Neuropsychopharmacology (2008) 33, 2187-2199
© 2008 Nature Publishing Group Al rights reserved 0893-133X/08 $30.00

@

www.neuropsychopharmacology.org

Glutathione Precursor, N-Acetyl-Cysteine, Improves
Mismatch Negativity in Schizophrenia Patients
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In schizophrenia patients, glutathione dysregulation at the gene, protein and functional levels, leads to N-methyl-D-aspartate (NMDA)
receptor hypofunction. These patients also exhibit deficits in auditory sensory processing that manifests as impaired mismatch negativity
(MMN), which is an auditory evoked potential (AEP) component related to NMDA receptor function. N-acetyl-cysteine (NAC), a
glutathione precursor, was administered to patients to determine whether increased levels of brain glutathione would improve MMN
and by extension NMDA function. A randomized, double-blind, cross-over protocol was conducted, entailing the administration of NAC
(2g/day) for 60 days and then placebo for another 60 days (or vice versa). |28-channel AEPs were recorded during a frequency oddball
discrimination task at protocol onset, at the point of cross-over, and at the end of the study. At the onset of the protocol, the MMN of
patients was significantly impaired compared to sex- and age- matched healthy controls (p=0.003), without any evidence of
concomitant P300 component deficits. Treatment with NAC significantly improved MMN generation compared with placebo
(p=0.025) without any measurable effects on the P300 component. MMN improvement was observed in the absence of robust
changes in assessments of clinical severity, though the latter was observed in a larger and more prolonged clinical study. This pattern
suggests that MMN enhancement may precede changes to indices of clinical severity, highlighting the possible utility AEPs as a biomarker
of treatment efficacy. The improvement of this functional marker may indicate an important pathway towards new therapeutic strategies

that target glutathione dysregulation in schizophrenia.

INTRODUCTION

The pathophysiology of schizophrenia is thought to entail
deficits at anatomical, genetic, and functional levels. Of
growing interest is the observation of decreased glutathione
(GSH) levels in cerebrospinal fluid, prefrontal cortex (Do
et al, 2000), and post-mortem caudate (Yao et al, 2006) of
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schizophrenia patients. Evidence indicates that there is a
defect in GSH synthesis at the level of the key synthesizing
enzyme, glutamate cysteine ligase. Polymorphisms in the
gene of the modifier subunit of this enzyme as well as
decreased expression of this gene have been associated with
schizophrenia (Do et al, in press; Tosic et al, 2006; Gysin
et al, 2007). GSH is a major antioxidant and redox regulator
that protects cells against oxidative stress (Meister and
Anderson, 1983). Through its function as a reducing agent,
GSH can potentiate the activity of redox sensitive proteins,
such as N-methyl-p-aspartate (NMDA) receptors (Choi and
Lipton, 2000; Kohr et al, 1994). During oxidative stress, GSH
is converted to its oxidized form and can additionally
impact NMDA receptor activity when it is transported
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extracellularly (Janaky et al, 1993; Sucher and Lipton, 1991).
Animal models in which GSH levels are decreased show
hypofunction of NMDA receptors (Steullet et al, 2006).
During development, the transitory decrease of GSH levels
in conjunction with an increase in dopamine result in
morphological (Cabungcal et al, 2006; Gheorghita et al,
2007, unpublished work) and behavioral (Cabungcal et al,
2007; Castagné et al, 2004a,b) impairments in animals that
are similar to those observed in schizophrenia (Garey et al,
1998; Glantz and Lewis, 2000; Kolluri et al, 2005; Robbins,
2005). Several studies have demonstrated that the admin-
istration of NMDA receptor antagonists, such as phency-
clidine or ketamine, induces in control subjects symptoms
that are similar to those observed in schizophrenia and
exacerbates these symptoms in patients (Krystal et al, 1994).
It has been proposed that impairments in NMDA receptor
activity may contribute to the pathophysiology of schizo-
phrenia (Coyle, 2006; Javitt and Zukin, 1991). Collectively,
these lines of evidence support the hypothesis that the
dysregulation of the GSH system reduces activity of NMDA
receptors in schizophrenia.

Deficits in NMDA receptor function can be quantitatively
and non-invasively assessed through the measurement of
auditory evoked potentials (AEPs) and in particular the
mismatch negativity (MMN). The MMN is an AEP
component pre-attentively elicited by discriminable stimulus
changes in an otherwise contiguous stream of events that
typically peaks ~150-200 ms post-stimulus onset (Nddtdnen
et al, 1978). NMDA receptor antagonists block MMN
generation in both primates (Javitt et al, 1996) and humans
(Umbricht et al, 2000), suggesting that the MMN reflects
current flow through NMDA channels. The amplitude of
MMN is known to be decreased in schizophrenia (Catts et al,
1995; Javitt et al, 1993, 1998; Shelley et al, 1991; Shutara et al,
1996; for review see Turetsky et al, 2007), further implicating
impaired NMDA function in such patients.

