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Frontal Glutamate and γ-Aminobutyric Acid Levels
and Their Associations With Mismatch Negativity
and Digit Sequencing Task Performance in Schizophrenia
Laura M. Rowland, PhD; Ann Summerfelt, MA; S. Andrea Wijtenburg, PhD; Xiaoming Du, PhD;
Joshua J. Chiappelli, MD; Nithin Krishna, MD; Jeffrey West, MA; Florian Muellerklein, BA;
Peter Kochunov, PhD; L. Elliot Hong, MD

IMPORTANCE Auditory mismatch negativity (MMN) is a biomarker for schizophrenia thought
to reflect glutamatergic N-methyl-D-aspartate receptor function and excitatory-inhibitory
neurotransmission balance. However, the association of glutamate level with MMN has not
been directly examined in patients with schizophrenia, to our knowledge.

OBJECTIVE To investigate the contributions of glutamate and γ-aminobutyric acid (GABA) to
MMN and digit sequencing task (DST) performance, an assessment of verbal working
memory, in schizophrenia.

DESIGN, SETTING, AND PARTICIPANTS Fifty-three control participants from the community
and 45 persons with schizophrenia from outpatient clinics completed an electroencephalo-
graphic session for MMN, magnetic resonance spectroscopy for glutamate and GABA, and a
DST. The study dates were July 2011 to May 2014, and the dates of our analysis were May
2014 to August 2015.

MAIN OUTCOMES AND MEASURES Glutamate, GABA, the ratio of glutamine to glutamate,
MMN amplitude, and DST. Structural equation modeling was used to test the effects of
neurochemistry and MMN amplitude on DST performance.

RESULTS The 45 persons with schizophrenia were a mean (SD) of 37.7 (12.8) years and the
control participants were 37.1 (13.1) years. The schizophrenia group had a mean (SD) of 14.7
(12.1) years of illness. Mismatch negativity amplitude (F = 4.39, P = .04) and glutamate
(F = 9.69, P = .002) were reduced in the schizophrenia group. Smaller MMN amplitude was
significantly associated with lower GABA level (P = .008), lower glutamate level (P = .05),
and higher ratio of glutamine to glutamate (P = .003). Reduced MMN amplitude was linked to
poor verbal working memory in schizophrenia (P = .002). Modeling revealed that a proxy of
glutamatergic function, indexed by the ratio of glutamine to glutamate, influenced a path
from the ratio of glutamine to glutamate to MMN to verbal working memory (P = .38
[root-mean-square error of approximation, P < .001] by χ2 test), supporting the contention
that MMN serves as an intermediate biomarker linking glutamatergic function to DST
performance in schizophrenia.

CONCLUSIONS AND RELEVANCE The role of glutamate and GABA in MMN and verbal working
memory deficits in schizophrenia has been frequently debated. These data provide in vivo
evidence that support glutamatergic and GABAergic regulation of MMN and verbal working
memory function in schizophrenia.
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A uditory mismatch negativity (MMN) is a negative
electrical wave recorded by electroencephalography
in response to new vs ongoing auditory inputs and is

a replicated biomarker for schizophrenia.1-4 Mismatch nega-
tivity is thought to index an auditory trace memory function
that automatically detects a mismatch between a new stimu-
lus in the background of the ongoing stimuli5-8 and has been
linked to the glutamatergic N-methyl-D-aspartate (NMDA)
receptor and excitatory-inhibitory neurotransmission
functions.9 However, the long-standing assumption of a glu-
tamatergic contribution to abnormal MMN in schizophrenia
has not been directly examined in this disorder, to our
knowledge. A link between γ-aminobutyric acid (GABA) and
MMN in schizophrenia is even less clear.

Mismatch negativity is generated primarily through the
supratemporal auditory cortex, although the frontal cortex
may also have a role by serving as top-down modulation of
MMN.10 This modulation has been interpreted in several
ways, including attention switching, inhibition, salience
change detection, and predictive coding of the auditory devi-
ance detection.7,11,12 The underlying molecular mechanism of
the MMN generation is strongly linked to glutamatergic
NMDA receptors in the auditory cortex.9,13,14 Whether a fron-
tal glutamatergic mechanism is linked to MMN generation has
not been studied to date, although the frontal mechanisms of
MMN, such as predictive coding, likely require top-down
excitatory-inhibitory signaling. In this context, potential
GABAergic effects on MMN were studied through administra-
tion of GABA compounds, but the findings were not consis-
tent.15-17 How endogenous GABA may influence MMN has not
been reported, to our knowledge. We hypothesized that
abnormal MMN in schizophrenia is in part due to aberrant
frontal glutamate-GABA biochemistry. Using proton magnetic
resonance spectroscopy (MRS), we measured anterior cingu-
late and medial frontal lobe levels of glutamate, glutamine,
and GABA in vivo and determined how they relate to the
MMN abnormality observed in schizophrenia.

In healthy control individuals, larger P300a amplitude at
the electrode site frontal zero (FZ) was associated with a higher
anterior cingulate ratio of glutamine to glutamate.18 For MMN,
besides the supratemporal auditory cortex as the primary
source, the right inferior frontal,10,11,19 left inferior frontal,10,20

medial frontal and orbitofrontal,21,22 and anterior cingulate21-25

have been implicated as potential sources of MMN genera-
tion. Studies21-26 of MMN source localization in schizophrenia
implicate the anterior cingulate as the most consistent frontal
location. Furthermore, MMN measured at the electrode site FZ
typically yields the largest schizophrenia-control difference in
MMN.2,27 Therefore, this study investigated the association be-
tween anterior cingulate and medial frontal MRS measures and
MMN measured at FZ, but it should be noted that multiple brain
region generators contribute to MMN at this electrode.

Aberrant MMN has also been proposed to reflect auditory
working memory deficits in schizophrenia.9,28,29 Impaired
working memory is considered a core cognitive deficit in
schizophrenia.30,31 Flutamatergic and GABAergic pathways are
the essential regulatory mechanism for working memory.31,32

The present study tested the hypothesis that an MMN link to

verbal working memory performance, as assessed with the digit
sequencing task (DST), in schizophrenia is regulated by glu-
tamate and GABA levels. γ-Aminobutyric acid levels were as-
sessed using an improved macromolecule suppression MRS
technique.33 Glutamate levels, including the ratio of gluta-
mine to glutamate, were assessed with an MRS technique op-
timized for the detection of these metabolites.34-36 The ratio
of glutamine to glutamate is thought to reflect glutamatergic
neurotransmission whereby the ratio of conversion from glu-
tamine to glutamate may index glutamatergic function.37 In
schizophrenia, a higher ratio of glutamine to glutamate has
been found in the cerebrospinal fluid38 and brain tissue mea-
sured with MRS in some studies39-42 but not in another study.43

The study18 reporting an association between P300a and the
anterior cingulate ratio of glutamine to glutamate in healthy
control individuals further supports the proposal of studying
the association between MMN and the ratio of glutamine to
glutamate because P300a and MMN are variants of oddball
paradigms. P300a is an active oddball paradigm,18 and MMN
is a passive oddball paradigm.44 Therefore, we combined
evoked potential and improved MRS techniques and used
structural equation modeling to better understand the influ-
ence of glutamate and GABA on the MMN and DST assess-
ment of verbal working memory in schizophrenia.

