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bnormal Glutamatergic Neurotransmission and
euronal-Glial Interactions in Acute Mania

ost Öngür, J. Eric Jensen, Andrew P. Prescot, Caitlin Stork, Miriam Lundy, Bruce M. Cohen, and
erry F. Renshaw

ackground: At excitatory synapses, glutamate released from neurons is taken up by glial cells and converted to glutamine, which is cycled
ack to neurons. Alterations in this system are believed to play a role in the pathophysiology of bipolar disorder, but they have not been
haracterized in vivo. We examined the glutamine/glutamate ratio and levels of other metabolites in acute mania and schizophrenia in this
xploratory study.

ethods: Data were obtained from 2 � 2 � 2 cm voxels in the anterior cingulate cortex (ACC) and parieto-occipital cortex (POC) using
wo-dimensional J-resolved proton magnetic resonance spectroscopy at 4 Tesla and analyzed using LCModel. Fifteen bipolar disorder
atients with acute mania and 17 schizophrenia patients with acute psychosis were recruited from an inpatient unit; 21 matched healthy
ontrol subjects were also studied. Glutamine/glutamate ratio and N-acetylaspartate, creatine, choline, and myo-inositol levels were
valuated in a repeated measures design. Medication effects and relationship to demographic and clinical variables were analyzed.

esults: Glutamine/glutamate ratio was significantly higher in ACC and POC in bipolar disorder, but not schizophrenia, compared with
ealthy control subjects. N-acetylaspartate was significantly lower in the ACC in schizophrenia. Patients on and off lithium, anticonvulsants,
r benzodiazepines had similar glutamine/glutamate ratios.

onclusions: The elevated glutamine/glutamate ratio is consistent with glutamatergic overactivity and/or defective neuronal-glial cou-
ling in acute mania, although medication effects cannot be ruled out. Abnormalities in glutamatergic neurotransmission and glial cell
unction in bipolar disorder may represent targets for novel therapeutic interventions.
ey Words: Bipolar disorder, glia, glutamate, glutamine, MRS,
chizophrenia

ipolar disorder (BD) is a common disorder (1) and the
sixth leading cause of disability among persons aged 15 to
35 (2). Several lines of evidence implicate cellular and

ynaptic abnormalities in the pathophysiology of BD, including
ostmortem studies of low glial cell number in the prefrontal
ortex (PFC) (3,4), abnormal PFC volume (5,6) and activity (7,8),
nd genetic abnormalities in synaptic proteins (9,10). Thus,
ellular and synaptic abnormalities constitute important targets
or novel treatments in BD (11).

The excitatory neurotransmitter glutamate (Glu) is released
nto the synaptic cleft, taken up by glial cells, converted to
lutamine (Gln), and cycled back to neurons (12,13). Therefore,
ln/Glu ratios provide a window into the integrity of the
lutamatergic synapse and neuronal-glial coupling. For example,
at models of cerebral ischemia are characterized by elevated
ln/Glu ratios (14) providing evidence for increased Glu release
nd subsequent conversion to Gln by glia during ischemia (15).

Glutamatergic neurotransmission is implicated in the patho-
hysiology of BD (16) and novel glutamatergic compounds are
eing studied as possible treatments for mood disorders (17,18).
ne recent postmortem nuclear magnetic resonance study re-
orted elevated Glu levels in the dorsolateral prefrontal cortex in
ipolar disorder (19). Glutamatergic function has not been fully
xplored in vivo in BD due to paucity of measurement tech-

rom the McLean Hospital (DÖ, JEJ, APP, BMC, PFR), Belmont, and Harvard
Medical School (DÖ, JEJ, APP, BMC, PFR), Boston, Massachusetts; Univer-
sity of Michigan Medical School (CS), Ann Arbor, Michigan; and Yale
School of Nursing (ML), New Haven, Connecticut.

ddress reprint requests to Dost Öngür, M.D., Ph.D., AB 320, McLean Hospi-
tal, 115 Mill Street, Belmont, MA 02478; E-mail: dongur@partners.org.
eceived March 27, 2008; revised May 15, 2008; accepted May 15, 2008.

006-3223/08/$34.00
oi:10.1016/j.biopsych.2008.05.014
niques. Signal/noise and spectral resolution limitations in mag-
netic resonance spectroscopy (MRS) have forced quantification
of combined Glu-Gln as Glx (20). Several studies report reduc-
tions in Glx in major depressive disorder (MDD) (21–23), while
manic (24,25), depressed (26,27), and fully recovered BD sub-
jects (28) show elevated Glx. Children with manic symptoms
have lower than normal Glx levels (29). The physiological
significance of Glx findings remains unclear and MRS techniques
distinguishing Glu and Gln in the human brain therefore consti-
tute an important advance. Using such an approach, one study
found elevated Glu and nonsignificantly lower Gln levels in the
occipital cortex in MDD (30).

There is also a large literature on glutamatergic abnormalities
in schizophrenia (31). Magnetic resonance spectroscopy studies
have reported elevations in Gln with no change in Glu in
never-treated first-episode schizophrenia subjects, suggesting
“greater than normal glutamatergic activity” (32) and lower Gln
and Glu in chronically ill subjects, suggesting neurodegeneration
or chronic medication effects (33).

In this exploratory study, we quantified Glu and Gln and
generated Gln/Glu ratios using J-resolved proton magnetic res-
onance spectroscopy (1H-MRS) (J � coupling constant for reso-
nances arising from coupled spins) (34,35). This sequence
acquires spectra at multiple echo times, providing information on
J-coupling interactions as well as chemical shift and improving
metabolite quantification (36). To probe the anatomical extent of
abnormalities, we obtained data from the anterior cingulate
cortex (ACC) and parieto-occipital cortex (POC). The ACC is
considered a major locus of pathology in BD (37); POC abnor-
malities have been reported in MDD (30) but not BD (38).
Magnetic resonance spectroscopy imaging (MRSI) was not cho-
sen because of susceptibility artifacts at higher field strengths
(39). We scanned acutely manic patients with BD, acutely
psychotic patients with schizophrenia, and a matched healthy

control group at 4 Tesla. We hypothesized that abnormal neu-
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onal-glial coupling would result in Gln/Glu ratio alterations in
cute mania in ACC and POC. Because previous MRS reports
ndicate glutamatergic abnormalities depend on stage of illness
n schizophrenia (32,33), we predicted we would find normal or
levated Gln/Glu ratios in this condition.

ethods and Materials

We first carried out a test-retest study to determine within-subject
eliability. Ten healthy subjects (5 male subjects, 5 female subjects;
ges 18–35) with no medical/neurological/psychiatric/substance
se problems and not taking medications were scanned three times.
cans were conducted within 1 week for each subject, except for
wo female subjects whose third scan was 4 weeks later at the same
hase of the menstrual cycle. All scans and data analysis were

dentical to methods described below. The within-subject coeffi-
ients of variation (CV; standard deviation/mean of three scans) in
CC and POC were 11% and 7% for N-acetylaspartate (NAA), 9%
nd 7% in creatine (Cr), 8% and 4% for choline (Cho), 9% and 9% for
yo-inositol (mI), 13% and 10% for Glu, and 23% and 17% for Gln,

espectively.

