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N-Acetylcysteine Normalizes Neurochemical Changes
in the Glutathione-Deficient Schizophrenia Mouse
Model During Development
Joao Miguel das Neves Duarte, Anita Kulak, Mehdi Mohammad Gholam-Razaee, Michel Cuenod,
Rolf Gruetter, and Kim Quang Do

Background: Glutathione (GSH) is the major cellular redox-regulator and antioxidant. Redox-imbalance due to genetically impaired GSH
synthesis is among the risk factors for schizophrenia. Here we used a mouse model with chronic GSH deficit induced by knockout (KO) of the
key GSH-synthesizing enzyme, glutamate-cysteine ligase modulatory subunit (GCLM).

Methods: With high-resolution magnetic resonance spectroscopy at 14.1 T, we determined the neurochemical profile of GCLM-KO,
heterozygous, and wild-type mice in anterior cortex throughout development in a longitudinal study design.

Results: Chronic GSH deficit was accompanied by an elevation of glutamine (Gln), glutamate (Glu), Gln/Glu, N-acetylaspartate, myo-
Inositol, lactate, and alanine. Changes were predominantly present at prepubertal ages (postnatal days 20 and 30). Treatment with
N-acetylcysteine from gestation on normalized most neurochemical alterations to wild-type level.

Conclusions: Changes observed in GCLM-KO anterior cortex, notably the increase in Gln, Glu, and Gln/Glu, were similar to those reported
in early schizophrenia, emphasizing the link between redox imbalance and the disease and validating the model. The data also highlight the
prepubertal period as a sensitive time for redox-related neurochemical changes and demonstrate beneficial effects of early N-acetylcysteine
treatment. Moreover, the data demonstrate the translational value of magnetic resonance spectroscopy to study brain disease in preclinical

models.
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O xidative stress and impaired redox-regulation occur in neu-
rodegenerative diseases such as Parkinson’s (1), Alzhei-
mer’s (2), and Huntington disease (3), as well as in psychiat-

ic pathologies including bipolar disorder (4) and schizophrenia (5).
hereas redox-dysregulation in neurodegenerative diseases is

ikely a downstream consequence of other primary causes, compel-
ing data suggest that redox-dysregulation is a primary risk factor
or schizophrenia (5). Indeed, glutathione (GSH), the major cellular
edox-regulator and antioxidant, is decreased in cerebrospinal
uid, medial prefrontal cortex (6,7) and postmortem striatum (8) of
chizophrenia patients. Furthermore, the two genes coding for the
ey GSH-synthesizing enzyme, glutamate-cysteine ligase catalytic

GCLC) and modifier (GCLM) subunits, are associated with schizo-
hrenia (9,10). Polymorphisms of trinucleotide repeats on the GCLC
ene are accompanied by reduced enzyme activity, decreased GSH

evels, and higher risk for the disease (10). Moreover, the response
o an oxidative stress challenge in patient fibroblasts is depressed
10), indicating a deficit in GSH regulation. Thus, in combination

ith environmental insults that generate oxidative stress, this re-
ox dysregulation may play a central role in schizophrenia (5,11).
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To investigate the link between redox imbalance and the
isease, we study mice with genetic deletion (knockout) of the
CLM gene (KO) (12), which display a sustained GSH deficit
ompared with wild-type mice (WT) (12,13). GCLM-KO mice ex-
ibit phenotypic anomalies that are similar to those observed in
atients: impaired parvalbumine (PV) immunoreactive fast-
piking (FS) gamma-aminobutyric acid (GABA)ergic interneu-
ons and oscillatory network activity in the ventral hippocampus
13) and anterior cingulate cortex (ACC) (14), deficits in myelina-
ion (15), and alterations in social and stress-related behaviors
14). These deficits are aggravated by additional oxidative stress
uring particular developmental periods (14). This is in line with

he notion that schizophrenia is a neurodevelopmental disease
nvolving progressive deterioration during childhood and ado-
escence (16,17).