In the present study, we investigated whether increasing
brain levels of GSH in schizophrenia patients would
improve cerebral functioning and in particular MMN
generation (Light and Braff, 2005b). Cysteine is the limiting
precursor in the synthesis of GSH (Meister et al, 1986), but
is not an ideal delivery system to the cell as it is potentially
toxic and is spontaneously catabolized in the gastrointes-
tinal tract and blood plasma. N-acetyl-cysteine (NAC) has
therefore been used in various studies as a cysteine donor.
Given orally, NAC is quickly absorbed, and peak plasma
concentration of cysteine is reached within 120 min
(Borgstrom et al, 1986; Borgstrom and Kagedal, 1990;
Olsson et al, 1988). NAC crosses the blood-brain barrier
(Farr et al, 2003), and cysteine can be used in the brain as a
GSH precursor. Animal studies have indeed shown that
systemic administration of NAC protects the brain against
GSH depletion (Aydin et al, 2002; Ercal et al, 1996; Fu et al,
2006; Kamboj et al, 2006).

NAC was used to increase GSH levels in the context of a
larger multi-center clinical trial. Effects of GSH modulation
on the psychopathological status of patients were separately
assessed by Berk et al (2007, unpublished work). The
present study instead focuses on the objective effects of
NAC on the MMN, as well as on the GSH-related thiols
metabolic status of our subset of schizophrenia patients. We
show that NAC improves MMN in schizophrenia patients.
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MATERIALS AND METHODS
Clinical Trial Protocol

NAC (1g 2x/day) and placebo were administered to
schizophrenia patients in a double-blinded, crossover
design. The clinical trial was conducted from November
2003 to November 2005. One group received NAC for the
first 2 months and then placebo for another period of 2
months, and the other group received placebo first and then
NAC. NAC was purchased from Zambon (Italy). NAC and
placebo capsules were manufactured by DFC Thompson
(Sydney, Australia) and re-conditioned by a pharmacist of
the Department of Psychiatry of the Centre Hospitalier
Universitaire Vaudois and University of Lausanne. NAC
being a precursor of GSH, we hypothesized that increasing
brain levels of GSH in schizophrenia patients would
improve cerebral functioning and in particular MMN
generation. Electroencephalographic (EEG) recordings and
blood sampling were performed at the onset of the protocol
(baseline measurements), at the point of crossover, and at
the end of the study. Psychopathological scales were
evaluated every 2 weeks, according to the main trial
protocol; the results of which are reported elsewhere (Berk
et al, 2007, unpublished work).

Participants

Eleven patients (nine men; two women; aged 31.9+3.4
years; mean = SEM) meeting DSM-IV criteria for schizo-
phrenia were recruited from the ambulatory Schizophrenia
Service of the Department of Psychiatry of the Centre
Hospitalier Universitaire Vaudois by an experienced
psychiatrist and a psychologist well trained in Diagnostic
Interview for Genetic Studies. The mean duration of illness
was 9.4 + 2.5 years. Data from these patients at the onset of
the protocol were compared with those from 11 sex-
matched and age-matched healthy controls (nine men; two
women; aged 34.4 2.9 years), who were selected on the
basis that they had never suffered from any psychiatric
disorder.

Among the 11 patients, 9 participated in the clinical trial
and 7 completed the entire study, including EEG recordings
at crossover and at the end of the study (see Table 1). The
two patients who withdrew from the study reported that it
was too demanding for them. Of the seven patients who
completed the entire study, five were among the group that
first received NAC and then placebo; the remaining two
received placebo first and then NAC. As such, any effects
observed during NAC administration are unlikely to follow
simply from repeated task performance. Following their
recruitment, patients were given an ID number, and both
patients and investigators were blinded until the time of
analysis, when data pooling necessitated unblinding.
Patients and controls were recruited with fully informed
written consent, and all procedures were approved by the
Ethics Committee of the Faculty of Biology and Medicine of
the University of Lausanne. All 11 patients and 8 of the
healthy controls were interviewed with the Diagnostic
Interview for Genetic Studies, developed by the NIMH
(Nurnberger et al, 1994; Preisig et al, 1999).
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Patient Age (years)/ Length of Past medication Current Lifetime Lifetime PANSS scores
sex/ iliness medication diagnosis of diagnosis of CGl scores at at protocol
handedness (years) drug abuse or alcohol abuse protocol onset onset

dependence or dependence
S 1 P NG T
2 38/M/L 14 Haldol Risperdal No Yes 4 4 2121 31 73
3 46/M/R 3 Drug naive Drug free No No 5 4 18 18 39 75
4 50/M/L 10 Truxal; Haldol Risperdal; Fluctine;  No No 4 3 12 21 38 7I
Temesta

5 37/MIR 10 Clopixol; Haldol  Risperdal; Selipram; No No 4 4 I5 19 39 73
Temesta;
Tranxilium

6 35/F/R 14 Fluanxol Seruquel; No No 4 4 I5 20 31 66
Tranxilium;
Imovane; Centrum;

9 51/MR 29 Nozinan; Saroten; Leponex; Zoloft Yes No 4 4 17 16 36 69

Dapotum; Melleril
I3 35/F/IR I5 Fluctine Zyprexa; Inderal No No 4 4 I5 16 36 67

CGl and PANSS scales: S, severity; |, improvement; P, positive; N, negative; G, general psychopathology; T, total score.

EEG Experimental Paradigm

During the EEG recordings, participants were presented
with auditory pure tone stimuli (50 ms duration; 10 ms rise/
fall time; 44.1 kHz sampling rate; 70 dB SPL at the ear) and
performed a go/no-go oddball discrimination task. On the
majority of trials (80%), the pitch was 1kHz, and on the
remaining 20% it was 2kHz. Stimuli were presented
binaurally via insert earphones (model ER-4P; Etymotic
Research Inc., Elk Grove Village, IL), and the inter-stimulus
interval was 1.5s. Participants were instructed to perform a
button press upon hearing the 2kHz tone (deviant) and to
withhold responses to the 1kHz tone (standard). Stimulus
presentation and response recording were controlled by
E-prime (Psychology Software Tools Inc., Pittsburgh).