ubjects
Following approval by McLean Hospital Institutional Review

oard (IRB), 22 control subjects; 39 bipolar I disorder subjects,
urrently manic; and 20 schizophrenia subjects with acute psy-
hosis were recruited (NC, BD, and SZ groups, respectively). All
atients were hospitalized in a psychiatric inpatient unit. Subjects
ith significant neurological or medical problems, current sub-

tance abuse, or history of substance dependence were ex-
luded. All patients had negative urine toxicology tests. We used
n Informed Consent Survey that asks 10 simple questions about
he study, such as “What illness is being studied?” and “If you
on’t want to, do you have to be in this study?” Every subject
nswered these questions correctly, and answers were docu-
ented. Patients were assessed using the Structured Clinical

nterview for DSM-IV (SCID) (40), Young Mania Rating Scale
YMRS), Montgomery-Asberg Depression Rating Scale (MADRS),
nd Positive and Negative Syndrome Scale (PANSS) on scan day.
he SCID substance abuse/dependence assessment did not

nclude tobacco products; tobacco smokers were not excluded
rom the study. Healthy control subjects were assessed using the

able 1. Subject Demographic and Clinical Information

Normal Control Subjects
(n � 21)

Bipol
(n

ge 34.3 � 10.0 36
ender 11M, 10F
ge of Onset — 25
ADRS — 11

MRS — 24
ANSS — 59
ithium —
nticonvulsants — 10 (8
GAs —
GAs —
PZ Equivalents — 24
enzodiazepines —

Mean � SD where appropriate.
CPZ, chlorpromazine; F, female; FGA, first generation antipsychotic; M, m

egative Syndrome Scale; SGA, second generation antipsychotic; YMRS, Yo
CID; no family history information was obtained from healthy
control subjects. The demographic and clinical variables and
statistical comparisons are in Table 1.

Although severity of mania and psychosis cannot be directly
compared, all patients were hospitalized with acute episodes,
suggesting that all had pronounced psychopathology. All BD
subjects met full DSM-IV criteria for current manic episode; there
was no additional cutoff for YRMS scores. No patients met criteria
for rapid cycling. Usable data were obtained from 21 NC, 15 BD,
and 17 SZ (8 diagnosed with schizoaffective disorder, not
currently in a mood episode) subjects. Inability to tolerate the
scanning environment due to psychiatric condition was the
primary reason for dropout (n � 22 for BD, n � 2 for SZ). Bipolar
I disorder subjects who did not complete the study were more
symptomatic than those who did (YMRS: 26.9; MADRS: 18.4;
PANSS: 82.0; compare with Table 1). Chlorpromazine (CPZ)
equivalents were calculated for patients taking antipsychotic
medications (41).

Magnetic Resonance Imaging/Magnetic Resonance
Spectroscopy Scans

As part of one IRB protocol, all subjects were recruited for two
magnetic resonance imaging (MRI) scans on the same or con-
secutive days (depending on scanner availability). Subjects un-
derwent a structural MRI in a Siemens 3 Tesla Trio scanner
(Erlangen, Germany) with a quadrature radio frequency (RF) coil
(Bioengineering, Inc., Minneapolis, Minnesota) using three-
dimensional (3-D) inversion-prepared sagittal fast low-angle shot
(FLASH) sequence. Echo time/repetition time/time to inversion
(TE/TR/TI) were 2.74 msec/2.1 sec/1.1 sec; echo spacing 6.3
msec; 12° flip angle. Field of view (FOV) was 256 mm with 1 �
1 mm pixels and 1.33 mm slices. Subjects with structural abnor-
malities were excluded.

Proton MRS acquisitions were conducted on a 4 Tesla full-
body magnetic resonance (MR) scanner (Varian/UnityInova,
Varian Inc., Palo Alto, California), using a 16-rung, single-tuned,
volumetric birdcage coil (Robarts Research Institute, London,
Canada). Two-dimensional (2-D) gradient-recalled echo images
(12 sec) were acquired in three dimensions to ensure optimal
patient positioning. Manual global shimming of unsuppressed
water signal yielded an unfiltered global water linewidth of �30
Hz. T1-weighted sagittal images (TE/TR � 6.2/11.4 msec, FOV �
24 � 24 � 8 cm, in-plane resolution � .94 � 1.88 mm, slice

order
5)

Schizophrenia
(n � 17) Statistical Evaluation

1.6 41.8 � 9.8 F(50,2) � 2.52; p � .10
F 10M, 7F �2: .48; p � .79
.5 23.5 � 7.7 F(26,1) � .92; p � .76
.6 16.6 � 7.3 F(29,1) � 7.16; p � .01
.9 14.8 � 9.0 F(29,1) � 9.70; p � .004
3.9 86.0 � 19.8 F(29,1) � 18.15; p � .001

3 �2: 6.01; p � .02
oate) 7 �2: 2.08; p � .15

16 �2: .91; p � .34
2 �2: 1.11; p � .29

22 542 � 412 F(28,1) � 7.18; p � .01
9 �2: .13; p � .72

ADRS, Montgomery-Asberg Depression Rating Scale; PANSS, Positive and
ania Rating Scale.
ar Dis
� 1

.3 � 1
7M, 8
.5 � 9
.1 � 3
.7 � 8
.6 � 1

9
valpr

15
0

4 � 1
7

thickness � 5 mm, readout points � 512, flip angle � 11°) and
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xial images (similar parameters as above, except for in-plane
esolution � .94 � .94 mm, slice thickness � 2.5 mm) were next
cquired, allowing for clear differentiation between cortical gray
atter (GM) and white matter (WM) and serving as anatomical
uide to positioning MRS voxels.

A 2 � 2 � 2 cm single voxel was then placed on the ACC.
e were interested in studying the subgenual ACC but

usceptibility artifacts precluded collecting such data. We
herefore placed the voxel, on midsagittal T1-weighted im-
ges, anterior to genu of the corpus callosum, with the ventral
dge aligned with the dorsal corner of the genu (Figure 1), and
ositioned the voxel on the midline on axial images. A
oint-resolved spectroscopy sequence (PRESS) modified for
-resolved 1H-MRS employing a four-pulse water suppression
nhanced through T1 effects (WET) sequence (42) was used.
anual shimming within the voxel resulted in water line-
idths �11 Hz. Following tip angle, water suppression, and
F pulse power optimization using automated methods, the
-D J-resolved sequence collected 48 TE-stepped spectra from
he voxel, with the echo time ranging from 30 msec to 500
sec in 10-msec increments. Specifically, the second TE
eriod in the PRESS sequence was progressively prolonged by
ymmetrically flanking the last 180° pulse prior to signal
cquisition with two 5-msec delay periods. Acquisition param-
ters were TR � 2.0 sec, acquisition bandwidth � 2 kHz,
epetitions � 16, nominal voxel volume � 8 cc, and approx-
mate scan duration � 28 minutes.