Methods
Participants
Fifty-three control participants and 45 persons with schizo-
phrenia spectrum disorder completed this study. Participants
were 18 to 65 years old, with no current or past neurological
disorder or major medical conditions and with no recent sub-
stance abuse. Persons with schizophrenia spectrum disorder
were diagnosed as having schizophrenia (n = 40) or schizoaf-
fective disorder (n = 5) as determined with the Structured Clini-
cal Interview for DSM-IV-TR, Patient Edition. Controls had no
past or present Axis I psychiatric disorder as determined with
the Structured Clinical Interview for DSM-IV-TR, Non-patient
Edition. Age and sex were frequency matched between pa-
tients and controls. We also attempted to frequency match the
smoking status between patients and controls. The patient
group comprised individuals with early and chronic schizo-
phrenia, with a mean (SD) length of illness of 14.7 (12.1) years.
The Brief Psychiatric Rating Scale (BPRS) was used to assess psy-
chopathology in the patients. The cognitive functions as-
sessed were verbal working memory (using a DST45) and pro-
cessing speed (using the digit symbol coding subtest of the
Wechsler Adult Intelligence Scale III46). Deficits in working
memory47-49 and processing speed50,51 are considered the cog-
nitive domains most affected in schizophrenia. Participant char-
acteristics are listed in Table 1. The study dates were July 2011
to May 2014, and the dates of our analysis were May 2014 to
August 2015. Additional participant and study details are given
in the eMethods in the Supplement. The study was approved
by the University of Maryland, Baltimore County, Institu-
tional Review Board. All participants provided written in-
formed consent before participation in the study.
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Event-Related Potential and MRS
The event-related potential and MRS methods have been de-
scribed previously,33,36,52 and details are given in the eMethods
in the Supplement. Briefly, the event-related potential was re-
corded using a 64-channel system2 (SynAmps; Compumed-
ics Neuroscan) at a 1-kHz sampling rate with bandpass at 0.1
to 200 Hz. The paradigm was a passive duration-deviant odd-
ball task.52 Standard and deviant trials were averaged sepa-
rately, followed by subtraction of the 2 mean waveforms. Mis-
match negativity was scored by peak detection within a
poststimulus window of 100 to 225 milliseconds by an auto-
matic algorithm, followed by visual inspection to verify cor-
rect placement of each marker for peak detection. Magnetic
resonance scanning was conducted on a 3-T imaging system
(Tim Trio; Siemens) equipped with a 32-channel head coil.
Spectra were acquired with a short-echo sequence for detec-
tion of glutamatergic measures36 and a spectral editing se-
quence for detection of GABA with minimal macromolecule
contamination.33 Metabolites were quantified with available
tool kits (LCModel; LCModel Inc53 and freely available
GANNET54) and corrected for the proportion of voxel gray,
white, and cerebrospinal fluid tissue proportions55 and then
reported in institutional units (Table 2). Figure 1 shows voxel
location, representative spectra, and MMN waveforms.

Statistical Analysis
Demographic variables were analyzed with χ2 test for categori-
cal data. Continuous variables for between-group compari-
sons, including verbal working memory, processing speed,
MMN, and MRS measures, were analyzed with analysis of vari-
ance. The group comparisons were repeated using age, sex, and
smoking status. For MRS measures, voxel cerebrospinal fluid,
white matter, and gray matter volume proportions were used
as covariates. Pearson product moment correlations were con-
ducted to examine the association between MMN and MRS

measures with specific hypotheses regarding associations be-
tween MMN and glutamate and the ratio of glutamine to glu-
tamate. The associations between the ratio of glutamine to glu-
tamate, GABA, MMN, and DST performance were examined
with structural equation modeling. All tests were 2 tailed, and
significance was set at P ≤ .05 except for nonhypothesized tests,
for which a Bonferroni correction was applied.

Structural equation modeling was used to test the effects
of neurochemistry and MMN amplitude on DST perfor-
mance. Models were evaluated separately in patients with
schizophrenia and controls. The goodness-of-fit χ2 test was
used to examine model fits to the data using maximum like-
lihood estimation. Model fits were evaluated with the Akaike
information criterion (AIC)56 and root-mean-square error of ap-
proximation (RMSEA).57 An RMSEA below 0.10 indicates a good
fit, and an RMSEA below 0.05 indicates a very good fit. The
AIC considers the complexity of the model with the goodness
of fit to the sample data and penalizes overfitting, with a mini-
mal value being the preferred model. The conceptual full and
comparison models were analyzed. In the case of model com-
parisons between patients and controls, significant differ-
ences in the fit of one model were compared with the other
model, and individual paths were allowed to vary in a step-
wise manner to determine which connections contributed to
the increased fit of the alternative model. The model with the
best fit is presented herein, and the other models are shown
in eFigure 1, eFigure 2, and eFigure 3 in the Supplement.

Results
Participant Characteristics
Demographic, clinical, and cognitive characteristics of par-
ticipants are listed in Table 1. Persons with schizophrenia had
significantly lower scores for DST verbal working memory

Table 1. Participant Characteristics

Variable
Schizophrenia Group
(n = 45)

Healthy Controls
(n = 53)

χ2 Statistic or F Score P Value

ANOVA ANCOVAa ANOVA ANCOVAa

Sex, No.

Male 29 32
0.12 NA .68 NA

Female 16 21

Age, mean (SD), y 37.7 (12.8) 37.1 (13.1) 0.06 NA .80 NA

Smoking status, No.

Yes 18 16
1.00 NA .31 NA

No 27 37

Length of illness, mean (SD), y 14.7 (12.1) NA NA NA NA NA

DST performance, mean (SD) 38.3 (12.9) 44.6 (11.1) 5.99 5.30 .02b .02b

Processing speed, mean (SD) 56.4 (19.0) 71.0 (21.3) 11.38 11.70 .001b .001b

BPRS score, mean (SD)

Negative symptoms 6.2 (2.6) NA NA NA NA NA

Positive symptoms 9.0 (4.4) NA NA NA NA NA

Total 39.5 (10.2) NA NA NA NA NA

Abbreviations: ANCOVA, analysis of covariance; ANOVA, analysis of variance; BPRS, Brief Psychiatric Rating Scale; DST, digit sequencing task; NA, not applicable.
a Covariates were age, sex, and smoking status.
b Statistically significant.
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(P = .02) and processing speed (P = .001) compared with the
control group. There were no significant differences in age, sex,
or smoking status between groups.