Schizophrenia patients display brain neurochemical alterations,
s revealed by in vivo magnetic resonance spectroscopy (MRS). A
eta-analysis revealed consistently decreased N-acetylaspartate

NAA) concentrations across different brain regions (18). This find-
ng has received further support from recent studies in hippocam-
us (19), striatum (20,21), thalamus (22), and ACC (23). Others have
emonstrated increased NAA levels in hippocampus of chronic
atients (24) and prefrontal cortex of high-risk adolescents (21).
lterations are also frequently reported for glutamine (Gln), gluta-
ate (Glu), and Gln/Glu. Like the case for NAA, the direction of the

hanges is variable. Accordingly, increased levels of Gln, Glu, or
ln/Glu have been found in early stages of the disease (23,25–27),
hereas decreased levels have been observed in chronic patients

28,29). MRS can be applied both in clinical subjects and preclinical
nimal models. As such, it represents a methodology of choice for
ranslational approaches. Indeed, a recent preclinical MRS study
eported elevated Gln/Glu and altered brain glucose and lactate

etabolism in prefrontal cortex of rats with N-methyl-D-aspartate
eceptor (NMDAR) hypofunction (30), a model that mimics schizo-

hrenia symptoms (31,32).
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Here we used state-of-the-art high-resolution MRS at 14.1 T in a
preclinical setting to investigate noninvasively whether redox im-
balance induces neurochemical alterations in GCLM-KO anterior
cortex similar to those observed in patients. In contrast to most
clinical studies, which routinely quantify concentrations of only few
metabolites at one time point of the disease, we measured a profile
of 18 metabolites in a longitudinal study design (33). Thus, one
objective was to screen the GCLM-KO mouse brain at various stages
of development for relevant neurochemical changes to pinpoint
sensitive periods. Because GSH depletion in GCLM-KO mice was
associated with schizophrenia-relevant neurochemical alterations,
another objective was to test whether partially restoring the redox
balance in these animals with N-acetylcysteine (NAC) (34) would
normalize their neurochemical profile. NAC serves as precursor for
GSH synthesis (35) and exerts direct antioxidant effects (36). Given
to patients as adjunct to their antipsychotic therapy, NAC alleviates
negative symptoms, reduces side effects (37), and improves a pre-
attentional component of the auditory evoked potential on electro-
encephalogram (38).

Methods and Materials

Animals
GCLM-KO animals were generated (12) and kindly provided by

TP Dalton (Cincinnati University, Ohio). Mice used for this study
were bred and maintained in the local animal facility in a tempera-
ture- and humidity-controlled environment under a 12-h light–
dark cycle with free access to food and water. All experiments were
performed in accordance with the Guide for the Care and Use of
Laboratory Animals (39) and were approved by the cantonal veteri-
nary office.

Design
The first experiment investigated whether the developing ante-

rior cortical neurochemical profile differed between GCLM geno-
types. A second experiment assessed whether NAC treatment
normalizes the observed genotype differences. To account for test–
retest reliability, a non-NAC-treated control group for each geno-
type was included in the second experiment. This resulted in overall
more non-NAC-treated versus NAC-treated animals. Respective an-
imal numbers are as follows: 27 GCLM-KO (17 nontreated; 10 NAC-
treated), 25 heterozygous (HZ; 19 nontreated; 6 NAC-treated), and
32 WT (20 nontreated; 12 NAC-treated) mice. In both experiments, a
mixed cohort of male and female mice was used (the number of
males and females was balanced in each experimental group).

1H-Magnetic Resonance Spectroscopy
In vivo 1H-MRS has been implemented on clinical platforms to

allow the quantification of neurochemical profiles comprising 14
metabolites (40,41). It has also been validated for rodents to deter-
mine a profile of 20 metabolites (42). Here, we quantified 18 metab-
olites at postnatal Days (P)10, P20, P30, P60, and P90, using a Direct-
Drive spectrometer (Varian, Palo Alto, California) interfaced to an
actively shielded 14.1-T magnet with a 26-cm horizontal bore (Mag-
nex Scientific, Abingdon, United Kingdom) and a quadrature 1H
coil, as previously described (33). Briefly, field homogeneity was
achieved with FAST(EST)MAP (43,44) and spectra were acquired
using SPECIAL (45) with echo time of 2.8 msec, repetition time of 4
sec from the anterior cortex (voxel of interest at .62 rela-
tive to bregma; volume ranged from 2.5 to 3.8 �L across ages) of
mice under isoflurane (Attane, Minrad, New York) anesthesia. Me-
tabolite concentrations were quantified with LCModel (Stephen
Provencher, Oakville, Canada) including a macromolecule spec-

trum in the database and scaling concentrations to corrected water 1
ontent as measured from unsuppressed water spectra (33). Effects
f repeated isoflurane anesthesia on the neurochemical profile and
n behavior were investigated previously and can be largely ruled
ut (33).