This process was repeated on a 2 � 2 � 2 cm POC voxel. On
idsagittal images, we aligned the ventral edge of the voxel with

igure 1. Parasagittal (left) and axial (right) views of the
rain from T1-weighted images illustrate ACC (top) and
OC (bottom) voxel placement in one control subject.
CC, anterior cingulate cortex; POC, parieto-occipital cor-

ex.
he dorsal corner of the splenium of the corpus callosum,

ww.sobp.org/journal
covering posterior cingulate and retrosplenial cortices, and po-
sitioned the voxel on the midline in axial images (Figure 1).
Because POC spectral quality was superior, eight repetitions
were obtained in approximately 14 minutes. Total time in the
magnet was 75 to 90 minutes.

The water resonance full width half maxima (FWHM) were
9.9 � 1.2 Hz and 8.7 � .8 Hz for NC, 9.3 � 1.5 Hz and 8.6 � .7
Hz for BD, and 9.4 � 2.3 Hz and 8.9 � .9 Hz for SZ subjects (in
ACC and POC, respectively; no between-group differences). Coil
loading was not quantified; this affects all metabolites similarly
and would not modify the Gln/Glu ratio.

MRS Data Processing and Analysis
All MRS processing was blinded to diagnosis. Real (not

magnitude) spectra were used (Figure 2). For each voxel, the 48
TE-stepped free-induction decays (FIDs) were zero-filled to 128
FIDs in F1, Gaussian filtered to minimize residual ringing from
longer TE NAA and Cr signal, and Fourier transformed in F1 to
produce a series of 128 J-resolved spectral FIDs over 100 Hz
bandwidth. A blinded MR physicist (J.E.J.) excluded spectra from
five subjects due to low signal-to-noise and/or spectral resolu-
tion: two ACC and one POC in NC, one POC in BD, and one ACC
in SZ.

We used the commercial spectral fitting package LCModel
(version 6.0-1) (43) for 2-D fitting. Two-dimensional fitting
improves spectral fitting by utilizing all available signal rather
than fitting select single J-resolved extractions (35,39). For 2-D
fitting, LCModel utilized gamma-simulated (44) theoretical J-
resolved basis sets to fit every J-resolved spectral extraction. We

generated basis sets for N-acetylaspartate, N-acetylaspartylgluta-
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ate, alanine, gamma-aminobutyric acid (GABA), aspartate,
holine, creatine, glucose, glutamate, glutamine, glutathione,
lycerophosphocholine, glycine, myo-inositol, scyllo-inositol,
actate, phosphocreatine, phosphocholine, serine, and taurine.

e first used gamma to generate 48 theoretical, TE-stepped
pectra ranging from 30 msec to 500 msec in 10-msec increments
20). Each gamma spectrum was modeled at 2 kHz spectral
andwidth with 1024 complex pairs and a 2 Hz Lorentzian
ineshape, zero- and first-order phase with no baseline roll. We
lso modeled a formate peak at 8.45 ppm and a tetramethylsilane
eference peak at .0 ppm to mimic the standard LCModel stock
olution required for basis set generation (45). For each gamma-
imulated metabolite TE-series, we zero-filled complex time
oints in each FID to 128 TE points, apodized with an exponen-
ial filter to approximate metabolite T2 decay at 4 Tesla, and
ourier transformed in the TE dimension to obtain basis sets
ampled at nominal .78 Hz J-resolution for 100 Hz bandwidth.
hese J-resolved metabolite FIDs were converted into 128 separate
CModel basis sets for each metabolite. This process resulted in
rtifact-free and theoretically correct J-resolved basis sets for each
-resolved spectral extraction from in vivo spectra. For every me-
abolite, we fit its spectrum over 50 Hz bandwidth (�25 Hz to �25
z; 64 TE points), deriving the integrated area under the 2-D

urface. Spectral regions outside this range did not contain signifi-
ant metabolite signal but contributed additional noise.

LCModel provides Cramer-Rao lower bounds (CRLBs), an
stimate of the variance associated with fitting. In our case, each

igure 2. Contour plots of real 2-D spectra from the ACC
n a control (left) and BD subject (right). In each case, the x
xis is frequency (F2 in ppm) and the y axis is J (F1 in Hz).
he spectral region from about �35 to �35 Hz is shown.
he main metabolite resonances recognizable in the plots
re labeled. Although mI and Gln resonances are not well
esolved in these plots, the additional information avail-
ble from 2-D MRS allows improved fitting of these me-
abolites as discussed in the text. Note the variable nature
f the macromolecule signal profile (highlighted in a box

n the left panel) between the two spectra. 2-D, two-di-
ensional; ACC, anterior cingulate cortex; BD, bipolar dis-

rder; Cho, choline; Cr, creatine; Gln, glutamine; Glu, glu-
amate; GSH, glutathione; H2O, water; mI, myo-inositol;

M, macromolecules; MRS, magnetic resonance spec-
roscopy; NAA, N-acetylaspartate.
2-D spectrum produced 64 CRLBs for each metabolite. These
ranged from less than 5% in regions of high certainty (typically
close to J � 0 Hz; Figure 3) to greater than 50% in regions of low
certainty. We report the mode, median, and mean CRLBs for each
metabolite from the clinical study (Table 2). The results of
LCModel fitting for each metabolite are reported as arbitrary units
(AUs). Glutamate and Gln measures in the test-retest study are
shown in Supplement 1.

Image Segmentation
Tissue segmentation of T1-weighted images into GM, WM,

and cerebrospinal fluid (CSF) used Automated Segmentation
Tool (Oxford Centre for Functional Magnetic Resonance Imaging
of the Brain, Oxford, United Kingdom, http://www.fmrib.ox.
ac.uk/fsl/). Poor image quality precluded segmentation in 30
voxels. The percentage of GM in ACC and POC was 79% � 5%
and 70% � 8% (NC), 76% � 8% and 69% � 8% (BD), and 77% �
3% and 69% � 7% (SZ), while that of WM was 17% � 6% and 28%
� 8% (NC), 16% � 8% and 29% � 8% (BD), and 16% � 4% and
29% � 8% (SZ), respectively.