EEG Recordings and Analyses

Continuous EEG was recorded at 500 Hz (baseline measure-
ments) or 1000 Hz (crossover and at the end of the protocol)
through a 128-channel Geodesic Sensor Net system
(Electrical Geodesics Inc., Eugene, OR) referenced to the
vertex (Cz) and 100Hz low-pass filtered. Electrode im-
pedance was maintained below 50 kQ. Peri-stimulus epochs
of continuous EEG (100 ms before to 600 ms after stimulus
onset) were averaged from each participant separately for
the two different stimuli (ie standards and deviants) to
compute AEPs. Epochs with muscle activity, eye move-
ments, or other noise transients exceeding + 100 LV were
automatically rejected off-line. Data from artifact electrodes
were interpolated (Perrin et al, 1987), and AEPs were down-
sampled to a common 121-channel montage and baseline-
corrected using the 100 ms pre-stimulus period. AEPs were
then recalculated to the common average reference and
group-averaged.

For baseline recordings, AEPs from control subjects were
based on 316+24 (mean+SEM) standard and 73%5
deviant stimuli, whereas those from patients were based

on 590 £ 57 standard and 148 + 14 deviant stimuli. Patients
were presented with a larger number of stimuli to minimize
the possibility that differences between populations fol-
lowed from a lower signal-to-noise ratio in patients. The
number of trials accepted in response to standard and
deviant stimuli did not differ between recordings during
NAC and placebo treatments. Following NAC treatment,
726 £ 39 standard and 179 £ 9 deviant trials were included.
Following placebo treatment, 626195 standard and
164 + 18 deviant trials were included.

Two separate series of AEP analyses were conducted. The
first followed a between-subject designs and was carried out
to verify that our cohort of patients exhibited impaired
MMN relative to healthy controls at the onset of the
protocol, as has been repeatedly demonstrated in prior
studies of schizophrenic patients (Catts et al, 1995; Javitt
et al, 1993, 1998; Shelley et al, 1991; Shutara et al, 1996). The
second followed a within-subject designs and was carried
out to assess whether 2 months of NAC administration
restored MMN generation relative to the administration of
placebo. AEPs were analyzed following methods described
in detail elsewhere that permit the examination of both local
and global features of the electric field at the scalp (Murray
et al, 2004). We briefly summarize these methods here.

First, AEP components were identified using a topo-
graphic pattern analysis that is based on a modified atomize
and agglomerate hierarchical clustering procedure as
implemented in Cartool software (http://brainmapping.
unige.ch/cartool.htm; see also Tibshirani et al, 2005). This
clustering procedure identifies the topographies (ie maps)
dominating the group-averaged AEPs across populations/
conditions. The pattern observed at the group-average level
was then statistically assessed at the individual participant
level using a fitting procedure based on spatial correlation
(Brandeis et al, 1995; see also Murray et al, 2006, for
a recent publication of formulae), yielding a measure of
map presence. These values are then submitted to ANOVA,
revealing whether and when different maps explain
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responses from different populations/conditions and by
extension whether and when different configurations of
underlying sources are active, because topographic changes
forcibly follow from different configurations of underlying
brain networks (Lehmann, 1987). As this analysis identified
the same set and sequence of topographies in AEPs from
both patient and control groups as well as all experimental
conditions, we do not discuss it in detail in the Results
section. The main utility of the topographic pattern analysis
in the present study was in identifying the onset and offset
of AEP components according to topographic stability in
time (see Results section for details). In particular, we focus
on the N1 component, which in all cases was identified over
the 70-155 ms interval, given the evidence that the MMN is
contemporaneous in time with the N1 when standard and
deviant stimuli are highly divergent (although the MMN
generators are thought to be distinct). In addition to AEP
waveforms at specific electrode locations (which were
selected based on the AEP topography and using sites
common to prior studies), we also analyzed the strength of
the electric field at the scalp using global field power (GFP;
Lehmann and Skrandies, 1980). GFP is equivalent to the
root mean square across the electrode montage. AEP and
GFP waveform area measures (vs the 0 uV baseline) from
each stimulus condition over the 70-155ms interval were
compared between controls and patients at protocol onset,
and between NAC and placebo treatments.

We estimated the sources in the brain underlying the
AEPs from each treatment type and stimulus condition
using the LAURA distributed linear inverse solution (Grave
de Peralta Menendez et al, 2001, 2004; see Michel et al, 2004
for a comparison of inverse solution methods as well as
a discussion of the benefits of high-density electrode
montages for this purpose). LAURA selects the source
configuration that better mimics the biophysical behavior of
electric vector fields (ie activity at one point depends on the
activity at neighboring points according to electromagnetic
laws based on the Maxwell equations). The solution space
was calculated on a realistic head model that included 4024
nodes, selected from a 6 x 6 x 6 mm grid equally distributed
within the gray matter of the Montreal Neurological
Institute’s average brain. The results of the above topo-
graphic pattern analysis defined time periods for which
intracranial sources were estimated. We would remind the
reader that the source estimations presented here provide
a visualization of the likely generators and do not represent
a statistical analysis.