AC Treatment
NAC (Fluimucil, Zambon, Switzerland) was administered in

rinking water at 2.4 g/L (480 mg/kg NAC per adult animal; calcu-
ated based on an average water consumption of 5 mL/animal/day
nd average animal body weight of 25 g; comparable to Atkuri et al
34]) before and during mouse pregnancy and after birth through-
ut the experimental period. Fresh solutions were prepared every
ther day. Average daily drinking volume per adult animal was
ignificantly lower in NAC-treated animals across all three geno-
ypes (4.78 mL � SEM .19) compared with non-NAC-treated control
nimals (6.69 mL � SEM .27; p � .001; n � 30) but was within the
ormal range compared with other studies (46).

lood Glutathione Measurements
To assess whether NAC consumed by the dam is transmitted to

er suckling pups, blood samples were collected from offspring of
AC-treated and non-NAC-treated dams at P10. Samples were also
ollected at P30, by which age animals drink NAC in water on their
wn. Increased blood GSH levels were taken as indirect measure of
NAC effect. Accordingly, GCLM-KO (P10 nontreated: n � 6; NAC-

reated: n � 5; P30 nontreated: n � 8; NAC-treated: n � 7) and WT
P10 nontreated: n � 6; NAC-treated: n � 4; P30 nontreated: n �
; NAC-treated: n � 8) animals were decapitated. Trunk blood
as collected in ethylenediamine tetraacetate K3E microvettes

Sarstedt, Nuembrecht, Germany), shock frozen on dry ice, and
tored at �80° C. Total GSH concentration in whole blood was
etermined using a colorimetric assay from Calbiochem (EMD Bio-
ciences, Darmstadt, Germany), with a sensitivity of 5 �mol/mL.
amples were analyzed in triplicates (intraassay variation coeffi-
ient of 3.42%; interassay variation coefficient of 3.58%).

tatistical Analysis
A multiple regression was fitted for each metabolite at each time

oint to compare metabolite concentrations between the three
enotypes using R environment (The R project for Statistical Com-
uting); Bonferroni adjustment (for five time points) was applied to
ach comparison to avoid the inflation of Type I error. Animals’ sex
as controlled for in all regression models. Fit adequacy was as-

essed for each multiple regression (47). To test whether NAC treat-
ent had normalizing effects, metabolite concentrations of NAC-

reated KO and HZ animals were compared with non-NAC-treated
T animals at relevant time points (i.e., when metabolites had been

ignificantly different from WT in non-NAC-treated condition) with
wo-way analysis of variance (ANOVA) considering sex as the sec-
nd factor. The effect of NAC within genotypes was assessed for
ach metabolite and time point using two-way ANOVA (treat-
ent � gender) with Bonferroni adjustment for the five time

oints. To assess whether blood GSH levels differed between geno-
ypes, one-way ANOVA was performed for NAC- and non-NAC-
reated animals at P10 and P30 including samples of both genders.
ignificant genotype effects were followed up with independent-
ample t tests. Whether blood GSH levels were increased in NAC-
ersus non-NAC-treated WT and HZ animals at P10 was assessed
ith independent-sample t tests. Average drinking volume of non-
AC-treated versus NAC-treated animals was analyzed with an in-
ependent-sample t test including data of all genotypes and both
enders. The ANOVA and t tests were performed in PASW Statistics

8 (SPSS, Somers, New York).

www.sobp.org/journal
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Results

Spectra allowed quantifying a profile of 18 metabolites with
Cramer-Rao lower bound (CRLB) below 25% with few exceptions for
metabolites that occur at low concentration in cortex. The CRLB was
above 25% for four measurements of N-acetylaspartylglutamate
between P20 and P60 (at maximum 48%) and of aspartate (Asp) at
P10 (at maximum 31%). GSH concentrations in the cortex of
GCLM-KO mice were very low and below the detection limit and
thus associated with high CRLB at all time points. As observed in
Figure 1, the neurochemical profile of all genotypes generally
changed as function of development (33).