MMN, Ratio of Glutamine to Glutamate, and GABA
The schizophrenia group showed significantly reduced MMN
amplitude (P = .04) but not latency (P = .27) compared with
controls. Glutamate levels were significantly lower in the
schizophrenia group compared with the control group
(P = .002), but GABA levels and the ratio of glutamine to glu-
tamate were not significantly different between groups (P > .05
for both). Reanalyses of group comparisons with inclusion of
the covariates did not change the presence or absence of sta-
tistical significance. Group means for MMN and MRS metabo-
lite measurements and statistics are listed in Table 2.

The association between glutamate and MMN amplitude
was statistically significant in schizophrenia, such that higher
glutamate levels were associated with larger (more negative)
MMN amplitude (r = −0.28, P = .05) (Figure 2E). The smaller
ratio of glutamine to glutamate was related to larger MMN am-
plitude in patients with schizophrenia (r = 0.45, P = .003)
(Figure 2A). When considering only cases with glutamine fits
with estimated standard deviations (Cramer-Rao lower bounds)
less than 20%, the ratio of glutamine to glutamate remained
significantly related to MMN (r = 0.46, P = .01). Higher GABA
levels were also associated with greater MMN amplitude
(r = −0.39, P = .008) (Figure 2C). Therefore, the ratio of glu-
tamine to glutamate and GABA were both significantly asso-
ciated with MMN but in the opposite direction (Figure 2A and
C). These statistically significant associations were not ob-
served in the control group (P > .05 for all) (Figure 2B, D, and

F), although an exploration of the MMN vs ratio of glutamine
to glutamate data in controls suggested an inverted U relation-
ship (Figure 2B).

Cognitive Correlates
Greater MMN amplitude was significantly related to better DST
verbal working memory (r = 0.46, P = .002) but not process-
ing speed (P = .06) in the schizophrenia group. These corre-
lations were not significant in controls (P > .40 for all). Higher
GABA level was significantly correlated with better DST ver-
bal working memory (r = 0.40, P = .009) and processing speed
(r = 0.33, P = .03) in patients with schizophrenia but not in con-
trols (r < 0.22, P > .16 for both). The ratio of glutamine to glu-
tamate was not significantly correlated with DST verbal work-
ing memory or processing speed in either group (r < 0.25,
P > .15 for both).

Structural Equation Modeling
A leading theory conceptualizing MMN involvement in the cog-
nitive deficit in schizophrenia is that aberrant MMN may re-
flect auditory working memory deficits in schizophrenia, which
could be optimal because of altered glutamatergic NMDA re-
ceptor function or interplay between glutamatergic and
GABAergic neurotransmission.9 Figure 3A shows the model
with the best fit for the schizophrenia group (P = .38 [RMSEA,
P < .001] by χ2 test; AIC, 26.78). This model supports the con-
tention that the ratio of glutamine to glutamate has an effect
on DST performance that is mediated by MMN. This model also
showed that GABA and the ratio of glutamine to glutamate in
schizophrenia were strongly inversely correlated. Compara-
tively, the same model for the control group (Figure 3B) was

Table 2. MMN and MRS Measures

Variable

Mean (SD) F Score P Value
Schizophrenia Group
(n = 45)

Healthy Controls
(n = 53) ANOVA ANCOVAa ANOVA ANCOVAa

MMN Measures

Amplitude, μV −0.8 (1.4) −1.5 (2.0) 4.39 5.38 .04b .02b

Latency, ms 180.1 (32.6) 186.4 (24.3) 1.20 1.08 .27 .30

MRS Metabolites, IU

Glutamate 8.6 (1.0) 9.2 (0.8) 9.69 9.86 .002b <.001b

Glutamine 2.2 (0.4) 2.3 (0.4) 0.57 0.01 .45 .93

Ratio of glutamine to glutamate 0.26 (0.06) 0.25 (0.05) 0.62 1.95 .43 .17

GABA 0.87 (0.18) 0.90 (0.15) 1.25 0.82 .26 .37

N-acetylaspartate 9.8 (1.0) 10.2 (0.6) 6.98 6.34 .01b .01b

Choline 1.9 (0.3) 1.9 (0.3) 0.01 0.11 .94 .74

Creatine 9.1 (0.8) 9.4 (0.7) 3.67 0.61 .06 .44

Myo-inositol 6.8 (0.9) 6.9 (0.6) 0.53 0.05 .47 .83

Glutathione 2.1 (0.3) 2.2 (0.2) 2.66 1.92 .11 .17

MRS Voxels, % Volume

Cerebrospinal fluid 11.5 (2.6) 12.6 (2.1) 5.34 NA .02b NA

White matter 36.1 (3.5) 34.3 (3.8) 5.77 NA .02b NA

Gray matter 52.2 (2.9) 52.9 (3.1) 1.13 NA .29 NA

Abbreviations: ANCOVA, analysis of covariance; ANOVA, analysis of variance;
GABA, γ-aminobutyric acid; MMN, mismatch negativity; MRS, magnetic
resonance spectroscopy; NA, not applicable.
a Covariates were age, sex, and smoking status. Covariates also included the

percentage of voxel cerebrospinal fluid, white matter, and gray matter for MRS
metabolites only.

b Statistically significant.
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also a good fit (P = .26 [RMSEA, P = .05] by χ2 test; AIC, 27.28)
but not as good as that for the schizophrenia group. This model
showed that both GABA and the ratio of glutamine to gluta-
mate significantly contributed to MMN amplitude in the con-
trol group, but they did not substantially contribute to DST per-
formance. Therefore, glutamatergic function as indexed by the
ratio of glutamine to glutamate appeared to have a different
role in patients with schizophrenia vs controls, with the data
supporting the hypothesis that MMN had a significant role in
mediating glutamatergic function and DST performance only
in schizophrenia.

Not all aspects of the modeled paths differed between the
schizophrenia and control groups because GABA levels had a
similar and modest direct effect on DST performance in both
cohorts (Figure 3). A full model with direct paths from the ra-
tio of glutamine to glutamate to verbal working memory and
other alternative models did not fit as well and are shown in
eFigure 1, eFigure 2, and eFigure 3 in the Supplement.

Correlations With Clinical Symptoms
and Antipsychotic Medication Use
Chlorpromazine equivalents were not significantly correlated
with MMN amplitude (P = .48), glutamine (P = .99), glutamate
(P = .12), ratio of glutamine to glutamate (P = .32), or GABA
(P = .60). Smaller MMN amplitude was significantly related to
more BPRS negative symptoms (r = 0.30, P = .045) but not BPRS
positive symptoms or total score (P > .20 for both). Glutamate,
glutamine, ratio of glutamine to glutamate, and GABA were not
significantly correlated with BPRS negative, positive, or total
scores (P > .15 for all). Smaller MMN amplitude was signifi-
cantly related to longer duration of illness (r = 0.36, P = .02).