Biochemical Measurements and Analyses

GSH levels were measured in blood cells and GSH-related
thiols, cysteine and cysteinyl-glycine, were measured in
plasma. Blood was collected by venipuncture between 0700
and 0830 hours under restricted activity conditions and
after fasting from the previous midnight. About 18-20ml
blood was collected in Vacutainer tubes coated with
ethylenediaminetetraacetic acid (Becton Dickinson, Frank-
lin Lake, NJ). Hemoglobin was quantified before blood
centrifugation for 5min at 3000g and 4°C. The pellet,
corresponding to blood cells, was washed twice with 0.9%
NaCl and frozen at —80°C until analyses. The supernatant,
corresponding to the plasma, was sampled in aliquots and
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kept at —80°C until analyses. Total GSH in blood cells was
determined using a diagnostic kit purchased by Calbiochem
(EMD Biosciences Inc., Darmstadt, Germany) and is
expressed in pmol GSH per ml of blood. The method is
based on a colorimetric assay of a chromophoric thione
formed specifically between the reagent and GSH. Total
cysteine and cysteinyl-glycine were quantified in plasma
with a technique adapted from (Jacobsen et al, 1994).
Briefly, thiols were reduced and/or decoupled from proteins
by reaction with Tris (2-carboxyethyl) phosphine (Krijt
et al, 2001). After deproteinization with perchloric acid,
thiols were derivatized with 7-fluorobenzofurazane-4-sulfo-
nic acid (SBD-F). SBD-F derivatives were analyzed by HPLC
followed by fluorometric detection. Concentrations are
expressed in pmol/l. From blood samples, analyses were
primarily focused on GSH levels in blood as well as on levels
of precursors: cysteine, one of the substrates of GCL, and
cysteinyl-glycine, the product of GCL. These measures were
assessed by a two-way mixed effects ANOVA for crossover
design with terms for Period (sequence), Patient and
Treatment. The relevant effect of the treatment was adjusted
for the random effect of the patient and for the study period
(linked to the treatment sequence).

RESULTS
Baseline Measurements: Controls vs Patients

Behavioral results. Reaction times on the auditory dis-
crimination task did not differ between patients (mean +
SEM=772+45ms) and healthy controls (610 %77 ms).
Likewise, performance accuracy was near ceiling levels for
both groups (patients: 98 + 1%; controls: 100 + 0%). This
pattern of results thus argues against differences in selective
attention or task performance as underlying AEP diffe-
rences between groups.

Electrophysiological results. The topographic pattern
analysis identified the same sequence of maps in both
populations and thus provided no evidence for differences
in the configuration of underlying brain networks either
between conditions or populations. The results of that
analysis will therefore not be discussed further. However,
this method of defining AEP components provided a more
objective means for defining time periods for the analysis of
AEP and GFP waveforms. Likewise, the topography of the
AEP (ie the location of peak amplitude) was used for the
selection of specific scalp electrodes for the analysis of AEP
waveforms. The N1 component of the AEP was identified
over the 70-155 ms interval.

AEP waveforms from four fronto-central electrodes are
displayed in Figure la. Visual inspection of these waveforms
indicates that healthy controls showed an early differential
response (ie the MMN) between standard and deviant
stimuli, whereas patients did not. This pattern is in keeping
with what would be expected from prior investigations of
the MMN in schizophrenia patients (Catts et al, 1995; Javitt
et al, 1993, 1998; Shelley et al, 1991; Shutara et al, 1996). To
statistically assess whether our cohort of patients exhibited
a deficient MMN, area measures (vs the 0 LV baseline) were
taken from these electrodes over the 70-155 ms interval and
submitted to a 2 x 2 x 4 repeated measures ANOVA, using
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Electrophysiological responses at protocol onset from schizophrenia patients and healthy controls. (a) The upper panels display exemplar AEP

waveforms (voltage as a function of time) from a selection of fronto-central scalp locations (see inset for precise locations) in response to standard and
deviant stimuli in both populations (color scheme indicated). Of particular interest is the initial negative-going component when an MMN s typically
observed in healthy controls. The bar graph illustrates the group-averaged MMN (£ SEM) during the 70—155 ms post-stimulus period and averaged across
the above scalp locations. (b) GFP waveforms from all stimulus conditions and MMN magnitude are displayed for schizophrenia patients and healthy

