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Reduced Prefrontal Glutamate/Glutamine
and y-Aminobutyric Acid Levels

in Major Depression Determined Using
Proton Magnetic Resonance Spectroscopy
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Noah Meyers, BS; Jun Shen, PhD; Wayne C. Drevets, MD

Context: Increasing evidence indicates that major de-
pressive disorder (MDD) is associated with altered func-
tion of the major excitatory and inhibitory neurotrans-
mitters glutamate and y-aminobutyric acid (GABA),
respectively. A recently developed magnetic resonance
spectroscopy method allows for reliable measurement of
glutamate/glutamine (Glx) and GABA concentrations in
prefrontal brain regions that have been implicated in the
pathophysiologic mechanisms of MDD by studies using
other neuroimaging and postmortem techniques.

Objective: To measure Glx and GABA levels in 2 re-
gions of the prefrontal brain tissue in unmedicated adults
with MDD.

Design: Cross-sectional study for association.

Setting: Psychiatric outpatient clinic.

Participants: Twenty unmedicated, depressed pa-
tients with MDD and 20 age- and sex-matched controls.

Intervention: Participants underwent scanning using

a 3-T whole-body scanner with a transmit-receive head
coil, providing a homogeneous radiofrequency field and
the capability of obtaining spectroscopic measurements
in a dorsomedial/dorsal anterolateral prefrontal region
of interest (ROI) and a ventromedial prefrontal ROL.

Main Outcome Measures: Glx and GABA levels de-
rived from magnetic resonance spectroscopy signals.

Results: Depressed patients had reduced Glx levels in
both ROIs. The GABA levels were reduced in the dorso-
medial/dorsal anterolateral prefrontal ROI. Levels of GABA
and Glx were positively correlated in both ROIs.

Conclusions: For the first time, GABA and Glx concen-
trations were compared between unmedicated de-
pressed adults and controls in prefrontal ROIs. The ab-
normal reductions in Glx and GABA concentrations found
in the MDD sample were compatible with findings from
postmortem histopathologic studies, indicating that glial
cell density is reduced in the same areas in MDD.
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NCREASING EVIDENCE EXISTS TO
suggest that major depressive
disorder (MDD) is associated
with perturbations in the

sured as the combined Glx peak in the

MRS spectra) and GABA concentrations

in patients with mood disorders.
Sanacora et al® initially applied an ed-
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metabolism of the major excit-
atory and inhibitory neurotransmitters
glutamate and y-aminobutyric acid
(GABA), respectively. Early studies'?
reported that the concentrations of
glutamate/glutamine (Glx) and GABA are
abnormally decreased in the plasma of
patients with unipolar depression. Post-
mortem studies of frontal cortical
N-methyl-D-aspartate receptor complex
in suicide victims® and of cerebrospinal
fluid GABA concentrations also identified
abnormalities in these systems in depres-
sion.*> More recently, advances in proton
magnetic resonance spectroscopy (MRS)
have allowed for direct, noninvasive, in
vivo measurement of cerebral Glx (mea-

iting MRS protocol to assess brain GABA
concentrations in the occipital lobe of pa-
tients with MDD and found reduced GABA
levels in unmedicated depressive individu-
als (imaged after a minimum 2-week medi-
cation washout) vs controls. The same
group’ replicated this finding in the oc-
cipital lobe in a sample of moderately de-
pressed individuals but noted that the mag-
nitude of the reduction in mean GABA
levels was smaller than that found in their
earlier study of more severely depressed
patients and observed that the differ-
ences found with respect to controls largely
were accounted for by depressive pa-
tients meeting the criteria for melan-
cholic subtype. Hasler et al® applied a 3-T
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MRS technique to assess GABA concentrations in pre-
frontal regions implicated more consistently in the patho-
physiologic mechanisms of depression but found no dif-
ferences in GABA levels between controls and fully
remitted individuals with a history of MDD. Because the
data from Sanacora et al” suggested that the sensitivity
for detecting abnormal GABA concentrations in MDD may
be affected by the extent of current depressive symp-
toms, the present study applied the 3-T MRS technique
to measure prefrontal GABA levels in an independent
sample of currently depressed patients with MDD.