Other MRS Metabolites
The stimulated-echo acquisition mode MRS sequence also pro-
vided data to explore associations between MMN and the fol-
lowing prominent metabolites: total N-acetylaspartate, myo-
inositol, glutathione, total creatine, and total choline (Table 2

Figure 1. Voxel Location, Representative Spectra, and Mismatch Negativity (MMN) Waveforms
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lists the group means [SDs]). There were no significant corre-
lations between these metabolites and MMN except for cre-
atine in controls (r = 0.32, P = .02), which did not survive a
Bonferroni correction for 10 tests. This exploration further im-
plies the specificity of associations found between the ratio of
glutamine to glutamate, GABA, and MMN in schizophrenia.

Discussion
To our knowledge, this investigation is the first study to test the
association of in vivo glutamate and GABA levels and MMN in

schizophrenia. The results showed that smaller MMN amplitude
in schizophrenia was significantly associated with lower GABA
level, lower glutamate level, and higher ratio of glutamine to glu-
tamate. Modeling of the data revealed that glutamatergic func-
tion as indexed by the ratio of glutamine to glutamate influenced
a path from the ratio to MMN to DST assessment of verbal work-
ing memory, supporting the hypothesis that MMN serves as an
intermediate biomarker linking glutamatergic function to ver-
bal working memory in schizophrenia.

The underlying NMDA receptor mechanism of MMN gen-
eration was initially identified in nonhuman primate investi-
gations with applications of NMDA receptor agonists and an-

Figure 2. Correlations Between Mismatch Negativity (MMN) and Ratio of Glutamine to Glutamate,
γ-Aminobutyric Acid (GABA), and Glutamate
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tagonists in the auditory cortex.9 Tests in healthy individuals
also found reduced MMN with peripheral administration of the
NMDA receptor antagonist ketamine hydrochloride.13,14 Con-
sistent with these data, the present study results showed that
frontal glutamate level contributes to MMN, such that lower
glutamate level is associated with smaller MMN amplitude in
patients with schizophrenia. A higher ratio of glutamine to glu-
tamate was strongly related to smaller MMN amplitude, which
may reflect reduced glutamate availability because the gluta-
mine to glutamate conversion is catalyzed by glutaminase, and
a knockdown of this enzyme leads to elevated frontal lobe ra-
tios of glutamine to glutamate.58 Another interpretation is that
a higher ratio of glutamine to glutamate reflects abnormali-
ties in glutamate neurotransmission18 via altered glutamate-
glutamine cycling. As such, the ratio of glutamine to gluta-
mate may serve as a better index of glutamatergic function than
glutamate or glutamine alone, which supports its stronger as-
sociation with MMN. This finding is consistent with a study18

showing that the ratio of glutamine to glutamate, rather than
glutamate or glutamine alone, predicted P300a amplitude in
healthy individuals. Our study provides a test of the glutamate-
MMN hypothesis in patients with schizophrenia, and the re-
sults support previous research9,13 based on ketamine NMDA
receptor hypofunction models in healthy monkeys and hu-
mans. However, the NMDA receptor antagonist memantine hy-
drochloride was shown to increase MMN amplitude in indi-
viduals with schizophrenia and healthy volunteers.59 Ketamine
and memantine may act on different NMDA receptor popula-
tions,59 providing a possible explanation for these intriguing
findings. Examination of these compounds on MMN, along
with glutamatergic and GABA MRS measurements, may help
to resolve the seemingly opposite findings.

Higher GABA level was also significantly correlated with
greater MMN amplitude in schizophrenia. Path modeling

showed that GABA closely interacts with the ratio of gluta-
mine to glutamate, and after accounting for this ratio, GABA
was no longer a significant contributor to the MMN-DST ver-
bal working memory path in schizophrenia (Figure 3). This find-
ing suggests that the GABA effect on MMN could be mediated
through a glutamatergic mechanism, which would be consis-
tent with animal data showing that GABA antagonist effects on
MMN were reversed by NMDA receptor antagonism.9 Overall,
while not identical, many predictions of the glutamatergic and
GABAergic involvement in MMN in schizophrenia are sup-
ported herein by MRS measures of in vivo neurochemistry.

The anterior cingulate and medial frontal cortex is the fron-
tal location that is most consistently reported to be associ-
ated with MMN generation in schizophrenia.21-26 However, be-
cause signals from the electrode FZ reflect contributions from
wider sources, such as the auditory cortex, this finding should
be interpreted with caution. A recent MMN source localiza-
tion study21 confirmed the involvement of the anterior cingu-
late but also found that several other frontal and cingulate
sources are associated with MMN and working memory in
schizophrenia. This result illustrates the need to examine the
glutamatergic, MMN, and working memory hypothesis in other
frontal and temporal areas. In healthy humans, other frontal
areas besides the auditory cortex, such as the right inferior fron-
tal cortex, are often linked to the MMN component.10,11,19,21,42

However, in schizophrenia, the anterior cingulate and medial
frontal region are commonly associated with MMN source
localization.21-26 Therefore, the MRS location may partially ex-
plain why the finding was stronger in the schizophrenia group
compared with healthy controls.

There was a significant correlation between GABA and ver-
bal working memory (r = 0.40, P = .009) in patients with
schizophrenia. Impaired working memory is a key cognitive
deficit in schizophrenia.60 γ-Aminobutyric acid dysfunction
is the primary underlying neurochemical mechanism used to
explain the working memory deficit61-63 based on reduced ex-
pression of GABA enzyme glutamic acid decarboxylase 67
(GAD67) in postmortem brain,61,62 genetic evidence linking
GAD67 to working memory,64 and GABAergic drug challenges
that manipulate working memory.65 In this context, identify-
ing a link between lower endogenous GABA and impaired work-
ing memory provides support to this theory. Interactive glu-
tamate and GABA effects on working memory deficit in
schizophrenia have also been proposed32 and are supported
by animal models whereby GABAergic dysfunction through
knockdown of NMDA receptor genes caused spatial working
memory deficits.66 Our data suggest that the GABA effect on
DST verbal working memory may in part be regulated through
glutamatergic activity because the GABA to DST verbal work-
ing memory effect was reduced and became insignificant when
the ratio of glutamine to glutamate and MMN were added to
the model (Figure 3B). Therefore, this finding is highlighted
because it provides in vivo evidence supporting the pro-
posed GABAergic and glutamatergic involvement in verbal
working memory in schizophrenia.