Neurochemical Alterations in GCLM-KO and HZ Mice
GCLM-KO Mice. The analyses revealed age-specific neuro-

chemical alterations in GCLM-KO cortex relative to WT (Figure 1A
“nontreated”; summarized in Table 1). As expected, spectra of KO
mice showed substantially decreased GSH levels across all ages (at
least �83% relative to WT [at P10; � � �.7, t (47) � �7.6, p � 0.005].
This GSH deficit induced prominent neurochemical alterations at
prepubertal age P20 as exemplified in Figure 2A: an increase of
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Figure 1. Cortical neurochemical profile of nontreated control and N-acety
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ln [�35%; � � 1.01, t (49) � 4.09, p � .005], Glu [�12%; � � 1.05,
(49) � 2.95, p � .05], and Gln/Glu [�23%; � � .98, t (49) � 3.08, p �

05], as well as of myo-inositol [Ins; �24%; � � .5, t (49) � 2.89, p �
05] and NAA [�14%; � � .99, t (49) � 3.38, p � .05] relative to WT.

ln [�34%; � � .95, t (49) � 2.74, p � .05] and Gln/Glu [�21%; � �
65, t (49) � 3.16, p � .05] remained elevated at P30. At adult age
90, the concentrations of lactate [Lac; �68%; � � 1.15, t (48) �
.04, p � .005] and alanine [Ala; �28%; � � .3, t (48) � 2.9, p � .05]
ere increased. As shown in Figure 1B (“nontreated”), the other
etabolites remained unaffected by GSH deficit.

GCLM-HZ Mice. Compared with WT, the spectra of HZ animals
isplayed a slight reduction of cortical GSH concentration at most
evelopmental ages with a significant decrease at P60 [�24%; � �
.28, t (48) � �3.58, p � .05]. This slight but consistent GSH deficit
as accompanied by an elevation of Gln [�23%; � � .74, t (49) �

.01, p � .05] and a decrease in Ala [�24%; � � �.34, t (49) � �2.73,
� .05] at P20. See Figure 1A (“nontreated”; summarized in Table 1).

AC Treatment
NAC Affects the Neurochemical Profile of All Genotypes.

ithin-genotype comparisons revealed NAC-induced neurochem-
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ical changes for all genotypes (Figure 1; summarized in Table 2).
hese changes were most prominent in WT, which showed in-
reased Ins (�41%) and glycerophosphocholine/phosphocholine
GPC/PCho; �65%) at P10, as well as increased ascorbate (Asc; 21%),
la (�24%), and taurine (Tau; �28%) and decreased Gln (�32%)

and Gln/Glu (�47%) at P20. NAC-treated HZ mice only displayed an
increase in GPC/PCho (�33%) at P90 compared to non-NAC-
treated HZ. In KO mice, NAC treatment decreased Gln (�24%) con-
centrations at P20 and phosphoethanolamine (PE; �47%) at P90 in
comparison to non-NAC-treated KO. See Table 2 for significance
levels.

NAC Has Normalizing Effects in GCLM-KO and HZ Animals.
Considering the previously identified neurochemical anomalies in
GCLM-KO and HZ animals relative to WT, we assessed whether NAC
has normalizing effects. As indicated in Figure 1A (“NAC-treated”)
and Table 1, NAC treatment from gestation onward normalized the
concentrations of Gln, Glu, Gln/Glu, and Ins in young P20 KO ani-
mals, as well as the concentration of Ala in adult P90 KO animals to
non-NAC-treated WT level. In HZ animals, NAC treatment similarly
normalized Gln and Ala levels at P20. GSH concentration at P60 was
not statistically more different between NAC-treated HZ animals
and WT. Rather than being a NAC-induced normalization, we sug-
gest this was due to relatively high intersubject variability in the
NAC-treated group.

NAC Treatment of the Dam Increases Blood GSH in Prewean-
ling WT and HZ Offspring. Table 3 summarizes data obtained
from whole-blood GSH measurements at P10 and P30. As in the
brain, GSH levels in the blood of KO (NAC- and nontreated) animals
were drastically decreased compared with WT and HZ at both P10
and P30. GSH concentrations in nontreated HZ animals were similar
to WT at both ages. Consistent with the developmental trend of
cortical GSH concentrations, blood GSH levels in nontreated ani-
mals strongly increased from P10 to P30. NAC treatment signifi-
cantly upregulated GSH levels in WT at P10 but not at P30. A similar
trend was present in HZ animals. Thus, NAC increased blood GSH
levels early on when endogenous GSH concentrations were still
relatively low. NAC treatment had no effect on blood GSH levels in
KO animals.