controls. Conventions are identical to those in (a).
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diagnosis for schizophrenia as the between-subject factors
and stimulus condition and electrode as within-subject
factors. Importantly, there was a significant interaction
between diagnosis for schlzophrema and stimulus condition
(F(1,20)=11.605; p=0.003; 11 =10.367). Given this interac-
tion, we then quantified the MMN for each population by
calculating the average difference between responses to
standard and deviant stimulus conditions across the four
electrodes (bar graph in Figure 1a). These values were then
submitted to a one-way ANOVA using diagnosis for
schizophrenia as the between-subject factors. As expected,
the MMN amplitude was significantly smaller in patients
than in controls (F, 50y =11.626; p = 0.003; 17p—0 368). An
identical pattern of results was evident in the GFP wave-
forms (Figure 1b), which represent a global measure of the
AEPs across the entire electrode montage and therefore are
not influenced by a pre-selection of specific electrodes for
analyses. GFP area measures (vs the 0 uV baseline) over the
70-155ms interval were submitted to a 2 x 2 repeated
measures ANOVA, using diagnosis for schizophrenia as the
between-subject factors and stimulus condition as the
within-subject factors. As above, there was a significant
interaction between diagnosis for schizophrenia and
stimulus condition (F(j, ) =6.629; p =0.018; nf,—O 249), a
significant main effect of d1agn051s for sch1zophren1a
(Fq, 20)710 865; p=10.004; nPfO 352), as well as a sig-
nificant mam effect of stimulus condition (F(;,20) =30.914;
p<0.001; 57 =0.607). We then assessed whether the MMN
from each group was larger than the 0 uV baseline (see bar
graphs in Figure 1b). For controls, the mean MMN
measured with GFP was 48.0 £ 8.9 1V and was significantly
larger than baseline (f(;0)=5.387; p<0.001). For patients,
the mean MMN measured with GFP was 17.6 + 7.7 uV and
was significantly larger than the 0 pV baseline (¢(;9) = 2.276;
p=0.046). Thus, analyses both at the level of single
electrodes and also at the level of the global electric field
strength confirmed that the MMN was deficient in our
group of patients at protocol onset.

We also examined whether the later P300 component was
impaired in patients at the time of baseline measurements.
For this analysis, GFP area measures were calculated over
the 236-600 ms interval (ie the same time period used below
for the contrast of measurements during NAC and placebo
treatments). These values were submitted to a 2 x 2 ANOVA
as above. Only the main effect of stlmulus condition was
s1gn1ﬁcant (F@,20) =50.325; p<0.001; 17p =0.716), whereas
the main effect of diagnosis and the interaction between
these factors both failed to meet the 0.05 significance
criterion (all p-values>0.05). This pattern of results would
suggest that the P300 was intact in patients at protocol
onset.

However, to reduce the risk of Type II errors (given the
large time window identified for the P300 component),
we also analyzed the GFP area over smaller time intervals
(236-300, 302-400, 402-500, and 502-600 ms) with the same
2 x 2 design described above. Over the 236-300 ms interval,
there were main effects of stimulus condition (F(;,20)=
77.859; p<0 001; np =0.796) and group (F(,20)=9.950;
p=0.005; 7, =0.332) as well as a significant interaction
(Fq, 20)—8 315 p=0.009; n; 2=0.294). Over all of the
ensuing periods (ie 302-400, 402-500, and 502-600 ms)
there was only a main effect of stimulus condition (all
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p-values <0.001). For none of these time windows was there
either a main effect of group or an interaction between
group and stimulus condition.

Treatment Efficacy: NAC vs Placebo

Behavioral results. Reaction times on the auditory dis-
crimination task did not differ between patients following
NAC (mean+SEM =800 17ms) and placebo treatment
(829 £ 30ms). Likewise, performance accuracy was near
ceiling levels for both treatments (NAC: 100 + 0%; placebo:
97 £3%). This pattern of results thus argues against
differences in selective attention or task performance as
underlying AEP differences between treatments.

Electrophysiological results. As was the case at protocol
onset, the topographic pattern analysis identified the same
sequence of maps in response to both treatments and
stimulus conditions. Thus, there was no evidence for
differences in the configuration of underlying brain net-
works with NAC treatment or between stimulus conditions.
The results of this analysis will therefore not be discussed
further. The N1 component of the AEP was identified over
the 70-155ms period, and the sequence of group-average
AEP response topographies over the 80-120 ms interval are
displayed in Figure 2 for each treatment and stimulus
condition. A fronto-central negativity was observed across
both NAC and placebo treatments and both stimulus
conditions. Inspection of the topography of the difference
between stimulus conditions suggests that there was a
robust MMN following NAC but not placebo treatment. To
facilitate comparison of the present results with those of
prior studies, we analyzed AEP difference waves recorded
from midline scalp sites Fz and Pz as a function of
treatment type (Figure 2c). AEP difference waves recorded
at Fz show that there was a reliable MMN following NAC
treatment, but not following placebo treatment. Results of
millisecond-by-millisecond paired t-tests between standard
and deviant AEPs for each treatment type are shown below
the difference waveforms.

AEP waveforms from four fronto-central electrodes,
selected based on the above topographic maps, are
displayed in Figure 3a and suggest that N1 responses to
deviant sounds were stronger following NAC than placebo
treatment (red and blue traces, respectively), whereas
responses to standard sounds did not differ (black and
green traces, respectively). Area measures (vs the OpV
baseline) were taken from these electrodes over the
70-155ms interval and submitted to a 2 x 2 x 4 repeated
measures ANOVA, using treatment, stimulus condition, and
electrode as the within-subject factors. The main effect of
treatment did not reach the 0.05 significance criterion
(F,6) = 0.739; p = 0.423; 5y = 0.110), providing no evidence
for a global change in AEP amphtude with NAC treatment.
There was a significant main effect of stimulus condition
(F, 6 =21.206; p=0.004; 15 =0.779), following from the
generally stronger responses to deviant than to standard
stimulus conditions. Most critically, there was a significant
interaction between treatment and stimulus condition
(F1,6) =8.799; p =0.025; 17}2) =0.595). Given this interaction,
we then quantified the MMN for each treatment by
calculating the average difference between responses to
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Figure 2 Topographic maps of AEP responses showing the distribution of voltage amplitude across the scalp at 10 ms intervals from 80 to 120 ms post-
stimulus onset. Panels (a and b) show responses following NAC and placebo treatment, respectively, for each stimulus condition as well as their difference
(ie the MMN). (c) Depicts different waveforms for each type of treatment as recorded at frontal and parietal midline sites (Fz and Pz, respectively) as well as
the results of millisecond-by-millisecond paired t-tests between responses to deviants and standards (I-p plotted as a function of time).
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Figure 3 Electrophysiological responses at exemplar scalp sites following NAC and placebo treatment. The upper panels display AEP waveforms (voltage
as a function of time) from a selection of fronto-central scalp locations (see inset for precise locations) in response to standard and deviant stimuli after each
type of treatment (color scheme indicated). The bar graph illustrates the group-averaged MMN (+ SEM) during the 70—155ms post-stimulus period and

