at: http://
www.ncbi.nlm.nih.gov/pubmed/19528963. Retrieved Janu-
ary 13, 2015.

Roussos P, Katsel P, Davis KL, Bitsios P, Giakoumaki SG, Jogia J, 
Rozsnyai K, Collier D, Frangou S, Siever LJ, Haroutunian V 
(2012) Molecular and genetic evidence for abnormalities in 
the nodes of Ranvier in schizophrenia. Arch Gen Psychia-
try 69:7–15 Available at: http://www.ncbi.nlm.nih.gov/pub-
med/21893642. Retrieved May 27, 2014.

Ruest T, Holmes WM, Barrie J a, Griffiths IR, Anderson TJ, Dewar 
D, Edgar JM (2011) High-resolution diffusion tensor imaging 
of fixed brain in a mouse model of Pelizaeus-Merzbacher dis-
ease: comparison with quantitative measures of white mat-
ter pathology. NMR Biomed 24:1369–1379 Available at: http://
www.ncbi.nlm.nih.gov/pubmed/22223367. Retrieved Febru-
ary 19, 2013.

Samartzis L, Dima D, Fusar-Poli P, Kyriakopoulos M (2013) White 
Matter Alterations in Early Stages of Schizophrenia: A  Sys-
tematic Review of Diffusion Tensor Imaging Studies. J Neu-
roimaging:1–10 Available at: http://www.ncbi.nlm.nih.gov/
pubmed/23317110. Retrieved June 30, 2013.

Saxena K, Tamm L, Walley A, Simmons A, Rollins N, Chia J, Soares 
JC, Emslie GJ, Fan X, Huang H (2012) A Preliminary Investi-
gation of Corpus Callosum and Anterior Commissure Aber-
rations in Aggressive Youth with Bipolar Disorders. J Child 
Adolesc Psychopharmacol 22:112–119.

Segal D, Haznedar MM, Hazlett E a, Entis JJ, Newmark RE, Toros-
jan Y, Schneiderman JS, Friedman J, Chu K-W, Tang CY, Buchs-
baum MS, Hof PR (2010) Diffusion tensor anisotropy in the 
cingulate gyrus in schizophrenia. Neuroimage 50:357–365 
Available at: http://www.ncbi.nlm.nih.gov/pubmed/20045072. 
Retrieved July 27, 2012.

Shenton ME, Dickey CC, Frumin M, McCarley RW (2001) A review 
of MRI findings in schizophrenia. Schizophr Res 49:1–52.

Shizukuishi T, Abe O, Aoki S (2013) Difusion Tensor Imaging 
Analysis for Psychiatric Disorders. Magn Reson Med Sci 
12:153–159.

Smaga I, Niedzielska E, Gawlik M, Moniczewski A, Krzek J, Pera 
J, Filip M, Przegalin E (2015) Pharmacological Reports Oxida-
tive stress as an etiological factor and a potential treatment 
target of psychiatric disorders. Part 2.  Depression, anxiety, 
schizophrenia and autism. 67:569–580.

http://www.ncbi.nlm.nih.gov/pubmed/15098003
http://www.ncbi.nlm.nih.gov/pubmed/20573561
http://www.r-project.org/
http://www.ncbi.nlm.nih.gov/pubmed/19576938
http://www.jneurosci.org/cgi/doi/10.1523/JNEUROSCI.5528-12.2013
http://www.jneurosci.org/cgi/doi/10.1523/JNEUROSCI.5528-12.2013
http://www.ncbi.nlm.nih.gov/pubmed/19528963
http://www.ncbi.nlm.nih.gov/pubmed/19528963
http://www.ncbi.nlm.nih.gov/pubmed/21893642
http://www.ncbi.nlm.nih.gov/pubmed/21893642
http://www.ncbi.nlm.nih.gov/pubmed/22223367
http://www.ncbi.nlm.nih.gov/pubmed/22223367
http://www.ncbi.nlm.nih.gov/pubmed/23317110
http://www.ncbi.nlm.nih.gov/pubmed/23317110
http://www.ncbi.nlm.nih.gov/pubmed/20045072


Corcoba et al.  |  11

Smith J, Ladi E, Mayer-Proschel M, Noble M (2000) Redox state 
is a central modulator of the balance between self-renewal 
and differentiation in a dividing glial precursor cell. Proc Natl 
Acad Sci U S A 97:10032–10037 Available at: http://www.pub-
medcentral.nih.gov/articlerender.fcgi?artid=27662&tool=pm
centrez&rendertype=abstract.