Discussion

We used 1H-MRS at 14.1 T to determine the cortical neurochem-
ical profile of GCLM-KO, HZ, and WT mice throughout development
and to investigate the effect of redox imbalance due to GSH deficit,

Table 1. Neurochemical Alterations in Anterior Cortex of GCLM-KO and HZ

P10 P20

HZ KO HZ KO

Glutathione 2283% 2283%
Glutamate 112%
Glutamine 123% 1135%
Gln/Glu 123%
N-Acetylaspartate 1 14%
Lactate
myo-Inositol 124%
Alanine 224%

This table summarizes significant differences between genotypes in th
shows which of these differences between genotypes were normalized to n
the direction of the neurochemical change (i.e., arrows pointing down indica
One arrow represents .005 � p � .05. Two arrows reflect p � .005. Underlin

Gln, glutamine; Glu, glutamate; HZ, heterozygous; KO, knockout; NAC, N
which has been implicated in schizophrenia (5,11). The high resolu- w
ion and sensitivity of the method allowed us to identify a profile of
edox-sensitive metabolites—namely, Gln, Glu, Gln/Glu, NAA, Ins,
ac, and Ala. The majority of these metabolites were altered in
oung KO animals during the prepubertal period (P20 and P30).
xceptions were Lac and Ala, which accumulated in the adult KO
ortex as a consequence of chronic GSH deficit. Long-term treat-
ent with NAC normalized most neurochemical alterations to WT

evel.

hronic GSH Deficit Induces Neurochemical Alterations in
nterior Cortex

Compared with WT, GCLM-KO mice displayed a severe and sustained
SH depletion in anterior cortex, which was accompanied by increased
oncentration of Glu, a neurochemical precursor of GSH. Notably, Glu
ccumulation is also observed in neuronal cultures treated with the GSH
ynthesis inhibitor L-buthionine-(S,R)-sulfoximine (BSO) (48). GCL enzyme
unction is impaired in both GCLM-KO and BSO-treated conditions. As a
esult, less Glu is incorporated into GSH and may accumulate, po-
entially leading to excitotoxicity (49) and impaired cell energy

etabolism (50). Increased Glu levels are consistent with the
MDAR hypofunction theory of schizophrenia (51). NMDARs are
rucial to control the normal firing rate of FS interneurons (52).
MDAR hypo-function renders FS interneurons less excitable, re-

ulting in persistent disinhibition of pyramidal neurons and in-
reased extracellular Glu. Interestingly, PV FS interneurons are func-
ionally impaired in ACC of GCLM-KO mice (5,53). Whether this PV
nterneuron impairment is associated with NMDAR hypofunction
emains unclear. High Glu levels in the GCLM-KO anterior cortex are
lso in line with the recently reported antipsychotic efficacy of
gonists for the mGluR-2 receptors, which inhibit neuronal Glu
elease at high extracellular Glu concentration (54,55).

The GCLM-KO anterior cortex was furthermore characterized by
levated Gln and Gln/Glu. Together with increased Glu, these neu-
ochemical alterations may reflect differences in number or metab-
lism of specific cell types within this region compared with WT.
hus, future studies will need to clarify whether PV deficit in
CLM-KO ACC (5,53) is associated with a loss of PV FS interneurons.
levated Gln/Glu could also be a consequence of increased extra-
ellular synaptic Glu concentration, which stimulates the Glu–Gln
ycle. Accordingly, it has been reported that Gln synthesis is poten-
iated in response to high extracellular Glu via a functional coupling
etween the glutamate transporter EAAT2 and glutamine synth-
se (56).