For the 73 voxels where data were available, we computed
Pearson’s r for percent GM and MRS measures. Gray matter was
positively correlated with all MRS measures (NAA: r � .417, p �
.002; Cr: r � .586, p � .001; Cho: r � .563, p � .001; mI: r � .574,
p � .001; Glu: r � .555, p � .001; Gln: r � .270, p � .046),
consistent with prior literature (46-48). No relationship existed

Figure 3. Sample 1-D spectra extracted from 2-D datasets
at J � 0 Hz. These spectra are from the ACC in (a) a control
subject; and (b) a BD subject. Raw data are visible as a
black line and the LCModel spectral fit is in red, with the
residual shown in the top panel. Metabolite resonances
identifiable in this spectral extraction are labeled; note
that Gln resonances are not apparent at J � 0 Hz. 1-D,
one-dimensional; 2-D, two-dimensional; ACC, anterior
cingulate cortex; BD, bipolar disorder; Cho, choline; Cr,
creatine; Gln, glutamine; Glu, glutamate; mI, myo-inositol;
NAA, N-acetylaspartate.
www.sobp.org/journal
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etween Gln/Glu and GM (r � �.009, p � .947), suggesting that
lu and Gln levels covary between GM, WM, and CSF.

tatistical Analysis

Demographic and clinical variables were compared across
roups using analysis of variance (ANOVA) and chi-square tests
Table 1). There was no effect of sex on any metabolite mea-
ures. A series of correlation coefficients (uncorrected for multi-
le comparisons) showed that age, age at disease onset, and CPZ
quivalents were not related to metabolite measures, except for
negative correlation between age and NAA levels (r � �.208,
� .048).
Given our a priori hypothesis, we considered the Gln/Glu

atio as our primary outcome measure and did not analyze Glu
r Gln separately. In addition, we examined NAA, Cr, Cho,
nd mI levels. The effect of diagnosis on metabolite measures
as investigated using repeated measures ANOVAs with brain

egion (ACC vs. POC) as within-subject factor and diagnosis as
etween-subjects factor. Main effects and the brain region �
iagnosis interaction were explored and Dunnett’s post hoc
ests were used. There was a statistical trend difference in age
etween diagnostic groups (Table 1). Therefore, we repeated
he metabolite analyses with age as covariate.

A series of correlation coefficients showed no relationship
etween metabolite measures and MADRS, YMRS, and PANSS
cores (uncorrected for multiple comparisons). Finally, we ex-
mined medication effects on metabolite levels using one-way
NOVAs. This was done in BD and SZ groups separately
ecause different numbers of subjects took each medication in
he SZ and BD groups and group differences in metabolite levels
ould confound the medication effect.

able 2. Cramer Rao Lower Bounds (in %)

ACC POC

Mode Median Mean Mode Median Mean

AA 5 5 6 3 5 6
r 4 4 4 4 4 5
ho 6 6 6 9 8 8
I 5 9 14 8 13 21
lu 11 13 16 15 14 17
ln 18 26 36 21 19 28

ACC, anterior cingulate cortex; Cho, choline; Cr, creatine; Gln, glutamine;
lu, glutamate; mI, myo-inositol; NAA, N-acetylaspartate; POC, parieto-oc-
ipital cortex.

able 3. Metabolite Levels

Gln/Glu Glu Gln

CC
NC .369 � .147 1.084 � .283 .400 � .196
BD .511 � .312a .952 � .229 .502 � .371
SZ .494 � .267 .919 � .306 .449 � .284

OC
NC .286 � .117 .533 � .162 .160 � .098
BD .510 � .140a .536 � .108 .264 � .054
SZ .405 � .182 .552 � .104 .222 � .099

Levels are in AUs; Mean � SD.
ACC, anterior cingulate cortex; AU, arbitrary units; BD, bipolar disorder;

-acetylaspartate; NC, control subjects; POC, parieto-occipital cortex; SZ, sc

aGroup value significantly different from control value (see text for statistical

ww.sobp.org/journal
Results

Glutamine/Glu ratio showed a significant main effect of
diagnosis [F (38,2) � 4.875, p � .013] but no main effect of brain
region [F (38,1) � 1.223, p � .276] or brain region � diagnosis
interaction [F (38,2) � 1.819, p � .177]. Post hoc tests revealed
that Gln/Glu ratios were significantly elevated in BD but there
was only a trend toward significance in SZ (Dunnett’s two-sided
comparison with NC, p � .009 and p � .065, respectively) (Table
3; Figure 4). With age as covariate, the pattern of findings
remained: significant diagnosis main effect [F (37,3) � 4.655, p �
.016], no brain region � diagnosis interaction, and a significant
post hoc difference between BD and NC but not SZ and NC (not
shown).

On NAA levels, there was a significant main effect of brain
region [F (36,1) � 30.969, p � .001], no main effect of
diagnosis, and a significant diagnosis � brain region interac-
tion [F (36,2) � 3.453, p � .042], reflecting the fact that NAA
levels were lower in the ACC but not POC in patient groups.
Post hoc tests revealed that NAA levels in the ACC were
significantly lower in SZ but not BD as compared with NC
(Dunnett’s two-sided comparison, p � .031 and p � .236,
respectively) (Table 3).

The remaining three metabolites (Cr, Cho, mI) showed no
significant main effect of diagnosis (not shown) but a strong
effect of brain region [Cr: F (36,1) � 191.256, p � .001; Cho:
F (36,1) � 305.247, p � .001; mI: F (34,2) � 141.094, p � .001]. No
diagnosis � brain region interaction existed for these metabolites
(not shown).

Medication and Subgroup Effects
Since all BD subjects and all but one SZ subject were taking

second-generation antipsychotics, we could not examine the
effect of these medications on metabolite measures. Glutamine/
Glu ratios and metabolite levels were no different between
patients who were taking benzodiazepines and those who were
not (F � 1.308, p � .266 for BD and F � 1.294, p � .266 for SZ).
Similarly, grouping by treatment with anticonvulsants (F � 4.120,
p � .055 for BD and F � 2.300, p � .142 for SZ) or lithium (F �
1.243, p � .277 for BD and F � 2.157, p � .155 for SZ) had no
effect on any measure (Figure 5).

Excluding the eight patients with schizoaffective disorder from
the SZ group, there was still a significant main effect of diagnosis on
Gln/Glu [F(30,2) � 6.925, p � .003] and a significant Gln/Glu
elevation in BD but not SZ (Dunnett’s two-sided comparison with
NC, p � .002 and p � .323, respectively). In a one-way ANOVA,
Gln/Glu and metabolite levels were no different between eight

Cr NAA Cho mI

0 � .341 1.290 � .372 1.894 � .500 1.085 � .324
3 � .383 1.146 � .372 1.810 � .480 .956 � .250
0 � .376 1.000 � .423a 1.823 � .580 .919 � .334

7 � .198 .824 � .247 1.289 � .402 .487 � .177
1 � .169 .866 � .194 1.268 � .281 .483 � .097
6 � .170 .859 � .185 1.463 � .371 .505 � .134

holine; Cr, creatine; Gln, glutamine; Glu, glutamate; mI, myo-inositol; NAA,
hrenia.
1.39
1.34
1.21

.65

.73

.73

Cho, c
hizop
details).
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chizoaffective disorder and nine schizophrenia patients (p-values
etween p � .624 [Cho] and p � .890 [NAA]).

iscussion

We found elevated Gln/Glu ratios in mania using 2-D J-
esolved 1H-MRS at 4 Tesla, consistent with predicted neuronal-
lial coupling abnormalities. The findings were pronounced in
ipolar disorder; a cohort of acutely ill schizophrenia patients
howed only a trend toward abnormal Gln/Glu ratios. The
bnormality existed in both brain areas, suggesting that it may be
idespread in the cerebral cortex.

lutamatergic Neurotransmission in Bipolar Disorder
Although glutamate plays a crucial role in psychiatric disorders,

rain Glu levels do not reflect glutamatergic activity because Glu is
lso involved in cellular metabolism and because static Glu mea-
ures could mask dynamic changes in Glu synthesis/release/metab-
lism. Simultaneous Glu and Gln measurements better capture such
hanges, but even these measures cannot provide direct evidence of
ynaptic abnormalities because brain Glu and Gln are mostly
ntracellular. Nonetheless, specific changes in Gln/Glu taken to-
ether with known abnormalities in BD may be valuable indicators
f glutamatergic function.

