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Increased Glutamine in Patients Undergoing Long-term
Treatment for Schizophrenia
A Proton Magnetic Resonance Spectroscopy Study at 3 T
Juan R. Bustillo, MD; Hongji Chen, MS; Thomas Jones, MS; Nicholas Lemke, MS; Christopher Abbott, MD;
Clifford Qualls, PhD; Jose Canive, MD; Charles Gasparovic, PhD

IMPORTANCE The N-methyl-D-aspartic acid receptor hypofunction model of schizophrenia
predicts a paradoxical increase in synaptic glutamate release. In vivo measurement of
glutamatergic neurotransmission in humans is challenging, but glutamine, the principal
metabolite of synaptic glutamate, can be quantified with proton magnetic resonance
spectroscopy (1H-MRS). Although a few studies have measured glutamate, glutamine, and
glutamine to glutamate ratio, it is not clear which of these 1H-MRS indices of glutamatergic
neurotransmission is altered in schizophrenia.

OBJECTIVE To examine glutamine, glutamate, and glutamine to glutamate ratio in the dorsal
anterior cingulate, as well as their relationships with symptoms and cognition in
schizophrenia.

DESIGN, SETTING, AND PARTICIPANTS Cross-sectional design using 3-T 1H-MRS in participants
recruited from university-based psychiatric outpatient clinics who underwent neuroimaging
at an affiliated research facility. Participants were 84 patients with a DSM-IV-TR diagnosis of
schizophrenia and 81 psychiatrically healthy volunteers, matched in age, sex, ethnicity, and
occupational level to the head of household of family of origin.

MAIN OUTCOMES AND MEASURES Glutamine, glutamate, and glutamine to glutamate ratio.
Also symptoms and cognition.

RESULTS Glutamine was increased in the schizophrenia group (P = .01) as well as the
glutamine to glutamate ratio (P = .007) but not glutamate (P = .89). Glutamine levels were
positively correlated with severity of psychotic symptoms (P = .02). Choline was also
increased in schizophrenia (P = .002).

CONCLUSIONS AND RELEVANCE Elevated glutamine, which was directly related to psychotic
symptoms, is consistent with increased glutamatergic synaptic release in schizophrenia, as
predicted by the N-methyl-D-aspartic acid receptor hypofunction model. Further
understanding the underlying mechanism of glutamatergic dysfunction in schizophrenia may
lead to new pharmacological strategies to treat psychosis.
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T he N-methyl-D-aspartic acid receptor (NMDAR) model
of schizophrenia postulates that hypofunction of these
receptors in γ-aminobutyric acid interneurons leads to

disinhibition of pyramidal neurons and a paradoxical in-
crease in presynaptic glutamate release across multiple cor-
tical fields.1 The most direct evidence for this model comes from
pharmacological studies with NMDAR blocking agents. Awake
rats treated with short-term ketamine have elevations of ex-
tracellular prefrontal glutamate.2 Likewise, anesthetized rats
exhibited increased prefrontal glutamine, the principal me-
tabolite of synaptic glutamate,3 but reduced glutamate with
short-term phencyclidine administration.4 Consistently, healthy
humans exposed to short-term subanesthetic dosages of ket-
amine develop many of the positive, negative, and cognitive
deficits present in schizophrenia,5 as well as elevations of pre-
frontal glutamine.6,7 However, although heuristically useful,
this acute pharmacological model has intrinsic limitations to
understand a chronic illness like schizophrenia.

The measurement of glutamate neurotransmission in vivo
is challenging in humans. To our knowledge, only 1 study has
measured NMDAR occupancy in schizophrenia.8 However, a
few proton magnetic resonance spectroscopy studies (1H-
MRS), usually at 3 and 4 T, have assessed glutamine.9 Gluta-
mate released in the synapse is reuptaked into the glia, con-
verted to glutamine, transferred into the presynaptic terminal,
and recycled into vesicular glutamate.3 However, the status of
glutamine concentration, probably the best available mea-
sure of in vivo synaptic glutamatergic neurotransmission in hu-
mans in schizophrenia, is far from clear.