Increased concentrations of Gln, Glu, and Gln/Glu are consistent

Relative to WT and the Effect of NAC

P30 P60 P90

HZ KO HZ KO HZ KO

2285% 224% 2288% 2295%

134%
121%

1168%

128%

rochemical profile of KO and HZ animals compared with WT. Moreover, it
AC-treated WT level in response to chronic NAC treatment. Arrows indicate
at this metabolite concentration is decreased relative to WT and vice versa).
ects were normalized by NAC treatment to nontreated WT levels.
ylcysteine; P, postnatal day; WT, wild type.
Mice

e neu
on-N
te th

ed eff
ith clinical MRS data from early stages of schizophrenia. Accord-

www.sobp.org/journal
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ingly, a study with nonpsychotic adolescents at high genetic risk
(25) and other studies with first-episode drug-naive (26) or mini-
mally treated patients (23) reported increased Gln, Glu, or Gln/Glu.
In contrast, studies with chronic patients frequently report a de-
crease in the concentrations of these metabolites (28,29). This sug-
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Figure 2. (A) Representative in vivo 1H-MRS spectra acquired at 14.1 T from
he anterior cortex of wild type (WT) and knockout (KO) mice at postnatal
ay (P) 20. Most prominent alterations induced by glutathione (GSH) deple-

ion were observed at this age and are evidenced by the difference spec-
rum—namely, increased NAA, Glu, Gln, Ins, and Cre concentrations. The

ost intense resonance of GSH at 3.77 ppm overlaps with Glu and Gln,
asking the decrease of the GSH peak. For resolution enhancement, a

hifted Gaussian function (gf � .12 and gsf � .05) was applied before Fourier
transformation. (B) Fit of the 1H-MRS spectrum from the anterior cortex of a
P20 mouse anterior cortex. The LCModel fit line is shown in red over the raw
spectrum. A decomposition of the fit line in spectra of the individual metab-
olites is shown below, notably also for GSH. Ala, alanine; Asc, ascorbate; Asp,
aspartate; Cr, creatine; GABA, 	-aminobutyrate; Gln, glutamine; Glu, gluta-
mate; GSH, glutathione; Gly, glycine; GPC, glycerophosphocholine; Lac, lac-
tate; Ins, myo-inositol; Mac, macromolecule baseline; NAA, N-acetylaspar-
tate; NAAG, N-acetylaspartylglutamate; PE, phosphoethanolamine; PCho,
phosphocholine; PCr, phosphocreatine; Tau, taurine.
gests that chronic illness and medication lead to a gradual progres- a

www.sobp.org/journal
ion of neurochemical changes and that increased Gln, Glu, and
ln/Glu may serve as metabolic markers for the early disease state.

The anterior cortex of GCLM-KO mice also displayed increased
AA concentration. Changes in NAA concentration are observed in
rains of schizophrenia patients across various regions. However, in
ontrast to our results, patient studies generally point toward de-
reased concentrations (18). It should be noted, however, that this
ecrease in NAA concentration is subtle and requires large sample
izes to be detected, which may be related to considerable hetero-
eneity among schizophrenia patients. Indeed, few studies have

eported an elevation of NAA levels in the hippocampus of schizo-
hrenia patients (23) and in prefrontal cortex of adolescents at high
enetic risk (21). Our results are thus in line with a general NAA
athology in patients. In GCLM-KO mice, increased NAA levels are
resent at prepubertal age, which has so far not been studied in
linical settings. The prepubertal period around P20 is character-

zed by a high rate of myelination (57,58). NAA accumulation in
CLM-KO mice may, therefore, reflect reduced deacetylation by
ligodendrocytes, which is essential for the synthesis of myelin

ipids (59). Impaired cortical myelination is in agreement with re-
uced immunoreactivity of myelin basic protein in GCLM-KO ACC
ompared with WT (15). Interestingly, gene expression profiling,
eurocytochemical, and neuroimaging studies also strongly sug-
est compromised myelination in schizophrenia (60,61). The in-
rease in Ins levels at the same age, P20, may reflect a reduction in
ynthesis of phospholipids, its incorporation into lipid membranes,
r both (62,63). Altered Ins concentration has been observed in the
rain of schizophrenia patients (28,64) and has been linked to cog-
itive impairment in several neurological disorders (65– 67).