Our finding of elevated Gln/Glu ratio in mania is similar to
hat reported in animal ischemia models where excessive Glu
elease leads to excitotoxicity (14,15) and in first-episode schizo-
hrenia where it may indicate “greater than normal glutamatergic
ctivity” (32). In mania, cerebral metabolic rate elevations accom-
any racing thoughts, distractibility, irritability, and insomnia
49), and our findings are consistent with excessive glutamatergic
eurotransmission driven by neuronal activity. In this context,
he balance between Glu-Gln conversion in glia and Gln-Glu
onversion in neurons appears disrupted due to a breakdown in
euronal-glial interactions. We cannot pinpoint the site of pa-
hology, but well-documented glial number reductions in BD are
nteresting (3,50) because glial cells modulate neuronal Glu
elease and provide Gln to neurons for Glu synthesis (51). The
ransport of Gln from glial cells to neurons is poorly understood
ut may involve a neuronal Gln transporter (52).

We report elevated Gln/Glu in mania, while others have found
ower Gln and higher Glu in depression (30). The modulation of
ortical Gln/Glu by mood state suggests that BD is characterized not

y a simple excess or deficiency in glutamatergic signaling but by an
inability to maintain homeostasis. Therefore, therapies reducing
variability in glutamatergic neurotransmission, e.g., by stabilizing
Glu release through actions on presynaptic metabotropic Glu
receptors, may be as effective in BD as in SZ (53).

Importantly, our findings are consistent with our a priori
hypothesis of abnormal glial-neuronal interactions in BD but by
no means provide definitive evidence for it. Elevated Gln/Glu
ratios could arise from intermediary metabolism abnormalities
where both molecules play a role or from intraneuronal abnor-
malities, e.g., in glutaminase that converts Gln to Glu.

Neurochemical Profile of Schizophrenia and Mania
Although there is postmortem, biochemical, and clinical evi-

dence of glutamatergic abnormalities in schizophrenia (31), we
found only a trend toward alterations in brain Gln/Glu ratios in
the SZ group. Several factors are relevant. First, our work focused
on one specific aspect of glutamatergic neurotransmission, Gln/
Glu ratio. This is not an index of total glutamatergic function,
rather a specific probe of Glu-Gln cycling. Therefore, significant
abnormalities in glutamatergic function in schizophrenia may still
exist at the level of the N-methyl-D-aspartate (NMDA) receptor or
in second messenger signaling without any alteration in Gln/Glu
ratios. Second, previous studies reported that first-episode
schizophrenia patients have elevated Gln but normal Glu levels
in ACC (32) and that chronically ill patients show lower than
normal Gln and Glu levels (33). Our finding of no statistical
Gln/Glu change in SZ is consistent with this literature because
we studied chronically ill patients. It is intriguing that several SZ
subjects had elevated Gln/Glu ratios (Figure 5) but correlation of
illness duration with Gln/Glu in SZ was not significant (not
shown). Studies explicitly designed to test the effect of illness
duration on Gln/Glu are needed.

Both BD and SZ showed lower than normal NAA in the ACC,
although the effect was statistically significant only in the SZ
group. N-acetylaspartate levels reflect neuronal integrity and
function, and reductions are reported in several brain regions in
BD and SZ (54–56). Our replication reassures us that our cohort
and methodology were consistent with previous studies. By
contrast, we did not identify changes in Cho or mI. Abnormalities
in both of these metabolites have been reported in some but not
all BD studies (57,58). Possible explanations for discrepancies
include subjects’ clinical status (mania vs. euthymia/depression),

Figure 4. Gln/Glu ratios in the three study groups. The left
panel shows a scatterplot of Gln/Glu in NC, BD, and SZ
groups with ACC and POC data points presented on the
same graph and mean and standard errors depicted ad-
jacent to the data for each group. Within the SZ group,
data from patients with schizoaffective disorder are de-
picted with open squares. The right panel shows Gln/Glu
in the ACC and POC voxels in NC, BD, and SZ groups
(black, gray, and white bars, respectively). Mean � SE are
shown. ACC, anterior cingulate cortex; BD, bipolar disor-
der; Gln, glutamine; Glu, glutamate; NC, control subjects;
POC, parieto-occipital cortex; SZ, schizophrenia; SZA,
schizoaffective disorder.
medication effects, and differences in data acquisition/analysis.

www.sobp.org/journal
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trengths and Limitations
This study has several strengths: high field strength, novel

ata acquisition and analysis techniques, and reliable metabolite
easures. We evaluated the improvements in Glu and Gln
uantification afforded by our approach in two ways. First, we
emonstrated that our measures were reliable in a test-retest
tudy. Our reliability measures were comparable with those
reviously reported for Cr, Cho, NAA, and mI and improved
pon those reported at 1.5 Tesla and 4 Tesla for Glu and Gln
59–61). To our knowledge, no other BD or SZ study has
eported such reliability estimates. Second, we examined CRLBs
n patient data. Cramer-Rao lower bounds are considered excel-
ent at �20% (62). In our study, mean CRLBs were �20% for all
etabolites except for mI (POC) and Gln (both voxels) (Table 2).
oth mI and Gln had lower mode/median than mean CRLBs,

ndicating that the mean was inflated by outliers. The CRLBs
btained for Gln in our study are lower than those in a recent in
ivo human spectroscopic imaging study at 3 Tesla/4 Tesla (mid
0%) (46) and a single voxel study at 3 Tesla (�35%) (63).
nother 2-D MRS study at 3 Tesla obtained a mean Gln CRLB of
4% from 27 healthy volunteers in a 15.625 cc voxel (36). Thus,
ur quantification compares favorably with other studies.