averaged across the above scalp locations.

standard and deviant stimulus conditions across the four
electrodes (bar graph in Figure 3a). These values were then
tested with a paired t-test and were significantly larger
following NAC than placebo (—31.3%£7.1 vs —7.51£4.2V,
respectively; ) =2.966; p=0.025). Of particular note is
that MMN responses following placebo did not significantly
differ from zero (f) =1.789; p=0.124), whereas those
following NAC did (f() = 4.428; p = 0.004; see also Figure 2c
for difference waveforms at electrode Fz). This pattern
would suggest that the above significant interaction follows
from the emergence of an MMN following NAC treatment,
which in the present paradigm is likely to be temporally
superimposed on the N1 component of the AEP.

An identical pattern of results was evident in the GFP
waveforms (Figure 4a). GFP area measures (vs the OuV

Neuropsychopharmacology

baseline) over the 70-155ms interval were submitted to
a 2 x 2 repeated measures ANOVA, using treatment and
stimulus condition as the within-subject factors. The main
effect of treatment did not reach the 0.05 significance
criterion (F(;, )= 0.081; p = 0.785; 17, = 0.013), providing no
evidence for a global change in GFP amplitude with NAC
treatment and also arguing against a general GFP modula-
tion as a function of time (ie the majority of patients
received NAC and then placebo). As above, there was a
significant main effect of stimulus condition (F( 6=
20.562; p=0.004; 7, =0.774) and a significant interaction
between treatment and stimulus condition (F(; 6 =6.141;
p<0.05; 57=0.506). We then directly analyzed MMN
amplitude in two ways. The first was with a paired t-test,
which revealed a significantly larger MMN following NAC
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Figure 4 Electrophysiological responses and source estimations following NAC and placebo treatment. (a) GFP waveforms from all stimulus conditions
are displayed following each type of treatment along with millisecond-by-millisecond contrasts between responses to deviants and standards as well as MMN
magnitude (area over the 70—155ms period). Conventions are identical to those in Figure 3. (b) Group-averaged source estimations following NAC
treatment are shown separately for responses to deviant and standard sound stimuli. Stronger sources for deviant sounds are evident within superior
temporal cortices and frontal cortices, consistent with enhanced MMN generation (see Results section for details).

than placebo (27.1+6.1 vs 12.7+4.2uV, respectively,
t) =2.458; p<0.05; bar graphs in Figure 4a), although in
both cases the MMN measured using GFP was significantly
greater than zero (p-values <0.025). The second was with a
millisecond-by-millisecond paired ¢-test between responses
to deviants and standards during each type of treatment,
separately (see Figure 4a). This analysis shows that a
significant differential response (ie MMN) was observed
following NAC treatment over the ~70-200 ms period that
was diminished in the case of placebo treatment. Thus,
analyses at the level of single electrodes and also at the level
of the global electric field strength confirmed that the MMN
was improved following NAC but not placebo treatment.
We would further note that all but one of the patients

exhibited a qualitatively larger MMN while receiving NAC
relative to when receiving placebo treatment (see Supple-
mentary Figure S2).

We also examined whether the later P300 component was
modulated by whether or not patients were receiving NAC
or placebo. For this analysis GFP area measures were
calculated over the 235-600 ms interval (see waveforms in
Figure 4), using the above-mentioned topographic pattern
analysis as a basis for the identification of AEP components.
These values were submitted to a 2x2 ANOVA using
treatment and stimulus condition as within-subject factors.
Only the main effect of stimulus condition was significant
(Fa,6=30.212; p=0.002; 175 =0.834), whereas the main
effect of treatment and the interaction between these factors
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both failed to meet the 0.05 significance criterion (all
p-values >0.30). This pattern of results would suggest that the
P300 was intact in patients both when receiving placebo as
well as when receiving NAC. This AEP component showed
no indication that it was modified by NAC treatment, in
contrast to the earlier MMN response. This pattern of
results is furthermore consistent with that observed in the
recordings prior to protocol onset (see Figure 1). In order
to reduce the risk of Type II errors (given the large time
window identified for the P300 component), we also
analyzed the GFP area over smaller time intervals
(235-300, 301-400, 401-500, and 501-600 ms) with the same
2x2 design described above. For each of these time
intervals, there was a significant main effect of stimulus
condition (all F-values>12.669; p-values<0.012). For no
time interval was there either a significant main effect of
treatment (all F-values<0.701; p-values>0.435) or a sig-
nificant interaction between factors (all F-values< 1.806;
p-values>0.228). Bar graphs illustrating these area measures
as well as the topography of the P300 can be found online as
Supplementary material (Supplementary Figure S1).