In the present investigation, we measured glutamine and
glutamate, in the largest sample of patients with schizophre-
nia to date, to our knowledge, from the dorsal anterior cingu-
late region where we previously documented glutamine el-
evations in the context of acute NMDAR blockade.6 We used
a sequence optimized for separation of glutamine and
glutamate10 and documented the quality of spectral fitting.
Consistent with the NMDAR hypofunction model, we hypoth-
esized increased glutamine in the schizophrenia group. Be-
cause the meta-analysis9 reported greater reduction in gluta-
mine and glutamate with age in schizophrenia, we also tested
for this effect.

Methods
Participants
Patients were recruited from the University of New Mexico Hos-
pitals and the Albuquerque Veterans Administration Medical
Center. Inclusion criteria were (1) DSM-IV-TR schizophrenia di-
agnosis made through consensus by 2 research psychiatrists
using the Structured Clinical Interview for DSM-IV-TR, Pa-
tient Version and review of psychiatric records and family in-
formants and (2) if treated, clinically stable receiving the same
antipsychotic medications for more than 4 weeks. Exclusion
criteria were diagnosis of neurological disorder or substance
use disorder (except for nicotine). Healthy controls were ex-
cluded if they had (1) any DSM-IV-TR axis I disorder (Struc-
tured Clinical Interview for DSM-IV-TR Non-Patient Version);

(2) first-degree relatives with any psychotic disorder; or (3) his-
tory of neurological disorder. The study was approved by the
University of New Mexico institutional review board. Partici-
pants gave written informed consent and were reimbursed for
their participation.

Magnetic Resonance Studies
Acquisition
Scanning was performed on a Siemens 3-T Tim Trio (VB-17; 12-
channel head coil). An axial T2 image was acquired for 1H-MRS
voxel prescription. T1-weighted anatomical images were ob-
tained with 3-dimensional magnetization-prepared rapid ac-
quisition with gradient echo for voxel tissue segmentation (rep-
etition time, 1500 milliseconds; echo time, 3.87 milliseconds;
inversion time, 700 milliseconds; flip angle, 10°; field of
view = 256 × 256 mm; 1-mm-thick slice). Conventional 1H-MRS
spectra were acquired using the standard PRESS sequence pro-
vided with the scanner (svs_se), with an echo time of 40 mil-
liseconds and repetition time of 1.5 seconds. The water-
suppressed scan included 192 averages with 3-pulse chemical
shift selective water suppression, while a non–water-
suppressed scan included 16 averages.

Voxel Location
The voxel for all spectroscopy scans was prescribed to in-
clude mostly gray matter in the anterior cingulate using sag-
ittal and reformatted coronal images. The voxel was 2 × 2 × 3
cm3 and positioned parallel to and above the corpus callo-
sum, starting from the genu of the corpus callosum and ex-
tending 3 cm posteriorly (Figure 1A, representative voxel place-
ment). The magnetic field homogeneity in the voxel was
adjusted using the system’s automated shimming routine.

Spectral Fitting
Localized spectra were quantified using LCModel fitting
(version 6.111; Figure 1B, representative fitted spectra). Simu-
lated basis sets for sequence parameters included the follow-
ing metabolites: alanine, aspartate, creatine, phospho-
creatine, γ-aminobutyric acid, glutamine, glutamate,
glycerophosphocholine, phosphocholine, myo-inositol, lac-
tate, N-acetylaspartate, N-acetyl-aspartylglutamate, scyllo-
inositol, and guanidine. The following sums were also
reported by the fitting program: creatine + phosphocreatine
(total creatine), glycerophosphocholine + phosphocholine
(choline), and N-acetylaspartate + N-acetyl-aspartylgluta-
mate (N-acetylaspartate compounds [NAAc]). Lipids (0.9
ppm [Lip09], 2 resonances at 1.3 ppm [Lip13a and Lip13b],
and 2 ppm [Lip 20]) and macromolecules (0.9 ppm [MM09],
1.2 ppm [MM12], 1.4 ppm [MM14], 1.7 ppm [MM17], and 2.0
ppm [MM20]) were simulated using the default settings of
LCModel, which include soft constraints for peak position
and line width and prior probabilities of the ratios of macro-
molecule and lipid peaks. Spectra were fitted in the spectral
range between 0.4 and 4.2 ppm in reference to the non–
water-suppressed data using “water scaling.”