There are strengths and limitations of this study that de-
serve mentioning. A strength is the short echo time spectro-
scopic sequence specifically optimized for the detection of glu-

Figure 3. Structural Equation Modeling of γ-Aminobutyric Acid (GABA)
and Glutamine and Glutamate Contributions to Digit Sequencing Task
(DST) Performance Through Mismatch Negativity (MMN) Mediation

Schizophrenia groupA

GABA

P = −0.47a

Ratio of glutamine 
to glutamate P = 0.36a

P = −0.23

P = 0.25

P = −0.35a
DST performanceMMN amplitude

Healthy controlsB

GABA

P = −0.27

Ratio of glutamine 
to glutamate P = 0.32a

P = 0.29a

P = 0.24

P = 0.11
DST performanceMMN amplitude

A, Mismatch negativity was a significant mediator of glutamine and glutamate
contribution to DST performance. B, Although both GABA and glutamine and
glutamate contributed to MMN, they were not related to DST performance.
a The letter a and the thick lines indicate statistical significance.
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tamate and glutamine,35,36 as well as the spectral editing
sequence for detection of GABA without the macromolecule
contamination.33,67 The study also investigated a large sample
and applied a structural equation model to test direct and in-
direct effects of neurochemistry on MMN and DST verbal work-
ing memory. Limitations of the study include that only one
brain region was assessed with MRS. Several other frontal lo-
cations, as well as the auditory cortex, are associated with the
generation of MMN.10,11,19,68 Additional research is needed to
investigate other regions, especially the auditory cortex, as-
sociated with MMN. The MMN measured at FZ was not de-
signed to assess contributions from temporal vs frontal brain
regions, limiting the anatomically specific MRS-MMN inter-
pretation. The inclusion fit criterion for glutamine was lib-
eral, but inclusion of only those participants with standard fit
criteria did not change the results. Finally, despite the lack of

correlation with chlorpromazine, there remains the potential
confound of antipsychotic medication use on the findings.

Conclusions
To our knowledge, this investigation is the first study to show
a significant association between in vivo glutamatergic mea-
surements, MMN, and verbal working memory in schizophre-
nia. The modeling supports the contention that MMN may in-
dex the glutamatergic contribution to verbal working memory
performance in schizophrenia.9 γ-Aminobutyric acid level was
also involved but appeared to be more modest and indirect.
These data provide strong support for the involvement of the
glutamatergic system in MMN and verbal working memory
function in schizophrenia.

ARTICLE INFORMATION

Submitted for Publication: June 19, 2015; final
revision received October 27, 2015; accepted
October 28, 2015.

Published Online: December 30, 2015.
doi:10.1001/jamapsychiatry.2015.2680.

Author Contributions: Drs Rowland and Hong had
full access to all the data in the study and take
responsibility for the integrity of the data and the
accuracy of the data analysis.
Study concept and design: Rowland, Hong.
Acquisition, analysis, or interpretation of data: All
authors.
Drafting of the manuscript: Rowland, Hong.
Statistical analysis: Rowland, Hong.
Obtained funding: Rowland, Hong.
Administrative, technical, or material support:
Summerfelt, Wijtenburg, Du, Chiappelli, Krishna,
West, Muellerklein, Kochunov, Hong.

Conflict of Interest Disclosures: Dr Hong reported
receiving or planning to receive research funding or
consulting fees from Mitsubishi, Your Energy
Systems LLC, Neuralstem, Taisho Pharmaceutical,
and Pfizer. No other disclosures were reported.

Funding/Support: This study was supported by
grants R01MH094520, R01MH085646,
P50MH103222, R01DA027680, and T32MH067533
from the National Institutes of Health.

Role of the Funder/Sponsor: The funder had no
role in the design and conduct of the study;
collection, management, analysis, and
interpretation of the data; preparation, review, or
approval of the manuscript; and decision to submit
the manuscript for publication.

Additional Contributions: Richard Edden, PhD
(The Johns Hopkins University), and colleagues
provided GANNET, funded by grants R01EB016089
and P41EB015909 from the National Institutes of
Health. We thank the volunteers, especially the
patients, for participating in the study.

REFERENCES

1. Light GA, Braff DL. Mismatch negativity deficits
are associated with poor functioning in schizophrenia
patients. Arch Gen Psychiatry. 2005;62(2):127-136.

2. Umbricht DS, Bates JA, Lieberman JA, Kane JM,
Javitt DC. Electrophysiological indices of automatic
and controlled auditory information processing in

first-episode, recent-onset and chronic
schizophrenia. Biol Psychiatry. 2006;59(8):762-772.

3. Näätänen R, Shiga T, Asano S, Yabe H. Mismatch
negativity (MMN) deficiency: a break-through
biomarker in predicting psychosis onset. Int J
Psychophysiol. 2015;95(3):338-344.

4. Todd J, Harms L, Schall U, Michie PT. Mismatch
negativity: translating the potential. Front Psychiatry.
2013;4:171.

5. Näätänen R, Alho K. Mismatch negativity:
a unique measure of sensory processing in audition.
Int J Neurosci. 1995;80(1-4):317-337.

6. Haenschel C, Vernon DJ, Dwivedi P, Gruzelier JH,
Baldeweg T. Event-related brain potential correlates
of human auditory sensory memory-trace
formation. J Neurosci. 2005;25(45):10494-10501.

7. Wacongne C, Changeux JP, Dehaene S.
A neuronal model of predictive coding accounting
for the mismatch negativity. J Neurosci. 2012;32(11):
3665-3678.

8. Garrido MI, Kilner JM, Stephan KE, Friston KJ.
The mismatch negativity: a review of underlying
mechanisms. Clin Neurophysiol. 2009;120(3):453-463.

9. Javitt DC, Steinschneider M, Schroeder CE,
Arezzo JC. Role of cortical N-methyl-D-aspartate
receptors in auditory sensory memory and
mismatch negativity generation: implications for
schizophrenia. Proc Natl Acad Sci U S A. 1996;93
(21):11962-11967.

10. Doeller CF, Opitz B, Mecklinger A, Krick C, Reith
W, Schröger E. Prefrontal cortex involvement in
preattentive auditory deviance detection:
neuroimaging and electrophysiological evidence.
Neuroimage. 2003;20(2):1270-1282.

11. Tse CY, Rinne T, Ng KK, Penney TB. The
functional role of the frontal cortex in pre-attentive
auditory change detection. Neuroimage. 2013;83:
870-879.

12. Rosburg T, Trautner P, Ludowig E, et al.
Hippocampal event-related potentials to tone
duration deviance in a passive oddball paradigm in
humans. Neuroimage. 2007;37(1):274-281.

13. Umbricht D, Koller R, Vollenweider FX, Schmid
L. Mismatch negativity predicts psychotic
experiences induced by NMDA receptor antagonist
in healthy volunteers. Biol Psychiatry. 2002;51(5):
400-406.

14. Shiramatsu TI, Kanzaki R, Takahashi H. Cortical
mapping of mismatch negativity with deviance
detection property in rat. PLoS One. 2013;8(12):
e82663. doi:10.1371/journal.pone.0082663.

15. Rosburg T, Marinou V, Haueisen J, Smesny S,
Sauer H. Effects of lorazepam on the
neuromagnetic mismatch negativity (MMNm) and
auditory evoked field component N100m.
Neuropsychopharmacology. 2004;29(9):1723-1733.