One limitation in this study is that all patients were taking

Li
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igure 5. Gln/Glu in BD patients grouped according to medication status. In
ach panel, data points on the left are from patients not taking the specified
edication, while those on the right are from patients taking the medica-

ion (left column: data from ACC; right column: data from POC). AC, anticon-
ulsants; ACC, anterior cingulate cortex; BD, bipolar disorder; BDZ, benzodi-
zepines; Gln, glutamine; Glu, glutamate; Li, lithium; POC, parieto-occipital
ortex.
edications. Psychotropic medications have complex and vari-

ww.sobp.org/journal
able effects on glutamatergic neurotransmission, including on
Glu receptors (64). For example, 3.6 months of lithium but not
valproate treatment in depressed BD outpatients caused a reduc-
tion in GM Glx (65). In animal studies, lithium and valproate
stimulate Glu release and inhibit uptake, although chronic
treatment has opposite effects (66,67). We found that lithium,
anticonvulsants, or benzodiazepines did not impact MRS mea-
sures but this is preliminary due to small N. As for antipsychotic
medications, eight BD patients were taking risperidone, four
olanzapine, three quetiapine, two aripiprazole, and one ziprasi-
done (three patients on combinations). Five SZ patients were
taking olanzapine, four clozapine, three aripiprazole, two risperi-
done, two quetiapine, and one haloperidol. Although many
more BD patients were taking risperidone, all had Gln/Glu ratios
similar to others with their diagnosis (BD � .586, SZ � .412;
Table 3). Likewise, five SZ patients took clozapine (Gln/Glu �
.589), but this did not explain our findings. Although we
uncovered no evidence that psychotropic medications affect
Gln/Glu ratios, it is likely that medications modulate glutamater-
gic neurotransmission (68). Two factors may obscure this effect.
First, the sample size in most neuroimaging studies is small and
interindividual variability overwhelms all but prominent diagno-
sis effects. Medication effect studies are needed to examine these
changes (65). Second, we scanned acutely ill subjects, and seven
BD and four SZ patients were unmedicated prior to hospitaliza-
tion. Therefore, medication effects may be weaker than diagnosis
effects.

We did not utilize absolute quantification; such technically
demanding and time-consuming attempts were not feasible in
this study. We also avoided internal referencing to Cr because of
the recent reports suggesting Cr abnormalities in BD and SZ
(69,70). Finally, internal referencing to the water resonance (71)
was not possible because we did not acquire water unsup-
pressed spectra in this study.

Grouping patients with schizophrenia and schizoaffective
disorder together is another limitation. Although our analyses
revealed no differences in MRS measures between these diag-
noses, future studies may find such differences. Finally, because
GABAergic interneurons are abnormal in BD and SZ (72,73),
measuring GABA levels would be important. While J-resolved
MRSI allowed quantification of GABA previously (39), this
measure did not meet quality control criteria in our study,
possibly because of reduced information in our two-voxel de-
sign. Gamma-aminobutyric acid dedicated acquisition protocols
may provide further information in this regard (22,28).

This study was funded by Grants 5R01MH058681-05 (PFR)
and 1K23MH079982-01A1 (DÖ) from the National Institute of
Mental Health and the Clinical Investigator Training Fellowship
from Harvard/Massachusetts Institute of Technology (MIT) (DÖ).
DÖ had full access to all of the data in the study and takes
responsibility for the integrity of the data and the accuracy of the
data analysis.

We thank Ian Greenhouse for technical support and Dr. Marc
Kaufman for helpful discussions.

Dr. Renshaw is a consultant to Novartis, GlaxoSmithKline,
Kyowa Hakko, Roche, and has received research support from Eli
Lilly. None of the other authors reported any biomedical finan-
cial interests or potential conflicts of interest.

Supplementary material cited in this article is available

online.



1

1

1

1

1

1

1

1

1

1

2

2

2

2

D. Öngür et al. BIOL PSYCHIATRY 2008;64:718–726 725
1. Kessler RC, Rubinow DR, Holmes C, Abelson JM, Zhao S (1997): The
epidemiology of DSM-III-R bipolar I disorder in a general population
survey. Psychol Med 27:1079 –1089.

2. World Health Organization (2002): Global Burden of Disease. Geneva:
World Health Organization.

3. Öngür D, Drevets WC, Price JL (1998): Glial reduction in the subgenual
prefrontal cortex in mood disorders. Proc Natl Acad Sci U S A 95:13290 –
13295.

4. Rajkowska G (2000): Postmortem studies in mood disorders indicate
altered numbers of neurons and glial cells. Biol Psychiatry 48:766 –777.

5. Blumberg HP, Krystal JH, Bansal R, Martin A, Dziura J, Durkin K, et al.
(2006): Age, rapid-cycling, and pharmacotherapy effects on ventral pre-
frontal cortex in bipolar disorder: A cross-sectional study. Biol Psychiatry
59:611– 618.

6. Drevets WC, Price JL, Simpson JR, Todd RD, Reich T, Vannier M, et al.
(1997): Subgenual prefrontal cortex abnormalities in mood disorders.
Nature 386:824 – 827.

7. Drevets WC (2000): Neuroimaging studies of mood disorders. Biol Psy-
chiatry 48:813– 829.

8. Blumberg HP, Leung HC, Skudlarski P, Lacadie CM, Fredericks CA, Harris
BC, et al. (2003): A functional magnetic resonance imaging study of
bipolar disorder: State- and trait-related dysfunction in ventral prefron-
tal cortices. Arch Gen Psychiatry 60:601– 609.

9. Hattori E, Liu C, Badner JA, Bonner TI, Christian SL, Maheshwari M, et al.
(2003): Polymorphisms at the G72/G30 gene locus, on 13q33, are asso-
ciated with bipolar disorder in two independent pedigree series. Am J
Hum Genet 72:1131–1140.

0. Craddock N, O’Donovan MC, Owen MJ (2005): The genetics of schizo-
phrenia and bipolar disorder: Dissecting psychosis. J Med Genet 42:193–
204.

1. Zarate CA Jr, Singh J, Manji HK (2006): Cellular plasticity cascades: Tar-
gets for the development of novel therapeutics for bipolar disorder. Biol
Psychiatry 59:1006 –1020.

2. Rothman DL, Behar KL, Hyder F, Shulman RG (2003): In vivo NMR studies
of the glutamate neurotransmitter flux and neuroenergetics: Implica-
tions for brain function. Annu Rev Physiol 65:401– 427.

3. Pellerin L, Magistretti PJ (2004): Neuroscience. Let there be (NADH) light.
Science 305:50 –52.

4. Igarashi H, Kwee IL, Nakada T, Katayama Y, Terashi A (2001): 1H mag-
netic resonance spectroscopic imaging of permanent focal cerebral
ischemia in rat: Longitudinal metabolic changes in ischemic core and
rim. Brain Res 907:208 –221.

5. Mlynarik V, Kohler I, Gambarota G, Vaslin A, Clarke PG, Gruetter R (2008):
Quantitative proton spectroscopic imaging of the neurochemical pro-
file in rat brain with microliter resolution at ultra-short echo times. Magn
Reson Med 59:52–58.

6. Sanacora G, Rothman DL, Mason G, Krystal JH (2003): Clinical studies
implementing glutamate neurotransmission in mood disorders. Ann
N Y Acad Sci 1003:292–308.

7. Kugaya A, Sanacora G (2005): Beyond monoamines: Glutamatergic
function in mood disorders. CNS Spectr 10:808 – 819.

8. Berton O, Nestler EJ (2006): New approaches to antidepressant drug
discovery: Beyond monoamines. Nat Rev Neurosci 7:137–151.