Song S-K, Sun S-W, Ramsbottom MJ, Chang C, Russell J, Cross 
AH (2002) Dysmyelination Revealed through MRI as Increased 
Radial (but Unchanged Axial) Diffusion of Water. Neuroim-
age 17:1429–1436 Available at: http://linkinghub.elsevier.com/
retrieve/pii/S105381190291267X. Retrieved July 18, 2011.

Steen R, Mull C, McClure R, Hamer R, Lieberman J (2006) Brain 
volume in first-episode schizophrenia Systematic review and 
meta-analysis of magnetic resonance imaging studies. Br J 
Psychiatry 188:510–518.

Steullet P, Cabungcal J-H, Kulak A, Kraftsik R, Chen Y, Dalton TP, 
Cuenod M, Do KQ (2010) Redox dysregulation affects the ven-
tral but not dorsal hippocampus: impairment of parvalbumin 
neurons, gamma oscillations, and related behaviors. J Neuro-
sci 30:2547–2558 Available at: http://www.ncbi.nlm.nih.gov/
pubmed/20164340. Retrieved December 16, 2013.

Strakowski SM, DelBello MP, Zimmerman ME, Getz GE, Mills NP, 
Ret J, Shear P, Adler CM (2002) Ventricular and periventricular 
structural volumes in first- versus multiple-episode bipolar 
disorder. Am J Psychiatry 159:1841–1847.

Szabó L, Lajkó K, Barabás K, Matkovics B (1983) Effects of neu-
roleptics on the lipid peroxidation and peroxide metabolism 
enzyme activities in various discrete areas of the rat brain. 
Gen Pharmacol 14:537–539 Available at: http://www.ncbi.nlm.
nih.gov/pubmed/6642195.

Thomason ME, Thompson PM (2011) Diffusion imaging, white 
matter, and psychopathology. Annu Rev Clin Psychol 7:63–
85.

Tkachev D, Mimmack ML, Ryan MM, Wayland M, Freeman T, 
Jones PB, Starkey M, Webster MJ, Yolken RH, Bahn S (2003) 
Mechanisms of disease Oligodendrocyte dysfunction in 
schizophrenia and bipolar disorder. Lancet 362:798–805.

Tosic M, Ott J, Barral S, Bovet P, Deppen P, Gheorghita F, Matthey 
M-L, Parnas J, Preisig M, Saraga M, Solida A, Timm S, Wang AG, 
Werge T, Cuénod M, Do KQ (2006) Schizophrenia and oxida-
tive stress: glutamate cysteine ligase modifier as a suscepti-
bility gene. Am J Hum Genet 79:586–592 Available at: http://
www.pubmedcentral.nih.gov/articlerender.fcgi?artid=155955
5&tool=pmcentrez&rendertype=abstract.

Tranberg M, Stridh MH, Guy Y, Jilderos B, Wigström H, Weber SG, 
Sandberg M (2004) NMDA-receptor mediated efflux of N-acet-
ylaspartate: Physiological and/or pathological importance? 
Neurochem Int 45:1195–1204.

Uranova N, Orlovskaya D, Vikhreva O, Zimina I, Kolomeets N, 
Vostrikov V, Rachmanova V (2001) Electron microscopy of 
oligodendroglia in severe mental illness. Brain Res Bull 
55:597–610 Available at: http://www.ncbi.nlm.nih.gov/pub-
med/11576756.