16. Smolnik R, Pietrowsky R, Fehm HL, Born J.
Enhanced selective attention after low-dose
administration of the benzodiazepine antagonist
flumazenil. J Clin Psychopharmacol. 1998;18(3):241-
247.

17. Kasai K, Yamada H, Kamio S, et al. Do high or
low doses of anxiolytics and hypnotics affect
mismatch negativity in schizophrenic subjects? an
EEG and MEG study. Clin Neurophysiol. 2002;113(1):
141-150.

18. Hall MH, Jensen JE, Du F, et al. Frontal P3
event-related potential is related to brain
glutamine/glutamate ratio measured in vivo.
Neuroimage. 2015;111:186-191.

19. Opitz B, Rinne T, Mecklinger A, von Cramon DY,
Schröger E. Differential contribution of frontal and
temporal cortices to auditory change detection: fMRI
and ERP results. Neuroimage. 2002;15(1):167-174.

20. Recasens M, Leung S, Grimm S, Nowak R,
Escera C. Repetition suppression and repetition
enhancement underlie auditory memory-trace
formation in the human brain: an MEG study.
Neuroimage. 2015;108:75-86.

21. Rissling AJ, Miyakoshi M, Sugar CA, Braff DL,
Makeig S, Light GA. Cortical substrates and
functional correlates of auditory deviance
processing deficits in schizophrenia. Neuroimage Clin.
2014;6:424-437.

22. Takahashi H, Rissling AJ, Pascual-Marqui R,
et al. Neural substrates of normal and impaired
preattentive sensory discrimination in large cohorts
of nonpsychiatric subjects and schizophrenia
patients as indexed by MMN and P3a change
detection responses. Neuroimage. 2013;66:594-603.

23. Fulham WR, Michie PT, Ward PB, et al.
Mismatch negativity in recent-onset and chronic
schizophrenia: a current source density analysis.
PLoS One. 2014;9(6):e100221. doi:10.1371/journal
.pone.0100221.

Frontal Glutamate and γ-Aminobutyric Acid Levels in Schizophrenia Original Investigation Research

jamapsychiatry.com (Reprinted) JAMA Psychiatry February 2016 Volume 73, Number 2 173

Copyright 2016 American Medical Association. All rights reserved.

Downloaded From: https://jamanetwork.com/ on 05/22/2023

http://jama.jamanetwork.com/article.aspx?doi=10.1001/jamapsychiatry.2015.2680&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamapsychiatry.2015.2680
http://www.ncbi.nlm.nih.gov/pubmed/15699289
http://www.ncbi.nlm.nih.gov/pubmed/16497277
http://www.ncbi.nlm.nih.gov/pubmed/25562834
http://www.ncbi.nlm.nih.gov/pubmed/25562834
http://www.ncbi.nlm.nih.gov/pubmed/24391602
http://www.ncbi.nlm.nih.gov/pubmed/24391602
http://www.ncbi.nlm.nih.gov/pubmed/7775056
http://www.ncbi.nlm.nih.gov/pubmed/16280587
http://www.ncbi.nlm.nih.gov/pubmed/22423089
http://www.ncbi.nlm.nih.gov/pubmed/22423089
http://www.ncbi.nlm.nih.gov/pubmed/19181570
http://www.ncbi.nlm.nih.gov/pubmed/8876245
http://www.ncbi.nlm.nih.gov/pubmed/8876245
http://www.ncbi.nlm.nih.gov/pubmed/14568496
http://www.ncbi.nlm.nih.gov/pubmed/23871868
http://www.ncbi.nlm.nih.gov/pubmed/23871868
http://www.ncbi.nlm.nih.gov/pubmed/17560796
http://www.ncbi.nlm.nih.gov/pubmed/11904134
http://www.ncbi.nlm.nih.gov/pubmed/11904134
http://dx.doi.org/10.1371/journal.pone.0082663
http://www.ncbi.nlm.nih.gov/pubmed/15127083
http://www.ncbi.nlm.nih.gov/pubmed/9617984
http://www.ncbi.nlm.nih.gov/pubmed/9617984
http://www.ncbi.nlm.nih.gov/pubmed/11801436
http://www.ncbi.nlm.nih.gov/pubmed/11801436
http://www.ncbi.nlm.nih.gov/pubmed/25687595
http://www.ncbi.nlm.nih.gov/pubmed/11771985
http://www.ncbi.nlm.nih.gov/pubmed/25528656
http://www.ncbi.nlm.nih.gov/pubmed/25379456
http://www.ncbi.nlm.nih.gov/pubmed/25379456
http://www.ncbi.nlm.nih.gov/pubmed/23085112
http://dx.doi.org/10.1371/journal.pone.0100221
http://dx.doi.org/10.1371/journal.pone.0100221
http://www.jamapsychiatry.com/?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamapsychiatry.2015.2680


Copyright 2016 American Medical Association. All rights reserved.

24. Waberski TD, Kreitschmann-Andermahr I,
Kawohl W, et al. Spatio-temporal source imaging
reveals subcomponents of the human auditory
mismatch negativity in the cingulum and right
inferior temporal gyrus. Neurosci Lett. 2001;308(2):
107-110.

25. Oknina LB, Wild-Wall N, Oades RD, et al. Frontal
and temporal sources of mismatch negativity in
healthy controls, patients at onset of schizophrenia
in adolescence and others at 15 years after onset.
Schizophr Res. 2005;76(1):25-41.

26. Hayakawa YK, Kirino E, Shimoji K, et al.
Anterior cingulate abnormality as a neural correlate
of mismatch negativity in schizophrenia.
Neuropsychobiology. 2013;68(4):197-204.

27. Javitt DC, Shelley A, Ritter W. Associated
deficits in mismatch negativity generation and tone
matching in schizophrenia. Clin Neurophysiol.
2000;111(10):1733-1737.

28. Kreitschmann-Andermahr I, Rosburg T, Demme
U, Gaser E, Nowak H, Sauer H. Effect of ketamine on
the neuromagnetic mismatch field in healthy
humans. Brain Res Cogn Brain Res. 2001;12(1):109-116.

29. Umbricht D, Schmid L, Koller R, Vollenweider
FX, Hell D, Javitt DC. Ketamine-induced deficits in
auditory and visual context-dependent processing
in healthy volunteers: implications for models of
cognitive deficits in schizophrenia. Arch Gen
Psychiatry. 2000;57(12):1139-1147.

30. Silver H, Feldman P, Bilker W, Gur RC. Working
memory deficit as a core neuropsychological
dysfunction in schizophrenia. Am J Psychiatry.
2003;160(10):1809-1816.

31. Barch DM, Ceaser A. Cognition in schizophrenia:
core psychological and neural mechanisms. Trends
Cogn Sci. 2012;16(1):27-34.

32. Lewis DA, Moghaddam B. Cognitive
dysfunction in schizophrenia: convergence of
γ-aminobutyric acid and glutamate alterations. Arch
Neurol. 2006;63(10):1372-1376.