9. Lan MJ, McLoughlin GA, Griffin JL, Tsang TM, Huang JT, Yuan P, et al.
(2008): Metabonomic analysis identifies molecular changes associated
with the pathophysiology and drug treatment of bipolar disorder [pub-
lished online ahead of print February 5]. Mol Psychiatry.

0. Govindaraju V, Young K, Maudsley AA (2000): Proton NMR chemical
shifts and coupling constants for brain metabolites. NMR Biomed 13:
129 –153.

1. Auer DP, Putz B, Kraft E, Lipinski B, Schill J, Holsboer F (2000): Reduced
glutamate in the anterior cingulate cortex in depression: An in vivo
proton magnetic resonance spectroscopy study. Biol Psychiatry 47:305–
313.

2. Hasler G, van der Veen JW, Tumonis T, Meyers N, Shen J, Drevets WC
(2007): Reduced prefrontal glutamate/glutamine and gamma-ami-
nobutyric acid levels in major depression determined using proton
magnetic resonance spectroscopy. Arch Gen Psychiatry 64:193–200.

3. Mirza Y, Tang J, Russell A, Banerjee SP, Bhandari R, Ivey J, et al. (2004):
Reduced anterior cingulate cortex glutamatergic concentrations in
childhood major depression. J Am Acad Child Adolesc Psychiatry 43:341–

348.
24. Michael N, Erfurth A, Ohrmann P, Gossling M, Arolt V, Heindel W, et al.
(2003): Acute mania is accompanied by elevated glutamate/glutamine
levels within the left dorsolateral prefrontal cortex. Psychopharmacol-
ogy (Berl) 168:344 –346.

25. Cecil KM, DelBello MP, Morey R, Strakowski SM (2002): Frontal lobe
differences in bipolar disorder as determined by proton MR spectros-
copy. Bipolar Disord 4:357–365.

26. Frye MA, Watzl J, Banakar S, O’Neill J, Mintz J, Davanzo P, et al. (2007):
Increased anterior cingulate/medial prefrontal cortical glutamate
and creatine in bipolar depression. Neuropsychopharmacology 32:
2490 –2499.

27. Dager SR, Friedman SD, Parow A, Demopulos C, Stoll AL, Lyoo IK, et al.
(2004): Brain metabolic alterations in medication-free patients with bi-
polar disorder. Arch Gen Psychiatry 61:450 – 458.

28. Bhagwagar Z, Wylezinska M, Jezzard P, Evans J, Ashworth F, Sule A, et al.
(2007): Reduction in occipital cortex gamma-aminobutyric acid concen-
trations in medication-free recovered unipolar depressed and bipolar
subjects. Biol Psychiatry 61:806 – 812.

29. Moore CM, Frazier JA, Glod CA, Breeze JL, Dieterich M, Finn CT, et al.
(2007): Glutamine and glutamate levels in children and adolescents
with bipolar disorder: A 4.0-T proton magnetic resonance spectroscopy
study of the anterior cingulate cortex. J Am Acad Child Adolesc Psychiatry
46:524 –534.

30. Sanacora G, Gueorguieva R, Epperson CN, Wu YT, Appel M, Rothman DL,
et al. (2004): Subtype-specific alterations of gamma-aminobutyric acid
and glutamate in patients with major depression. Arch Gen Psychiatry
61:705–713.

31. Goff DC, Coyle JT (2001): The emerging role of glutamate in the patho-
physiology and treatment of schizophrenia. Am J Psychiatry 158:1367–
1377.

32. Theberge J, Bartha R, Drost DJ, Menon RS, Malla A, Takhar J, et al. (2002):
Glutamate and glutamine measured with 4.0 T proton MRS in never-
treated patients with schizophrenia and healthy volunteers. Am J Psy-
chiatry 159:1944 –1946.

33. Theberge J, Al-Semaan Y, Williamson PC, Menon RS, Neufeld RW, Raja-
kumar N, et al. (2003): Glutamate and glutamine in the anterior cingu-
late and thalamus of medicated patients with chronic schizophrenia
and healthy comparison subjects measured with 4.0-T proton MRS. Am J
Psychiatry 160:2231–2233.

34. Ryner LN, Sorenson JA, Thomas MA (1995): Localized 2D J-resolved 1H
MR spectroscopy: Strong coupling effects in vitro and in vivo. Magn
Reson Imaging 13:853– 869.

35. Ke Y, Cohen BM, Bang JY, Yang M, Renshaw PF (2000): Assessment of
GABA concentration in human brain using two-dimensional proton
magnetic resonance spectroscopy. Psychiatry Res 100:169 –178.

36. Schulte RF, Boesiger P (2006): ProFit: Two-dimensional prior-knowledge
fitting of J-resolved spectra. NMR Biomed 19:255–263.

37. Phillips ML, Drevets WC, Rauch SL, Lane R (2003): Neurobiology of emo-
tion perception II: Implications for major psychiatric disorders. Biol Psy-
chiatry 54:515–528.

38. Strakowski SM, Delbello MP, Adler CM (2005): The functional neuroanat-
omy of bipolar disorder: A review of neuroimaging findings. Mol Psychi-
atry 10:105–116.

39. Jensen JE, Frederick BD, Wang L, Brown J, Renshaw PF (2005): Two-
dimensional, J-resolved spectroscopic imaging of GABA at 4 Tesla in the
human brain. Magn Reson Med 54:783–788.

40. First MB, Spitzer RL, Gibbon M, Williams JBW (1995): Structured Clinical
Interview for DSM-IV Axis I Disorders. New York: New York State Psychiat-
ric Institute, Biometrics Research.

41. Woods SW (2003): Chlorpromazine equivalent doses for the newer atyp-
ical antipsychotics. J Clin Psychiatry 64:663– 667.

42. Ogg RJ, Kingsley PB, Taylor JS (1994): WET, a T1- and B1-insensitive
water-suppression method for in vivo localized 1H NMR spectroscopy.
J Magn Reson B 104:1–10.

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

44. Smith SA, Levante TO, Meier BH, Ernst RR (1994): Computer simulations
in magnetic resonance. An object-oriented programming approach.
J Magn Reson A 106:75–105.

45. Provencher SW (2001): Automatic quantitation of localized in vivo 1H

spectra with LCModel. NMR Biomed 14:260 –264.

www.sobp.org/journal



4

4

4

4

5

5

5

5

5

5

5

5

5

5

6

726 BIOL PSYCHIATRY 2008;64:718–726 D. Öngür et al.

w

6. Posse S, Otazo R, Caprihan A, Bustillo J, Chen H, Henry PG, et al. (2007):
Proton echo-planar spectroscopic imaging of J-coupled resonances in
human brain at 3 and 4 Tesla. Magn Reson Med 58:236 –244.

7. Hetherington HP, Mason GF, Pan JW, Ponder SL, Vaughan JT, Twieg DB,
et al. (1994): Evaluation of cerebral gray and white matter metabolite
differences by spectroscopic imaging at 4.1T. Magn Reson Med 32:565–
571.