At P90, chronic GSH deficit in KO animals resulted in a drastic
ccumulation of cortical Lac and increased Ala concentration,
hich may be related to altered glucose metabolism and mito-

hondrial dysfunction. Indeed, it has been demonstrated that oxi-
ative stress diminishes mitochondrial oxidative phosphorylation
nd activity of the citric acid cycle enzyme alpha-ketoglutarate
ehydrogenase (68), which can contribute to both Lac accumula-

ion and increased Glu. The fact that Lac and Ala accumulate in
dult KO but not in HZ animals, which experience only a transient
SH deficit, suggests that accumulation of both metabolites marks

he long-term consequences of chronic GSH deficiency. Clinical
tudies reveal discrepant Lac and Ala changes in patients’ postmor-
em brain tissue (69 –71), cerebrospinal fluid (72,73) and plasma
74). Because these two metabolites have not been quantified in pa-
ients with in vivo MRS, it remains unclear how our results relate to
atient cortical neurochemical data. We propose that the concentra-

ions of Lac and Ala in the patient brain may serve as important indica-
ors for long-term redox-related changes in future in vivo MRS studies.

eurochemical Alterations in GCLM-KO Mice Occur Primarily
t Prepubertal Ages

Prominent neurochemical alterations in GCLM-KO mice at pre-
ubertal ages P20 and P30 suggest high GSH demand during this
eriod. At this age, cerebral metabolism must meet energy require-
ents to maintain the high rate of cellular differentiation, myelina-

ion, synapse formation, and axon- and dendrite-sprouting (75).
eneration of reactive oxygen species increases concomitantly.
he relative lack of GSH to neutralize these reactive oxygen species

eads to altered metabolism and cell injury—namely, in mitochon-
ria. Interestingly, metabolites such as Gln, Glu, Gln/Glu, Ins, and
AA with concentrations that were changed during the prepuber-

al period were expressed at normal levels in adulthood. This may
e related to a smaller GSH demand at adult ages. In addition, KO

nimals may develop adaptational or compensatory mechanisms
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over time at multiple neurochemical levels that account for some
but not all deficits, as evidenced by late Lac and Ala accumulation.

Effects of NAC Treatment on GSH Levels
Chronic NAC treatment increased GSH levels in the blood of WT

offspring at P10 when pups were drinking the dam’s milk, but not at
P30. This indicates for the first time that NAC effects can be trans-
mitted via the dam’s milk. The fact that NAC increased blood GSH
levels at P10 but not P30 may indicate that the early postnatal
period is characterized by a relative lack of cysteine (Cys) availability
compared with later ages. This is in accordance with the rise of GSH
levels from P10 to 30 in nontreated animals of all genotypes. In
addition, this age-dependent NAC effect could be related to a mat-
urational change in the GSH inhibitory feedback control (35). The

lood (and brain) of GCLM-KO mice showed no NAC-induced in-
rease in GSH levels. This was expected because the GSH synthesiz-

ng enzyme GCL is hypofunctional in these animals (12).
In contrast to blood, there was no detectable NAC-induced in-

crease of GSH in WT cortex. It has been demonstrated that NAC or
NAC-derived Cys crosses the blood– brain barrier (76) to boost brain
GSH levels during periods of increased oxidative stress (76,77). Here
we quantified cortical GSH levels upon NAC treatment at resting
state rather than under increased stress condition. Because brain
GSH levels are tightly regulated by a feedback inhibition system
(35), NAC-induced rise in GSH levels were likely subtle and thus
difficult to capture in cortex.

NAC Treatment Normalizes Early Neurochemical Alterations
in GCLM-HZ and KO Mice

NAC crosses the placental barrier (78) and is transmitted via the
dam’s milk, suggesting that offspring of treated females benefited

Table 2. Within Genotype Effects of NAC Treatment on Metabolite Concen

P10 P20

WT HZ KO WT HZ

scorbate 121%
lutamine 232% 2
ln/Glu 247%
hosphoethanolamine
PC/PCho 165%
lanine 124%
yo-Inositol 141%

aurine 1128%

This table summarizes significant NAC-induced metabolite changes rela
irection of the NAC-induced change (i.e., arrows pointing down indicate th
nd vice versa). One arrow represents .005 � p � .05. Two arrows reflect p �
20. P30 is characterized by a relative lack of NAC effects.