33. Rowland LM, Krause BW, Wijtenburg SA, et al.
Medial frontal GABA is lower in older schizophrenia:
a MEGA-PRESS with macromolecule suppression
study [published online March 31, 2015]. Mol
Psychiatry.

34. Wijtenburg SA, Knight-Scott J. Very short echo
time improves the precision of glutamate detection
at 3T in 1H magnetic resonance spectroscopy.
J Magn Reson Imaging. 2011;34(3):645-652.

35. Bustillo JR, Rediske N, Jones T, Rowland LM,
Abbott C, Wijtenburg SA. Reproducibility of phase
rotation stimulated echo acquisition mode at 3T in
schizophrenia: emphasis on glutamine [published
online March 11, 2015]. Magn Reson Med.

36. Wijtenburg SA, Gaston FE, Spieker EA, et al.
Reproducibility of phase rotation STEAM at 3T:
focus on glutathione. Magn Reson Med. 2014;72(3):
603-609.

37. Öngür D, Haddad S, Prescot AP, et al.
Relationship between genetic variation in the
glutaminase gene GLS1 and brain glutamine/
glutamate ratio measured in vivo. Biol Psychiatry.
2011;70(2):169-174.

38. Hashimoto K, Engberg G, Shimizu E, Nordin C,
Lindström LH, Iyo M. Elevated glutamine/glutamate

ratio in cerebrospinal fluid of first episode and drug
naive schizophrenic patients. BMC Psychiatry.
2005;5:6.

39. Théberge J, Bartha R, Drost DJ, et al. Glutamate
and glutamine measured with 4.0 T proton MRS in
never-treated patients with schizophrenia and
healthy volunteers. Am J Psychiatry. 2002;159(11):
1944-1946.

40. Shirayama Y, Obata T, Matsuzawa D, et al.
Specific metabolites in the medial prefrontal cortex
are associated with the neurocognitive deficits in
schizophrenia: a preliminary study. Neuroimage.
2010;49(3):2783-2790.

41. Bustillo JR, Chen H, Jones T, et al. Increased
glutamine in patients undergoing long-term
treatment for schizophrenia: a proton magnetic
resonance spectroscopy study at 3 T. JAMA
Psychiatry. 2014;71(3):265-272.

42. Bustillo JR, Rowland LM, Mullins P, et al.
1H-MRS at 4 Tesla in minimally treated early
schizophrenia. Mol Psychiatry. 2010;15(6):629-636.

43. Ongür D, Jensen JE, Prescot AP, et al.
Abnormal glutamatergic neurotransmission and
neuronal-glial interactions in acute mania. Biol
Psychiatry. 2008;64(8):718-726.

44. Duncan CC, Barry RJ, Connolly JF, et al.
Event-related potentials in clinical research:
guidelines for eliciting, recording, and quantifying
mismatch negativity, P300, and N400. Clin
Neurophysiol. 2009;120(11):1883-1908.

45. Keefe RS, Harvey PD, Goldberg TE, et al. Norms
and standardization of the Brief Assessment of
Cognition in Schizophrenia (BACS). Schizophr Res.
2008;102(1-3):108-115.

46. Wechsler D. WAIS-III: Wechsler Adult Intelligence
Scale. New York, NY: Psychological Corp; 1997.

47. Forbes NF, Carrick LA, McIntosh AM, Lawrie
SM. Working memory in schizophrenia:
a meta-analysis. Psychol Med. 2009;39(6):889-905.

48. Lee J, Park S. Working memory impairments in
schizophrenia: a meta-analysis. J Abnorm Psychol.
2005;114(4):599-611.

49. Barch DM, Smith E. The cognitive neuroscience
of working memory: relevance to CNTRICS and
schizophrenia. Biol Psychiatry. 2008;64(1):11-17.

50. Knowles EE, Weiser M, David AS, et al.
Dedifferentiation and substitute strategy:
deconstructing the processing-speed impairment in
schizophrenia. Schizophr Res. 2012;142(1-3):129-136.

51. Dickinson D, Ramsey ME, Gold JM. Overlooking
the obvious: a meta-analytic comparison of digit
symbol coding tasks and other cognitive measures
in schizophrenia. Arch Gen Psychiatry. 2007;64(5):
532-542.

52. Hong LE, Moran LV, Du X, O’Donnell P,
Summerfelt A. Mismatch negativity and low
frequency oscillations in schizophrenia families. Clin
Neurophysiol. 2012;123(10):1980-1988.

53. Provencher SW. Estimation of metabolite
concentrations from localized in vivo proton NMR
spectra. Magn Reson Med. 1993;30(6):672-679.

54. Edden RA, Puts NA, Harris AD, Barker PB,
Evans CJ. Gannet: a batch-processing tool for the

quantitative analysis of γ-aminobutyric acid–edited
MR spectroscopy spectra. J Magn Reson Imaging.
2014;40(6):1445-1452.

55. Gasparovic C, Song T, Devier D, et al. Use of
tissue water as a concentration reference for proton
spectroscopic imaging. Magn Reson Med. 2006;55
(6):1219-1226.

56. Akaike H. A new look at the statistical model
identification. IEEE Trans Automat Contr. 1974;19
(6):716-723.

57. McDonald R. An index of goodness-of-fit based
on noncentrality. J Classif. 1989;6:97-103.

58. Gaisler-Salomon I, Miller GM, Chuhma N, et al.
Glutaminase-deficient mice display hippocampal
hypoactivity, insensitivity to pro-psychotic drugs
and potentiated latent inhibition: relevance to
schizophrenia. Neuropsychopharmacology. 2009;
34(10):2305-2322.

59. Swerdlow NR, Bhakta S, Chou HH, Talledo JA,
Balvaneda B, Light GA. Memantine effects on
sensorimotor gating and mismatch negativity in
patients with chronic psychosis [published online
June 11, 2015]. Neuropsychopharmacology.

60. Gray JA, Roth BL. Molecular targets for
treating cognitive dysfunction in schizophrenia.
Schizophr Bull. 2007;33(5):1100-1119.

61. Volk DW, Austin MC, Pierri JN, Sampson AR,
Lewis DA. Decreased glutamic acid
decarboxylase67 messenger RNA expression in a
subset of prefrontal cortical γ-aminobutyric acid
neurons in subjects with schizophrenia. Arch Gen
Psychiatry. 2000;57(3):237-245.

62. Curley AA, Arion D, Volk DW, et al. Cortical
deficits of glutamic acid decarboxylase 67
expression in schizophrenia: clinical, protein, and
cell type–specific features. Am J Psychiatry. 2011;
168(9):921-929.

63. Kimoto S, Zaki MM, Bazmi HH, Lewis DA.
Altered markers of cortical γ-aminobutyric acid
neuronal activity in schizophrenia: role of the NARP
gene. JAMA Psychiatry. 2015;72(8):747-756.