8. Wang Y, Li SJ (1998): Differentiation of metabolic concentrations be-
tween gray matter and white matter of human brain by in vivo 1H
magnetic resonance spectroscopy. Magn Reson Med 39:28 –33.

9. Kishimoto H, Takazu O, Ohno S, Yamaguchi T, Fujita H, Kuwahara H, et al.
(1987): 11C-glucose metabolism in manic and depressed patients. Psy-
chiatry Res 22:81– 88.

0. Cotter DR, Pariante CM, Everall IP (2001): Glial cell abnormalities in major
psychiatric disorders: The evidence and implications. Brain Res Bull 55:
585–595.

1. Hertz L, Zielke HR (2004): Astrocytic control of glutamatergic activity:
Astrocytes as stars of the show. Trends Neurosci 27:735–743.

2. Varoqui H, Zhu H, Yao D, Ming H, Erickson JD (2000): Cloning and
functional identification of a neuronal glutamine transporter. J Biol
Chem 275:4049 – 4054.

3. Schoepp D (2006): New directions in the treatment of schizophrenia:
Modulators of mGlu2 and/or mGlu3 receptors. Neuropsychopharmacol-
ogy 31:S25.

4. Bertolino A, Callicott JH, Elman I, Mattay VS, Tedeschi G, Frank JA, et al.
(1998): Regionally specific neuronal pathology in untreated patients
with schizophrenia: A proton magnetic resonance spectroscopic imag-
ing study. Biol Psychiatry 43:641– 648.

5. Bertolino A, Frye M, Callicott JH, Mattay VS, Rakow R, Shelton-Repella J,
et al. (2003): Neuronal pathology in the hippocampal area of patients
with bipolar disorder: A study with proton magnetic resonance spectro-
scopic imaging. Biol Psychiatry 53:906 –913.

6. Lyoo IK, Renshaw PF (2002): Magnetic resonance spectroscopy: Current
and future applications in psychiatric research. Biol Psychiatry 51:195–
207.

7. Yildiz-Yesiloglu A, Ankerst DP (2006): Neurochemical alterations of the
brain in bipolar disorder and their implications for pathophysiology: A
systematic review of the in vivo proton magnetic resonance spectros-
copy findings. Prog Neuropsychopharmacol Biol Psychiatry 30:969 –995.

8. Stork C, Renshaw PF (2005): Mitochondrial dysfunction in bipolar disor-
der: Evidence from magnetic resonance spectroscopy research. Mol
Psychiatry 10:900 –919.

9. Schirmer T, Auer DP (2000): On the reliability of quantitative clinical
magnetic resonance spectroscopy of the human brain. NMR Biomed
13:28 –36.
0. Geurts JJ, Barkhof F, Castelijns JA, Uitdehaag BM, Polman CH, Pouwels PJ
(2004): Quantitative 1H-MRS of healthy human cortex, hippocampus,

ww.sobp.org/journal
and thalamus: Metabolite concentrations, quantification precision, and
reproducibility. J Magn Reson Imaging 20:366 –371.

61. Bartha R, Drost DJ, Menon RS, Williamson PC (2000): Comparison of the
quantification precision of human short echo time (1)H spectroscopy at
1.5 and 4.0 Tesla. Magn Reson Med 44:185–192.

62. Provencher SW (2005): LCModel & LCMgui User’s Manual. Oakville, On-
tario, Canada: Stephen Provencher.

63. Schubert F, Gallinat J, Seifert F, Rinneberg H (2004): Glutamate concen-
trations in human brain using single voxel proton magnetic resonance
spectroscopy at 3 Tesla. Neuroimage 21:1762–1771.

64. Du J, Suzuki K, Wei Y, Wang Y, Blumenthal R, Chen Z, et al. (2007): The
anticonvulsants lamotrigine, riluzole, and valproate differentially regu-
late AMPA receptor membrane localization: Relationship to clinical ef-
fects in mood disorders. Neuropsychopharmacology 32:793– 802.

65. Friedman SD, Dager SR, Parow A, Hirashima F, Demopulos C, Stoll AL,
et al. (2004): Lithium and valproic acid treatment effects on brain chem-
istry in bipolar disorder. Biol Psychiatry 56:340 –348.

66. Dixon JF, Hokin LE (1997): The antibipolar drug valproate mimics lithium
in stimulating glutamate release and inositol 1,4,5-trisphosphate accu-
mulation in brain cortex slices but not accumulation of inositol mono-
phosphates and bisphosphates. Proc Natl Acad Sci U S A 94:4757– 4760.

67. Dixon JF, Hokin LE (1998): Lithium acutely inhibits and chronically up-
regulates and stabilizes glutamate uptake by presynaptic nerve end-
ings in mouse cerebral cortex. Proc Natl Acad Sci U S A 95:8363– 8368.

68. Zarate CA Jr, Du J, Quiroz J, Gray NA, Denicoff KD, Singh J, et al. (2003):
Regulation of cellular plasticity cascades in the pathophysiology and
treatment of mood disorders: Role of the glutamatergic system. Ann N Y
Acad Sci 1003:273–291.

69. Frey BN, Stanley JA, Nery FG, Monkul ES, Nicoletti MA, Chen HH, et al.
(2007): Abnormal cellular energy and phospholipid metabolism in the
left dorsolateral prefrontal cortex of medication-free individuals with
bipolar disorder: An in vivo 1H MRS study. Bipolar Disord 9(suppl 1):119 –
127.

70. Theberge J, Williamson KE, Aoyama N, Drost DJ, Manchanda R, Malla AK,
et al. (2007): Longitudinal grey-matter and glutamatergic losses in first-
episode schizophrenia. Br J Psychiatry 191:325–334.

71. Barker PB, Soher BJ, Blackband SJ, Chatham JC, Mathews VP, Bryan RN
(1993): Quantitation of proton NMR spectra of the human brain using tissue
water as an internal concentration reference. NMR Biomed 6:89–94.

72. Benes FM, Berretta S (2001): GABAergic interneurons: Implications for
understanding schizophrenia and bipolar disorder. Neuropsychophar-
macology 25:1–27.

73. Heckers S, Stone DJ, Walsh J, Shick JF, Koul P, Benes FM (2001): Hip-
pocampal GAD65 and GAD67 mRNA expression in schizophrenia and

bipolar disorder. Schizophr Res 49:61.


	Abnormal Glutamatergic Neurotransmission and Neuronal-Glial Interactions in Acute Mania
	Methods and Materials
	Subjects
	Magnetic Resonance Imaging/Magnetic Resonance Spectroscopy Scans
	MRS Data Processing and Analysis
	Image Segmentation
	Statistical Analysis

	Results
	Medication and Subgroup Effects

	Discussion
	Glutamatergic Neurotransmission in Bipolar Disorder
	Neurochemical Profile of Schizophrenia and Mania
	Strengths and Limitations

	Acknowledgment
	References