Gln, glutamine; Glu, glutamate; GPC/PCho, glycerophosphocholine/phos
ge; WT, wild type.

able 3. GSH Levels in Whole Blood

P10

Nontreated �mol/mL NAC-Treated �mol

WT .37 � .06 .73 � .03bb

HZ .37 � .07 .49 � .08
KO .12 � .02aa .14 � .07aa

Mean GSH concentrations � SEM are shown for each group. One supers
GSH, glutathione; HZ, heterozygous; KO, knockout; NAC, N-acetylcystein
aSignificant difference of GSH concentrations with respect to WT.
b
Significant increase in GSH concentration under NAC treatment.
cSignificant difference in GSH concentration of nonNAC-treated animals betw
rom NAC effects throughout the gestational and early postnatal pe-
iod. Accordingly, NAC treatment normalized most neurochemical al-
erations in KO and HZ animals at P20. Clear examples of normalized

etabolites are Gln, Glu, Gln/Glu, NAA, and Ins. KO animals also prof-
ted from NAC treatment at adult age, as indicated by the normaliza-
ion of Ala at P90. Clinical studies show that NAC as adjunct to antipsy-
hotic medication increases blood GSH levels and improves negative
ymptoms and medication side effects (37,38). This is the first report
hat chronic NAC treatment normalizes cortical neurochemical abnor-

alities in a preclinical schizophrenia model.
How can NAC exert normalizing effects in GCLM-KO mice when

AC-derived Cys cannot be incorporated into GSH? A recent study
emonstrates that NAC-derived Cys can enter an alternative redox
ystem through which it exerts direct antioxidant and redox-
egulatory actions (36). Specifically, Cys together with its oxidized
orm cystine (Cys)2 enters the (Cys)2/Cys redox cycle, which is driven
y the (Cys)2/Glu antiporter (system xc

�) (36). Interestingly, system

c
� has also been proposed to be an important mediator for the

fficacy of NAC in improving negative symptoms in patients (37).
pecifically, it has been proposed that NAC-derived Cys activates
ystem xc

�, resulting in high extracellular Glu, which then activates
xtrasynaptic mGluR-2 receptors and leads eventually to less Glu
elease from pyramidal neurons (55). Thus, in GCLM-KO mice, NAC
ormalization may be mediated in part by system xc

� either
hrough activation of mGluRs or through the (Cys)2/Cys redox cycle,
hich can compensate part of the GSH deficit.

reatment with NAC Induces Changes in the Neurochemical
rofile of All GCLM Genotypes

Within-genotype analyses revealed that NAC treatment modi-
ed the cortical neurochemical profile of all genotypes, including

ns

P30 P60 P90

WT HZ KO WT HZ KO WT HZ KO

247%
133%

o nonNAC-treated controls within the same genotype. Arrows indicate the
C reduced the metabolite concentration in animals of the same genotype

Note that most NAC-induced changes occur at early postnatal ages P10 and

holine; HZ, heterozygous; KO, knockout; NAC, N-acetylcysteine; P, postnatal

P30

Nontreated �mol/mL NAC-Treated �mol/mL

.74 � .07cc .62 � .08

.78 � .05cc .69 � .05

.38 � .08aa,c .28 � .07aa

letter represents .005 � p � .05. Two identical letters reflect p � .005.
ostnatal age; WT, wild type.
tratio

KO

24%

tive t
at NA

.005.

phoc
/mL

cript
e; P, p
een P10 and P30.
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WT. This emphasizes the importance of regular monitoring of NAC
treatment effects in human subjects, particularly in young at-risk
individuals who are not yet diagnosed with schizophrenia. NAC
effects in WT occurred especially at early ages P10 and P20.
Increased concentrations of Ala and Tau and the pronounced
decrease of Gln and Gln/Glu suggest stimulation of glycolysis
under NAC treatment (68). The pronounced increase in Tau dur-
ing early development reflects conversion of NAC-derived cys-
teine to Tau (79).

Conclusion

Our data corroborate the role of oxidative stress and redox dys-
regulation in the development of schizophrenia and add to the
validity of the GCLM-KO mouse model. Moreover, our data suggest
that the prepubertal period is particularly sensitive to redox-related
neurochemical changes, highlighting the importance of early mon-
itoring and intervention. We suggest that an elevation of Gln, Glu, or
Gln/Glu as observed in brains of early schizophrenia patients may
already be present at prepubertal age and may thus qualify as
potential early biomarker for schizophrenia in the future. NAC may
be a promising candidate for early treatment intervention. Finally,
our data highlight the translational value of MRS. This technique
has been implemented on clinical platforms to allow the quantifi-
cation of neurochemical profiles comprising 14 metabolites. Here
we show that the same technique can be reliably applied in a
preclinical schizophrenia model to quantify the same 14 (plus 4)
metabolites. This opens up new avenues for future translational
research.
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