Finally, we estimated the intracranial sources that were
active over the 70-155ms post-stimulus period for both
treatment types and stimulus conditions (Figure 4b). These
estimations provide a visualization of the likely underlying
generators. Responses to deviant stimuli during NAC
treatment resulted in stronger activity within the superior
temporal cortex bilaterally relative to all other conditions,
whereas activity within frontal cortices was robust in
response to deviant stimuli irrespective of treatment type.

No improvement on the psychopathological scales (GCI
and PANSS) was observed in our cohort of patients after
NAC treatment. However, our data were pooled with those
of the larger clinical trial and are presented elsewhere (Berk
et al, 2007, unpublished work).

Biochemical results. Levels of thiols linked to GSH were
measured in blood from patients after NAC and after
placebo treatment. Results are summarized in Table 2. After
NAC treatment, an increase in total GSH levels was
observed in whole blood (F(;,¢)=20.89; p=0.006) as well
as in blood cells (F(;,9)=29.87; p=10.001). However, this
increase relative to placebo did not exceed 10%. There was
no increase in cysteine and cysteinyl-glycine. No correlation
was found between the magnitude of these biochemical
changes and our electrophysiological measures.

DISCUSSION

We show that administration of NAC, a GSH precursor, to
schizophrenia patients resulted in improved auditory
cortical functioning as indexed by the MMN. There is
increasing evidence that the pathophysiology of schizo-
phrenia entails both high-level cognitive impairments as
well as (and perhaps as a consequence of) low-level sensory
processing deficits across sensory modalities (Butler and
Javitt, 2005; Foxe et al, 2005; Javitt et al, 1999). For example,
previous research has consistently shown that the MMN is
impaired in schizophrenia patients (Catts et al, 1995; Javitt
et al, 1993, 1998; Shelley et al, 1991; Shutara et al, 1996; for
review see Turetsky et al, 2007), and this was again the case
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Table 2 Levels of GSH and its Cysteine-Related Precursors
Measured in Blood from Patients after NAC Treatment and
Placebo

NAC treatment Placebo ANOVA

(mean £ SEM) (meanxtSEM) P-value
GSH in blood cells 0.82+0.05 0.76 £0.06 0.001
(mol/ml blood)
GSH in whole blood 0.89 £0.06 081 %007 0.006
(pmol/ml blood)
Cysteine in plasma 2480 100 262.4+83 0.20
(umol/l)
Cysteinyl-glycine in 43.1£3.1 465173 0.17

plasma (umol/l)

Bold P-values indicate significant difference.

for our patients at protocol onset (Figure 2). Interestingly,
the greater the MMN impairment, the lower are the Global
Assessment of Functioning Scale ratings, suggesting that
MMN is linked to global impairments in everyday
functioning in schizophrenia patients (Kawakubo and
Kasai, 2006; Light and Braff, 2005a,b). MMN generation is
thought to rely on intact NMDA receptor function. We
propose that NAC is leading to an improvement in NMDA
receptor function that is non-invasively detectable as
modification in MMN generation. In the following, we first
discuss the AEP effects and then putative mechanisms of
action whereby NAC could produce such effects.

At protocol onset, patients exhibited deficient MMN
generation (Figure 2), despite their ability to perform the
oddball discrimination task with equal accuracy and speed
as control subjects. Additionally, there was no evidence that
AEP amplitude in general was impaired between patients
and controls. Our results would instead indicate that it was
specifically MMN generation that was impaired—that is the
mechanism mediating the comparison between standard
and deviant stimuli. This pattern of results is in solid
agreement with those obtained following the infusion of the
NMDA antagonist phencyclidine in non-human primates
(Javitt et al, 1996) and administration of ketamine to
healthy human volunteers (Umbricht et al, 2000). In these
studies, MMN was reduced, despite intact sensory re-
sponses. It is therefore unlikely that the MMN deficit
observed at protocol onset in the present study follows from
a general impairment in auditory sensory processing or is a
consequence of attentional impairments in patients; a
conclusion supported as well by patients’ intact perfor-
mance and P300 responses.

The principal finding of our study is that administration
of NAC improved MMN generation (Figures 2-4). On
average, there was a four-fold and two-fold enhancement of
MMN amplitude, as measured from AEP and GFP wave-
forms, respectively. There was no evidence of a general
modification of AEP responses nor was there evidence of
performance changes on the task. Reaction times and
accuracy did not differ across treatments. It is further
unlikely that the present results reflect learning-induced
plasticity, because the majority of patients (five of the
seven) first received NAC and then placebo during the
course of the protocol (Figure 1). If such were the case, a



larger MMN would be predicted for the EEG recording at
the end of the protocol (eg Spierer et al, 2007 for a recent
example in healthy participants), which in our case was
most often after placebo rather than NAC treatment. To
further exclude the possibility that treatment order was
mediating our effects, we re-analyzed the GFP data
including order as a between-subject factors. As before,
there was a main effect of stimulus condition (F( s =
17.221; p=0.009; nf,:0.775) as well as a significant
interaction between treatment and stimulus condition
(F,5=7.326; p=0.042; 1712, =0.594). However, treatment
order did not result in a significant main effect or
interaction with either within-subject factors.