We automatically selected individual metabolite spectra
with goodness of fit, as measured by the Cramér-Rao lower
bound (CRLB), of 20 or less. However, for glutamine, we re-
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laxed this conventional criterion to 30 or less, striving for a bal-
ance between reasonable fits and keeping most of the data.12,13

Partial Volume Correction
The results from LCModel for the metabolites of interest were
corrected for partial volume (using segmented T1 images) and
relaxation effects, as outlined previously14 (eAppendix in
Supplement).

Neuropsychological and Clinical Assessments
Patients and controls completed the Measurement and Treat-
ment Research to Improve Cognition in Schizophrenia
(MATRICS),15 a battery of tests designed to assess cognition in
schizophrenia. Patients were assessed for psychopathology
with the Positive and Negative Syndrome Scale.16 They were
also rated with the Simpson-Angus Scale,17 the Barnes Akathi-
sia Rating Scale,18 and the Abnormal Involuntary Movement

Scale.19 Neuropsychological and clinical assessments were
completed within 1 week of the scan acquisition.

Statistical Analyses
The main dependent variable of interest was glutamine esti-
mated concentrations in millimoles per kilogram of 1H-MRS–
visible tissue water; however, to better contrast our data
with the 1H-MRS literature, 2 other reported indices of gluta-
matergic metabolism were also analyzed: glutamate and the
glutamine to glutamate ratio. Finally, we also present NAAc,
myo-inositol, choline, and total creatine, other metabolites
frequently reported in the schizophrenia literature. For glu-
tamate, glutamine to glutamate ratio, myo-inositol, total cre-
atine, and choline, we Bonferroni corrected to type I error
α = 0.01 (0.05 ÷ 5). Because of previous supportive
meta-analyses,9,20 we did not correct results for glutamine
or NAAc.

Figure 1. Representative Voxel Placement and Fitted Spectra
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For each metabolite, the overall approach used analysis of
covariance (ANCOVA) (SAS version 8; SAS Institute Inc), with
participant group (schizophrenia vs control) as the grouping
factor and age as the covariate (age has been found to relate
with 1H-MRS–measured metabolites21). Differential relation-
ships between metabolites and cognition by group were also
examined with ANCOVA. If the interaction terms were non-
significant, the ANCOVA models were run with only main ef-
fects. Relationships between metabolite concentrations and
other participant characteristics were examined with multi-
variate regression.

Results
Demographic
Eighty-four patients with schizophrenia and 81 controls par-
ticipated (eTable 1 in Supplement). There were no significant
differences between the groups in age or socioeconomic sta-
tus of the head of household of family of origin (all P’s between
.47-.87). The schizophrenia group had a lower proportion of fe-
males (χ2 = 7.2; P = .008) and a higher proportion of smokers
(χ2 = 5.4; P = .02). As expected, the schizophrenia group had
worse personal socioeconomic status (t153 = 6.25; P ≤ .001).

Group Differences in Neurometabolites
Glutamine
For all metabolites, ANCOVAs had no significant group × age
interactions (P’s between .07-.72). Twelve patients with schizo-
phrenia and 5 controls had glutamine CRLB values greater than
30, leaving 72 and 76 participants, respectively, with analyz-
able data for this metabolite. Glutamine was increased in the
schizophrenia group (F1,145 = 6.14; P = .01) (Figure 2), and it also
increased with age (F1,145 = 15.5; P ≤ .001). The group effect re-
mained after controlling for sex and smoking status (P = .03 and

P = .02, respectively). The marginal interaction of group × age
(F1,144 = 3.4; P = .07) (eFigure 1 in Supplement) suggests a larger
increment in glutamine over time in patients with schizophre-
nia (0.07mM/y) compared with controls (0.05mM/y).

Other Glutamate-Related Measures
For glutamate, there were no effects of group (F1,162 = 0.02;
P = .99) or age (F1,162 = 2.78; P = .10). However, the glutamine
to glutamate ratio was increased in the schizophrenia group
(F1,145 = 7.61; P = .007) (Figure 2) and it also increased with
age (F1,145 = 13.1; P ≤ .001). The group effect remained after
controlling for sex and smoking status (P = .02 and P = .01,
respectively).