In addition to the reductions observed in cerebral GABA
concentrations using MRS, previous spectroscopic stud-
ies of depression also had reported that the Glx concen-
trations were abnormal in the anterior cingulate gyrus, the
amygdala/hippocampus, and the occipital brain. Auer and
colleagues’® conducted an MRS study in 18 patients with
MDD, most of whom were medicated, and 18 age-
matched controls and found a 10.4% decrease in Glx lev-
els in the anterior cingulate gyrus in depressive patients vs
controls. Pfleiderer et al'® replicated this result in a sample
of treatment-resistant depressed patients with a mean age
of 60 years who were not taking psychotropic drugs other
than lorazepam for 3 to 8 days before scanning. The same
group reported that an overlapping sample of treatment-
resistant depressive patients free of psychotropic drugs other
than lorazepam for 3 to 8 days showed reduced Glx con-
centrations in the amygdala/anterior hippocampus re-
gion'' and found that Glx levels correlated negatively with
depression severity in a dorsolateral prefrontal cortical re-
gion.'” The Glx levels in a subset of these patients in-
creased significantly after successful electroconvulsive
therapy.'®!! Furthermore, an MRS study™ in patients with
metastatic breast cancer showed that chemotherapy-
induced reductions in Glx levels in the white matter of the
center semiovale region were associated with combined sui-
cidal ideation and depressive symptoms. Although the re-
sults of these studies potentially were confounded by the
effects of currently or recently administered psychotropic
medications, Mirza et al'* and Rosenberg et al*> also found
reduced anterior cingulate gyrus Glx levels in unmedi-
cated children with major depression. These results do not
generalize to other patient populations with affective ill-
ness or to other brain regions. Elderly patients with MDD
did not differ from controls regarding prefrontal Glx lev-
els,'® and in patients with bipolar disorder, prefrontal Glx
concentration was found to be increased.'” In the occipi-
tal lobe, Sanacora et al'*® found that unmedicated de-
pressed adults also had increased Glx levels vs controls.
Moreover, a limitation of the literature on nonelderly adults
with MDD has been that none of the studies on Glx con-
centrations in the limbic and prefrontal cortical areas where
function seems to be more clearly relevant to the patho-
genesis of the major depressive syndrome involved un-
medicated depressed adults.

Recent findings from postmortem studies of abnor-
mally decreased glial cell density, numbers, and markers
in MDD has increased interest in the measurement of
Glx and GABA concentrations in vivo in MDD. These
MRS spectra reflect the combined intracellular and
extracellular pools of glutamate, glutamine, and GABA
but are dominated overwhelmingly by the intracellular

pools in neurons and glia.'"* The abnormal reductions
in glial cell counts and density found post mortem in
MDD thus may account for the abnormalities reflected
by the Glx spectra measured in vivo in MDD.* If so,
then the anatomical distribution of these abnormalities
may be limited to areas that contain abnormalities in
glial cells in MDD. The anatomical extent of the regions
where reductions in glial cell counts, density, and gene
expression have been identified has thus far been limited
to limbic and prefrontal areas implicated by histopatho-
logic and neuroimaging studies in the modulation of
emotional behavior. These areas include the dorsal
anterolateral prefrontal cortex, the anterior cingulate
cortex, the orbitofrontal cortex, and the amygdala.?**
The objective of the present study thus is to apply the
3-T MRS technique to compare Glx and GABA levels
between unmedicated currently depressed patients with
MDD and controls in the prefrontal regions of interest
(ROISs) that encompass areas where glial cell abnormali-
ties have been reported in MDD. Based on the previous
MRS, histopathologic, and neurochemical studies
reviewed previously herein, we hypothesize that Glx and
GABA levels would be reduced in the dorsomedial/
dorsal anterolateral ROI and the ventromedial ROI in
depressive patients relative to controls.