Vita a., De Peri L, Silenzi C, Dieci M (2006) Brain morphology 
in first-episode schizophrenia: A  meta-analysis of quanti-
tative magnetic resonance imaging studies. Schizophr Res 
82:75–88.

Vostrikov VM, Uranova N a, Orlovskaya DD (2007) Deficit of 
perineuronal oligodendrocytes in the prefrontal cortex in 
schizophrenia and mood disorders. Schizophr Res 94:273–280 
Available at: http://www.ncbi.nlm.nih.gov/pubmed/17566708. 
Retrieved December 24, 2014.

Wang J, Shao L, Sun X, Young L (2009) Increased oxidative stress 
in the anterior cingulate cortex of subjects with bipolar disor-
der and schizophrenia. Bipolar Disord 11:523–529.

White T, Cullen K, Rohrer LM, Karatekin C, Luciana M, Schmidt 
M, Hongwanishkul D, Kumra S, Charles Schulz S, Lim KO 
(2008a) Limbic structures and networks in children and ado-
lescents with schizophrenia. Schizophr Bull 34:18–29 Avail-
able at: http://www.pubmedcentral.nih.gov/articlerender.
fcgi?artid=2632381&tool=pmcentrez&rendertype=abstract. 
Retrieved June 12, 2013.

White T, Nelson M, Lim KO (2008b) Diffusion Tensor Imaging in 
Psychiatric Disorders. Top Magn Reson Imaging 17:97–107 
Available at: http://journals.lww.com/topicsinmri/Full-
text/2008/04000/Diffusion_Tensor_Imaging_in_Psychiatric_
Disorders.4.aspx.

Wright IC, Rabe-Hesketh S, Woodruff PW, David a S, Murray RM, 
Bullmore ET (2000) Meta-analysis of regional brain volumes 
in schizophrenia. Am J Psychiatry 157:16–25 Available at: 
http://www.ncbi.nlm.nih.gov/pubmed/10618008.

Yang J, Ruchti E, Petit J-M, Jourdain P, Grenningloh G, Allaman 
I, Magistretti PJ (2014) Lactate promotes plasticity gene 
expression by potentiating NMDA signaling in neurons. 
Proc Natl Acad Sci:3–8 Available at: http://www.pnas.org/cgi/
doi/10.1073/pnas.1322912111.

Yang Y, Dieter MZ, Chen Y, Shertzer HG, Nebert DW, Dalton TP 
(2002) Initial characterization of the glutamate-cysteine 
ligase modifier subunit Gclm(-/-) knockout mouse. Novel 
model system for a severely compromised oxidative stress 
response. J Biol Chem 277:49446–49452 Available at: http://
www.ncbi.nlm.nih.gov/pubmed/12384496. Retrieved October 
9, 2013.

Yao JK, Keshavan MS (2011) Antioxidants, redox signaling, and 
pathophysiology in schizophrenia: an integrative view. Anti-
oxid Redox Signal 15:2011–2035 Available at: http://www.
pubmedcentral.nih.gov/articlerender.fcgi?artid=3159108&to
ol=pmcentrez&rendertype=abstract. Retrieved May 27, 2014.

Yao JK, Leonard S RR (2006) Altered glutathione redox state in 
schizophrenia. Dis Markers 22:83–93.

Yao L, Lui S, Liao Y, Du M-Y, Hu N, Thomas J a, Gong Q-Y (2013) 
White matter deficits in first episode schizophrenia: an acti-
vation likelihood estimation meta-analysis. Prog Neuropsy-
chopharmacol Biol Psychiatry 45:100–106 Available at: http://
www.ncbi.nlm.nih.gov/pubmed/23648972. Retrieved January 
13, 2015.

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=27662&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=27662&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=27662&tool=pmcentrez&rendertype=abstract
http://linkinghub.elsevier.com/retrieve/pii/S105381190291267X
http://linkinghub.elsevier.com/retrieve/pii/S105381190291267X
http://www.ncbi.nlm.nih.gov/pubmed/20164340
http://www.ncbi.nlm.nih.gov/pubmed/20164340