Other Metabolites
N-acetylaspartate compounds were lower in the schizo-
phrenia group (F1,162 = 4.01; P = .05), with no effect of age
(F1,162 = 0.19; P = .66) (eFigure 2 in Supplement). The group ef-
fect remained after controlling for sex (P = .04). However, NAAc
reduction occurred only in the schizophrenic smokers (mean
[SD], 15.74 [1.51]) compared with control smokers (mean [SD],
16.75 [1.1]; F1,154 = 4.64; P = .03). There were no differences be-
tween the schizophrenic nonsmokers and the control non-
smokers (mean [SD], 16.16 [1.6] and 16.2 [0.9], respectively;
P = .85).

Choline was increased in the schizophrenia group
(F1,162 = 9.94; P = .002) and it also increased with age (F1,162 = 47.1;
P < .001). The group effect remained after controlling for sex and
smoking status (P = .01 and P = .003, respectively). Finally, myo-
inositol and total creatine did not differ by group (F1,162 = 0.1;
P = .76 and F1,162 = 0.17; P = .67, respectively) but both in-
creased with age (F1,162 = 43.6; P < .001 and F1,162 = 36.43;
P < .001).

Measures of spectral quality and voxel-tissue composi-
tion and their effect on metabolite group differences are pre-

Figure 2. Group Differences in Neurometabolites

0

5

10

15

20

25

M
et

ab
ol

ite
 C

on
ce

nt
ra

tio
ns

Gln Glu 10×(Gln:Glu)

Schizophrenia
Healthy comparisons

Glutamine (Gln), glutamate (Glu), and
glutamine to glutamate ratio
differences between patients with
schizophrenia and healthy controls in
the anterior dorsal cingulate:
F1,145 = 6.14, P = .01; F1,162 = 0.02,
P = .99; and F1,145 = 7.61, P = .007,
respectively. (Removal of the most
extreme values for glutamine [>9]
does not significantly change the
results [P = .02]).

Research Original Investigation Increased Glutamine in Schizophrenia

268 JAMA Psychiatry March 2014 Volume 71, Number 3 jamapsychiatry.com

Copyright 2014 American Medical Association. All rights reserved.

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



Copyright 2014 American Medical Association. All rights reserved.

sented in eTable 2 in Supplement. The quality of fit (CRLB) did
not differ between the groups for glutamine or choline but did
for NAAc and glutamate.

Clinical and Cognitive Metabolite Relationships
In a multivariate analysis, glutamine was positively corre-
lated with positive symptoms (F1,61 = 6.07; P = .02) (Figure 3),
but not with negative symptoms (F1,61 = 0.45; P = .51) or anti-
psychotic dose22 (F1,61 = 0.11; P = .75). The glutamine to gluta-
mate ratio was marginally positively correlated with positive
symptoms (F1,61 = 3.17; P = .08), but not with negative symp-
toms (F1,61 = 0.43; P = .51) or current antipsychotic dose
(F3,64 = 0.67; P = .42). Neither choline nor NAAc were signifi-
cantly related to either symptoms or antipsychotic dose (all P’s
between .24 and .82).

The MATRICS composite score was significantly lower in
schizophrenic patients compared with controls (t145 = 10.5;
P = .001) (Figure 4). We used ANCOVA to examine the rela-
tionship between each metabolite and MATRICS score across
the 2 groups. Only glutamate had a different relationship with
MATRICS score across the 2 groups (F1,155 = 4.31; P = .04; how-
ever, this did not survive Bonferroni correction). The schizo-
phrenia group had a negative correlation trend (r80 = −0.21;
P = .07), whereas the control group had no correlation
(r79 = 0.14; P = .19).

Discussion
In the largest study to date, to our knowledge, we find in-
creased levels of glutamine in the anterior dorsal cingulate cor-
tex in patients undergoing long-term treatment for schizo-
phrenia. Furthermore, glutamine was directly related to
severity of psychotic symptoms. The glutamine to glutamate
ratio, but not glutamate, was also increased and marginally re-

lated to psychosis. We also identified the often reported re-
duction of NAAc, a marker of neuronal viability, but only in
the subgroup of schizophrenic smokers. Furthermore, an in-
crease of choline compounds was also found. Finally, differ-
ent relationships between cognition and glutamate were found
among the groups, with a negative correlation in the patient
group.