64. Straub RE, Lipska BK, Egan MF, et al. Allelic
variation in GAD1 (GAD67) is associated with
schizophrenia and influences cortical function and
gene expression. Mol Psychiatry. 2007;12(9):854-869.

65. Tse MT, Piantadosi PT, Floresco SB. Prefrontal
cortical γ-aminobutyric acid transmission and
cognitive function: drawing links to schizophrenia
from preclinical research. Biol Psychiatry. 2015;77
(11):929-939.

66. Belforte JE, Zsiros V, Sklar ER, et al. Postnatal
NMDA receptor ablation in corticolimbic
interneurons confers schizophrenia-like
phenotypes. Nat Neurosci. 2010;13(1):76-83.

67. Aufhaus E, Weber-Fahr W, Sack M, et al.
Absence of changes in GABA concentrations with
age and gender in the human anterior cingulate
cortex: a MEGA-PRESS study with symmetric
editing pulse frequencies for macromolecule
suppression. Magn Reson Med. 2013;69(2):317-320.

68. Näätänen R, Alho K. Generators of electrical
and magnetic mismatch responses in humans. Brain
Topogr. 1995;7(4):315-320.

Research Original Investigation Frontal Glutamate and γ-Aminobutyric Acid Levels in Schizophrenia

174 JAMA Psychiatry February 2016 Volume 73, Number 2 (Reprinted) jamapsychiatry.com

Copyright 2016 American Medical Association. All rights reserved.

Downloaded From: https://jamanetwork.com/ on 05/22/2023

http://www.ncbi.nlm.nih.gov/pubmed/11457571
http://www.ncbi.nlm.nih.gov/pubmed/11457571
http://www.ncbi.nlm.nih.gov/pubmed/15927796
http://www.ncbi.nlm.nih.gov/pubmed/24192500
http://www.ncbi.nlm.nih.gov/pubmed/11018486
http://www.ncbi.nlm.nih.gov/pubmed/11018486
http://www.ncbi.nlm.nih.gov/pubmed/11489614
http://www.ncbi.nlm.nih.gov/pubmed/11115327
http://www.ncbi.nlm.nih.gov/pubmed/11115327
http://www.ncbi.nlm.nih.gov/pubmed/14514495
http://www.ncbi.nlm.nih.gov/pubmed/14514495
http://www.ncbi.nlm.nih.gov/pubmed/22169777
http://www.ncbi.nlm.nih.gov/pubmed/22169777
http://www.ncbi.nlm.nih.gov/pubmed/17030651
http://www.ncbi.nlm.nih.gov/pubmed/17030651
http://www.ncbi.nlm.nih.gov/pubmed/25824298
http://www.ncbi.nlm.nih.gov/pubmed/25824298
http://www.ncbi.nlm.nih.gov/pubmed/25824298
http://www.ncbi.nlm.nih.gov/pubmed/25824298
http://www.ncbi.nlm.nih.gov/pubmed/25824298
http://www.ncbi.nlm.nih.gov/pubmed/21761460
http://www.ncbi.nlm.nih.gov/pubmed/25762462
http://www.ncbi.nlm.nih.gov/pubmed/25762462
http://www.ncbi.nlm.nih.gov/pubmed/25762462
http://www.ncbi.nlm.nih.gov/pubmed/24151202
http://www.ncbi.nlm.nih.gov/pubmed/24151202
http://www.ncbi.nlm.nih.gov/pubmed/21457947
http://www.ncbi.nlm.nih.gov/pubmed/21457947
http://www.ncbi.nlm.nih.gov/pubmed/15683541
http://www.ncbi.nlm.nih.gov/pubmed/15683541
http://www.ncbi.nlm.nih.gov/pubmed/12411236
http://www.ncbi.nlm.nih.gov/pubmed/12411236
http://www.ncbi.nlm.nih.gov/pubmed/19850131
http://www.ncbi.nlm.nih.gov/pubmed/19850131
http://www.ncbi.nlm.nih.gov/pubmed/24402128
http://www.ncbi.nlm.nih.gov/pubmed/24402128
http://www.ncbi.nlm.nih.gov/pubmed/19918243
http://www.ncbi.nlm.nih.gov/pubmed/18602089
http://www.ncbi.nlm.nih.gov/pubmed/18602089
http://www.ncbi.nlm.nih.gov/pubmed/19796989
http://www.ncbi.nlm.nih.gov/pubmed/19796989
http://www.ncbi.nlm.nih.gov/pubmed/18495435
http://www.ncbi.nlm.nih.gov/pubmed/18495435
http://www.ncbi.nlm.nih.gov/pubmed/18945379
http://www.ncbi.nlm.nih.gov/pubmed/16351383
http://www.ncbi.nlm.nih.gov/pubmed/16351383
http://www.ncbi.nlm.nih.gov/pubmed/18400207
http://www.ncbi.nlm.nih.gov/pubmed/23084540
http://www.ncbi.nlm.nih.gov/pubmed/17485605
http://www.ncbi.nlm.nih.gov/pubmed/17485605
http://www.ncbi.nlm.nih.gov/pubmed/22541739
http://www.ncbi.nlm.nih.gov/pubmed/22541739
http://www.ncbi.nlm.nih.gov/pubmed/8139448
http://www.ncbi.nlm.nih.gov/pubmed/25548816
http://www.ncbi.nlm.nih.gov/pubmed/25548816
http://www.ncbi.nlm.nih.gov/pubmed/16688703
http://www.ncbi.nlm.nih.gov/pubmed/16688703
http://www.ncbi.nlm.nih.gov/pubmed/19516252
http://www.ncbi.nlm.nih.gov/pubmed/19516252
http://www.ncbi.nlm.nih.gov/pubmed/26062785
http://www.ncbi.nlm.nih.gov/pubmed/26062785
http://www.ncbi.nlm.nih.gov/pubmed/26062785
http://www.ncbi.nlm.nih.gov/pubmed/17617664
http://www.ncbi.nlm.nih.gov/pubmed/10711910
http://www.ncbi.nlm.nih.gov/pubmed/10711910
http://www.ncbi.nlm.nih.gov/pubmed/21632647
http://www.ncbi.nlm.nih.gov/pubmed/21632647
http://www.ncbi.nlm.nih.gov/pubmed/26038830
http://www.ncbi.nlm.nih.gov/pubmed/17767149
http://www.ncbi.nlm.nih.gov/pubmed/25442792
http://www.ncbi.nlm.nih.gov/pubmed/25442792
http://www.ncbi.nlm.nih.gov/pubmed/19915563
http://www.ncbi.nlm.nih.gov/pubmed/22488982
http://www.ncbi.nlm.nih.gov/pubmed/7577329
http://www.ncbi.nlm.nih.gov/pubmed/7577329
http://www.jamapsychiatry.com/?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamapsychiatry.2015.2680