DR METHODS

PARTICIPANTS

Individuals who met the DSM-IV criteria for a current major de-
pressive episode and for MDD and who had a Montgomery-
Asberg Depression Rating Scale score greater than 18 (n=20; 13
females; mean +SD age, 34.0+ 11.2 years; age range, 19-60 years)
and controls (n=20; 13 females; mean +SD age, 34.8+12.4 years;
age range, 19-58 years; mean+SD Montgomery-Asberg Depres-
sion Rating Scale total score, 0.1+0.4; range, 0-2) were in-
cluded. Table 1 gives additional clinical characteristics of the
MDD sample. The participants were recruited through advertise-
ments in local newspapers and posters at the National Institutes
of Health campus and were evaluated during screening visits in
the outpatient psychiatry clinic of the National Institutes of Health
Clinical Center. Psychiatric diagnoses were established using an
unstructured clinical interview by a psychiatrist and via a struc-
tured interview using the Structured Clinical Interview for the DSM-
V393! The clinical evaluation also included a physical examina-
tion, electrocardiography, and laboratory tests, including liver and
kidney function tests, hematology profile, thyroid function tests,
urinalysis, and toxicology (drug screen). Exclusion criteria in-
cluded current medical or neurologic disorders, exposure to psy-
chotropic medications within 4 weeks of scanning (8 weeks for
fluoxetine), cigarette smoking, and pregnancy. Participants were
entered into the study after a full explanation of the purpose of
the study and the study procedures and after written consent was
obtained as approved by the National Institute of Mental Health
institutional review board.

MAGNETIC RESONANCE SPECTROSCOPY

Participants underwent scanning in a single session using a 3-T
whole-body scanner and a transmit-receive head coil (General
Electric Medical Systems, Milwaukee, Wis) capable of provid-
ing a homogeneous radiofrequency (RF) field and spectro-
scopic measurements from prefrontal brain tissue. Based on pre-
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Table 1. Clinical Characteristics
of the 20 Individuals With MDD

Clinical Characteristic Value
MADRS score, mean (SD) [range] 27 (4.3) [20-37]
HDRS score, mean (SD) [range] 22 (6.0) [14-33]
Age at onset, mean (SD) [range], y 16 (9.4) [4-43]
Episode duration, mean (SD) [range], mo 140 (130) [15-480]
Total illness duration, mean (SD) [range], y 18.8 (13.5) [2-55]
MDD course, No.

1 MDE 3

2-3 MDEs 3

>3 MDEs 12

Chronic course 2

Time medication free
Mean (SD) [range], mo 41 (61) [1.0-216]
Never medicated, No. 4
Comorbid diagnoses, No.

Generalized anxiety disorder 7
Panic disorder 6
Social phobia 4
Posttraumatic stress disorder 1
History of suicidality, No. of suicide attempts 4
MDD subtypes
Melancholic, current 2
Melancholic, lifetime 9
Atypical, current 4
Family history, No.
MDD 9
Bipolar disorder 3
Anxiety disorder 4

Abbreviations: HDRS, Hamilton Depression Rating Scale; MADRS,
Montgomery-Asberg Depression Rating Scale; MDD, major depressive
disorder; MDE, major depressive episode.

vious imaging and histopathologic studies in major depression,*
proton MRS spectra were acquired from 2 voxels: the dorso-
medial/dorsal anterolateral prefrontal DM/DA-PF) ROI voxel
and the ventromedial prefrontal (VM-PF) ROI voxel. The DM/
DA-PF ROI voxel extended 5 X 3 X 2 cm and was positioned
with the posterior border 1 mm anterior to the anterior pole of
the caudate and with the ventral border 1 mm superior to the
dorsal border of the putamen. This cortex included portions
of the dorsal and pregenual anterior cingulate gyrus, the adja-
cent medial frontal gyrus, and the DM/DA-PF cortex (ie, por-
tions of Brodmann areas 9, 24, and 32*). Figure 1A shows
the placement of this voxel in the horizontal plane and the brain
tissue segments. The VM-PF ROI voxel extended 3 X 3 X 2
cm, was positioned with the posterior edge 1 mm anterior to
the rostrum of the corpus callosum, and was centered on the
midline in horizontal planes and on the bicommissural line in
sagittal planes. This voxel included portions of the perigenual
anterior cingulate gyrus and the adjacent frontal polar cortex
(ie, portions of Brodmann areas 10, 24, and 32**). Figure 1B
shows the placement of this voxel in the horizontal plane and
the brain tissue segments. Figure 2 shows the placement of
the voxels in the midsagittal plane.