Only a few studies have measured glutamine in schizo-
phrenia, all with the standard single-voxel 1H-MRS approach,

Figure 3. Relationship Between Anterior Dorsal Cingulate Glutamine and Positive Symptoms
in the Schizophrenia Group (F1,61 =6.07; P=.02) in Multiple Regression Accounting
for Negative Symptoms and Antipsychotic Dose
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the majority at higher field strengths. A meta-analysis9

examined 8 studies of the anterior cingulate or the medial
frontal region and reported increased glutamine (Cohen
d = 0.4, comparable with d = 0.30 in the current study).
However, this literature was limited by unclear quality of the
spectral fits (except for12,13,23), lower field strength (1.5 T24),
inclusion of nonschizophrenic participants (“at risk for
psychosis”23), and small samples (from 9 up to 30, for
schizophrenia groups9). The present study confirms
increased glutamine in schizophrenia and expands this find-
ing in important ways.

The positive and specific relationship between gluta-
mine and psychotic symptoms has not, to our knowledge, been
previously reported. The effect size of this relationship was
small and thus unlikely to be detected even in the largest pre-
vious study25 (n = 30). Still, this finding is consistent with the
NMDAR hypofunction. Ketamine increases glutamine in the
anterior dorsal cingulate6 and lamotrigine, a presynaptic glu-
tamate inhibitor, prevents ketamine-induced psychosis.26 This
region overlaps with more posterior cingulate cortex, in-
volved in response preparation, and with more ventral areas,
involved in reward.27 Hence, it may be particularly important
for salience detection, a cognitive process thought to under-
lie the formation of delusions and hallucinations.28

Glutamine is the principal metabolite of synaptic
glutamate3 and increased presynaptic release of glutamate
could result in greater concentrations of glutamine. Consis-
tently, somatosensory activation in rats resulted in increased
glutamine and reduced glutamate assessed with 1H-MRS at 11.7
T.29 In another high-field rodent study, short-term phencycli-
dine administration resulted in elevations in prefrontal glu-
tamine and reductions in glutamate.4 The stronger group effect
in our study with the glutamine to glutamate ratio is consis-
tent with the interpretation that this may be a more sensitive
index of glutamatergic neurotransmission than glutamine.12

A reduction in presynaptic glutaminase, the enzyme that con-
verts glutamine to glutamate, with resultant accumulation of
glutamine, cannot be excluded with the static metabolite mea-
sures we acquired. However, elevations of phosphate-
activated glutaminase30 and increased messenger RNA ex-
pression of the astrocytic glutamate transporter31 were both
detected in the prefrontal cortex of patients with schizophre-
nia, consistent with increased turnover of synaptic gluta-
mate. Still, future studies of glutamate-glutamine cycling in
schizophrenia with dynamic carbon 13–labeled MRS would be
informative.

Although increased choline has been reported in some
studies,32 the meta-analysis20 found no evidence of differ-
ences, specifically in the anterior cingulate (10 studies, stan-
dard mean difference, 0.05 [95% CI, −0.15 to 0.24]). However,
the largest sample of these studies was 43 (for the schizo-
phrenia group). Hence, it is possible that the present study
with homogeneous methods and larger samples could detect
a real elevation of choline (our effect size was moderate,
d = 0.4). Choline compounds are trimethylamines but are
chemically heterogeneous and have a 2-fold greater concen-
tration in glial compared with neuronal cells.33 Consistently,
the choline signal tends to be increased in neurodegenerative

disorders with gliosis and/or increased membrane turn-
over.34 In schizophrenia, there is clearly no histopathological
evidence of gliosis.35 Additionally, the effects of antipsy-
chotic agents on glial cells have been inconsistent, with both
increases (in cell density36) and reductions (in cell num-
bers37) reported in nonhuman primates undergoing long-
term treatment. Furthermore, a 6-month exposure to halo-
peridol failed to change 1H-MRS-measured choline in
rodents.38 We speculate that increased turnover of synaptic
glutamate (identified as increased glutamine) may result in
an adaptive increase in glial function with elevations in the
choline signal (both groups had direct correlations between
glutamine and choline [F1,145 = 22.7; P < .001] but did not dif-
fer [F1,144 = 0.17; P = .68]).