An increase of GSH levels in blood was measured in our
patients after NAC treatment (Table 2), showing that NAC
was absorbed, at least in part, by the gastrointestinal
system. No increase in cysteine levels was observed in blood
from patients after NAC treatment. This could suggest that
all the deacetylated cysteine is immediately used and that
higher doses of NAC could be considered for treatment. On
the other hand, even though single oral doses of NAC leads
to an increase in NAC levels in plasma, it does not appear to
accumulate (Borgstrom and Kagedal, 1990). In this case, a
more frequent intake of NAC would ensure more sustained
concentrations.

We hypothesize that a fraction of the oral NAC entered
blood flow, crossed the blood-brain barrier (Farr et al, 2003),
was deacetylated into cysteine that could in turn be used to
increase GSH levels. GSH being the major antioxidant in a
cell system, its presence is necessary to maintain equilibrium
on the redox status. In fact, redox-sensitive proteins such as
NMDA receptors can have their activity decreased when the
ratio between GSH and its oxidized form becomes too low
(Janaky et al, 1993; Sucher and Lipton, 1991). Moreover, GSH
deficit in hippocampus slices leads to NMDA receptor
hypofunction and inhibition of long-term potentiation
(Steullet et al, 2006). In patients with low brain GSH, NAC
could increase GSH levels, restoring normal GSH levels and
thus improving NMDA reception functioning, which is
thought to be reflected by the amplitude of the MMN (Javitt
et al, 1996). Therefore, the present observation of an increase
in MMN amplitude after NAC treatment is likely to reflect
improved NMDA receptor function.

However, from our data, we cannot unequivocally
conclude that the effect of NAC is via its cysteine donor
property. In fact, NAC being an antioxidant itself, it is
possible that it has a direct effect on the redox properties of
NMDA receptors. NAC can also affect gene regulation of
detoxifying enzymes by activating redox-sensitive tran-
scription factors, such as nuclear factor B and activator
protein 1 (Cotgreave, 1997). To assess whether NAC elevates
GSH levels in the brain of schizophrenia patients, in vivo
magnetic resonance spectroscopy (MRS) would be neces-
sary. However, it has been reported that with current MRS
methods, the signal-to-noise ratio would need to be
improved to observe discrete increases in brain GSH levels
(Trabesinger et al, 1999).

Considering that brain GSH deficiency in schizophrenia
seems to be associated with a defect in the key synthesizing
enzyme glutamyl-cysteine ligase (Gysin et al, 2007; Tosic
et al, 2006), that conjugates cysteine to glutamate in the first
step of GSH synthesis, a cysteine precursor might not
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represent the best substance to use to increase GSH levels.
Substances that bypass this enzyme would represent better
choices; however, raising new challenges for their efficient
delivery across the blood-brain barrier.

The present study was conducted in the context of a multi-
center clinical trial. Our center conducted a double-blinded
and crossover study, wherein NAC was given as an add-on
treatment (2 g/day for 2 months). No significant changes in
the psychopathology was observed in our cohort of patients,
which may be due to the relatively small sample size.
Nonetheless, the effectiveness of NAC in reducing clinical
severity was demonstrated over the whole set of 140 patients
included in the multi-center double-blinded trial (Berk et al,
2007, unpublished work), which included data from our
group of patients. An improvement on the Clinical Global
Impression was observed 2 weeks after the beginning of the
trial and was sustained throughout the 6-month trial period.
An improvement of negative symptoms on the Positive and
Negative Symptoms Scale was also significant after 6 months
of treatment with NAC. These findings suggest that longer
treatments and larger sample sizes may be required to
observe behavioral improvements following NAC treatment,
whereas the present electrophysiological effects were none-
theless reliable after a relatively short treatment duration and
highlight the clinical utility of brain imaging methods. We
would emphasize that although we have sufficient power to
obtain statistically reliable positive results with only seven
patients, confirming our results with a larger sample size will
be necessary. A new and larger study of first-episode
psychosis patients is currently being initiated to further
investigate the results supported by the present study as well
as whether an earlier intervention will be more efficient. An
additional consideration in the present study is its use of a
large frequency difference (ie 1000 Hz) between distracters
and targets as well as an active discrimination paradigm to
elicit both MMN and P300 responses. Some might consider
this paradigm as suboptimal in the present investigation. We
would note, however, that the MMN is indeed reliably elicited
under both active and passive listening conditions (eg
Néidtinen et al, 1978; Ritter et al, 1992) and that later
components such as N200/P300 are only observed during
active paradigms and furthermore may not be a pure index of
sensory discrimination abilities (Hillyard et al, 1971). Such
things being said, it will clearly be worthwhile for future
investigations to examine the MMN under passive conditions
as well as when target stimuli are either closer to the deviant’s
frequency and/or vary in their duration; the latter being a
well-established means of dissociating effects specific to the
N1 component from those specific to MMN generation.

In summary, MMN, a component of the AEP that is
typically impaired in schizophrenia, was improved follow-
ing a treatment with NAC, a precursor of GSH, supporting
the hypothesis of a deficit in GSH in the brain of
schizophrenia patients. Modulating GSH levels in the brain
of patients opens new promising approaches for effective
therapeutic strategies in schizophrenia.

ABBREVIATIONS

AEP, auditory evoked potential; EEG, electroencephalo-
graph; GSH, glutathione; NAC, N-acetyl-cysteine; MMN,
mismatch negativity; NMDA, N-methyl-p-aspartate.
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