The level of GABA was measured using an interleaved
PRESS-based ] editing method.®** This method uses PRESS for
spatial localization. The GABA H-3 at 1.9 ppm is inverted in
alternating scans. When GABA H-3 is inverted, the J evolution
between GABA H-3 and GABA H-4 is refocused. When GABA
H-3 is not inverted during the control scan, the 2 outer reso-
nance lines of GABA H-4 at 3.0 ppm are in antiphase with re-
spect to its central resonance line and creatine. Creatine methyl
proton signals at 3.0 ppm and other overlapping resonances

Figure 1. Voxel placement and tissue composition in the dorsomedial/dorsal
anterolateral prefrontal region of interest (DM/DA-PF ROI) (A) and in the
ventromedial prefrontal (VM-PF) ROI (B). Image on the left shows placement
of the voxel in the horizontal plane through the middle of the voxel in the
superoinferior direction; right, corresponding cerebrospinal fluid segment
(top), white matter segment (middle), and gray matter segment (bottom).

Figure 2. Voxel placement in the dorsomedial/dorsal anterolateral prefrontal
region of interest (DM/DA-PF ROI) (upper voxel: dotted box) and the
ventromedial prefrontal (VM-PF) ROI (lower voxel: solid box) shown in the
midsagittal plane. Because of the large voxel size needed to provide a
sufficient signal-to-noise ratio and the anatomical vicinity of the 2 brain areas
of interest, the 2 voxels overlapped. The DM/DA-PF ROI was larger than the
VM-PF ROl in the left/right dimension, reducing the amount of overlap.

are cancelled during subtraction to reveal the edited GABA H-4.
The frequency profile of the editing pulse was flat over the fre-
quency range of the resonances of the metabolites that were
affected by the editing pulse. This made the method insensi-
tive to slight variations in frequency during the scan, that is,
the editing efficiency was not changed by slight variations in
frequency, making the method robust for scanning in vivo. Echo
time was 68 milliseconds, repetition time was 1.5 seconds, the
number of excitations was 2, and the number of acquisition
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Figure 3. A typical set of y-aminobutyric acid (GABA) editing spectra obtained at 3 T from a patient with major depressive disorder (A and B) and a control (C and
D). Aand C show intact subspectra at an echo time of 68 milliseconds (No. of scans=1024) with no GABA editing. B and D show edited spectra. The large
N-acetylaspartate (NAA) signal at 2.0 ppm was inverted owing to the effect of the GABA editing pulse. The glutamate/glutamine (Glx)-2 signal at 3.8 ppm and the
GlIx-4 signal at 2.4 ppm also were detected owing to their J-coupling to GIx-3 at 2.1 ppm near the left edge and in the flat portion of the GABA editing pulse. The
coedited Glx-4 peak partially overlapped the negative NAA signal. However, the GIx-2 signal at 3.8 ppm was cleanly coedited, allowing simultaneous determination
of GIx without GABA contamination. The edited GABA-4 signal was located at 3.0 ppm and was used for quantification of the GABA concentration. The coedited
GABA-2 signal at 2.3 ppm was largely overlapped by the residual GIx-4 signal at 2.4 ppm and the dominant NAA signal at 2.0 ppm. Excellent water and outer
volume suppression was achieved. AU indicates arbitrary units; Cho, choline; and Cre, creatine.

points was 2048, with a sample frequency/spectral width of 5000
Hz. The scan time was 27 minutes for 1024 scans for each voxel.