We failed to replicate the report from the meta-analysis,9

suggesting that glutamine is increased in younger patients
and reduced in older schizophrenia groups. Indeed, our data
suggested the opposite effect, at a statistical trend level. An
advantage of our approach is that partial volume correction
for tissue differences was implemented. Because of the pro-
gressive gray and white matter reductions in schizo-
phrenia,39 accounting for partial volume effects with age is
necessary. However, the 1 study that followed up patients
with schizophrenia longitudinally (30 months) did detect
glutamine reductions in the thalamus but not in the anterior
cingulate.40 Longer-term longitudinal 1H-MRS studies are
necessary.

Many investigations have measured NAAc in schizophre-
nia/healthy control comparisons, mostly in single voxels at 1.5
T. These were summarized in the meta-analysis,20 with reduc-
tions in the hippocampus, thalamus, and frontal and tempo-
ral lobe reported in schizophrenia. For the anterior cingulate,
there were no significant differences (z = 0.71; P = .48) but
heterogeneity across studies was large. However, tobacco
smoking was not considered in this meta-analysis20 or an ear-
lier meta-analysis41 that also reported NAAc reduction in
schizophrenia. One study reported reduced NAAc in nonpsy-
chiatric smokers42 in the hippocampus, but not in the ante-
rior cingulate. Hence, our findings suggest a specific effect of
smoking in neuronal viability in schizophrenia. Alterna-
tively, schizophrenia smokers may inhale deeper and extract
more tobacco products than controls,43 resulting in neuronal
damage/dysfunction and reduced NAAc.

Several limitations of this study should be acknowl-
edged. First, separation of glutamine from glutamate, even at
3 T, is challenging. We implemented a PRESS sequence at an
echo time of 40 milliseconds with documented advantage,10

but higher field strength would potentially increase spectral
resolution. Additionally, in a more stringent analysis of par-
ticipants with CRLB of 20 or less for glutamine, patients with
schizophrenia (n = 45) had higher glutamine levels (mean [SD],
5.4 [2.8]) than controls (mean [SD], 4.2 [2.0]; n = 53; F1,95 = 5.6;
P = .01). Likewise, the glutamine to glutamate ratio remained
higher in the schizophrenia group (F1,95 = 8.2; P = .005). Also,
in the patients, the relationship between glutamine and posi-
tive symptoms remained (F1,37 = 6.2; P = .02), adjusting for
negative symptoms (F1,37 = 0.5; P = .48) and olanzapine equiva-
lent dosage (F1,37 = 0.2; P = .67).
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Second, spatial coverage was limited to a relatively large
voxel including the dorsal anterior cingulate cortex, a region
involved in schizophrenia and relevant to the NMDAR hypo-
function model of the illness. Still, glutamine may be af-
fected in other regions.

Third, the majority of the patients with schizophrenia
were taking antipsychotic medications, a common con-
found in schizophrenia studies, and we did not measure
blood levels. However, the results remained after account-
ing for antipsychotic dose and use of different psychotropic
agents (eTable 3 in Supplement). Additionally, the one study
in antipsychotic-naive patients also documented increased
glutamine.44 Furthermore, long-term antipsychotic treat-
ment in rats failed to affect glutamine in the anterior
cingulate.38

Fourth, the measures of spectral quality and fitting
tended to be worse for the patients than for the controls and
could have affected the results. However, the quality of fit-
ting (CRLB) for glutamine and choline did not differ between
the groups (eTable 2 in Supplement). Finally, the cross-
sectional study design supports mainly descriptive, not
causal interpretations.

Conclusions

In summary, we found increased glutamine in the anterior dor-
sal cingulate in patients undergoing long-term treatment for
schizophrenia, which related to the severity of psychotic symp-
toms. This suggests that a basal increased release of presyn-
aptic glutamate remains despite treatment with antipsy-
chotic agents, consistent with a pathophysiological model of
NMDAR hypofunction. The differential relationship between
glutamatergic indices and clinical/cognitive manifestations of
the illness suggest a dissociation of function for the gluta-
mate pool: increased synaptic release (glutamine) with psy-
chosis and increased glutamate metabolism (glutamate) with
cognitive impairment. Ongoing longitudinal studies examin-
ing glutamine in the acute psychotic state and following an-
tipsychotic treatment will further clarify the mechanism by
which increased glutamatergic turnover contributes to the
pathophysiology of psychosis. This line of translational inves-
tigation may identify subgroups of persistently symptomatic
patients for whom drugs like metabotropic MGluR2-3 agonists45

may be particularly helpful.
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