In contrast to a previous study,® individual peak areas were
fitted using a nonlinear fitting program written in IDL (Research
Systems Inc, Boulder, Colo) that performed time domain spec-
tral analysis to determine the amplitude of the spectroscopic peaks
in a fully automated manner (eliminating the possibility of rater
bias). The concentrations of GABA, choline, N-acetylaspartate
(NAA), and coedited Glx (ie, glutamate and glutamine) are ex-
pressed in millimoles per liter referenced to the concentration of
creatine that was setat 93 mg/dL (7100 pmol/L) because this value
represents an average concentration from literature reports of cre-
atine in gray and white matter.>* This conventional creatine ref-
erencing method was previously validated.®*” Spectroscopic data
were processed in 2 steps. First, the unedited spectra were fitted
for the amplitudes of choline, creatine, and NAA. At the echo time
optimal for GABA editing, the unedited macromolecule back-
ground is approximately in antiphase and cancels itself.*” Sec-
ond, GABA at 3.0 ppm and coedited Glx-2 at approximately 3.8
ppm were extracted from the edited spectra and fitted accord-
ingly. The GABA intensity then was corrected for contamination
from coedited macromolecules.** At experimental conditions op-
timized for GABA editing, fractions of GIx-2 at 3.8 ppm and Glx-4
at 2.4 ppm were coedited because of their J-coupling to the Glx-3
signal at 2.1 ppm. The cleanly coedited Glx-2 signal was used for

measurement of Glx because its intensity is proportional to the
total concentration of Glx.>* The GABA signal closest to the Glx-2
peaks resonates at 3.0 ppm, which does not overlap with Glx-2.
Figure 3 shows unedited and edited spectra measured in a par-
ticipant with MDD and the corresponding control subject.

STATISTICAL ANALYSIS

We used 2-tailed t tests for independent samples to test for re-
ductions in brain chemicals in depressed patients relative to
controls. Because we tested in 2 regions, we used a Bonferroni-
adjusted significance level of P=.025 for hypothesis testing. One-
way analysis of covariance including age, sex, and gray matter
fraction as covariates revealed that these covariates did not have
significant effects on Glx or GABA concentrations at P=.05 and
that they did not affect the main results of this study in either
voxel. The Glx and GABA measures were not correlated with
gray matter fraction in either voxel (P>.25). We did not find
any significant diagnosis X sex interactions. In secondary analy-
ses we computed Pearson correlation coefficients to assess the
relationship between Glx and GABA concentrations in each re-
gion and the associations between these concentrations and de-
pression severity (6 tests). We used Pearson correlations to test
for associations between NAA and choline and between age and

(REPRINTED) ARCH GEN PSYCHIATRY/VOL 64, FEB 2007

196

WWW.ARCHGENPSYCHIATRY.COM

Downloaded from www.archgenpsychiatry.com on May 22, 2008
©2007 American Medical Association. All rights reserved.


http://www.archgenpsychiatry.com

Table 2. Metabolite Concentrations in the Prefrontal Brain Regions*
Concentration, Mean (SD), mmol/L
I 1
Voxel and Participants GABA Coedited Glxt Choline NAA
DM/DA-PF ROI
Patients with MDD (n = 20) 0.89 (0.11) 2.30(0.38) 1.55 (0.18) 10.31 (1.10)
Controls (n = 20) 1.00 (0.11) 2.67 (0.54) 1.55 (0.29) 9.97 (0.99)
Statistics (df = 38) t=254 t=2.25 t=-0.12 t=-1.63
P=.02 P=.02 P=.90 P=11
VM-PF ROI
Patients with MDD (n = 20) 0.94 (0.14) 2.65 (0.39) 1.59 (0.21) 9.57 (0.76)
Controls (n = 20) 0.95 (0.12) 2.96 (0.47) 1.57 (0.25) 9.75 (0.74)
Statistics (df= 38) t=0.35 t=2.30 t=-0.29 t=0.76
P=72 P=.02 P= 77 P=.45

Abbreviations: DM/DA-PF, dorsomedial/dorsal anterolateral prefrontal; GABA, y-aminobutyric acid; Glx, glutamate/glutamine; MDD, major depressive disorder;
NAA, N-acetylaspartate; ROI, region of interest; VM-PF, ventromedial prefrontal.

*The creatine concentration was set at 93 mg/dL (7100 pmol/L).

tCoedited Glx represents a fraction of the total GIx concentration (see the “Methods” section).

sex in each voxel (8 tests). We used t tests to compare tissue

compartments and creatine/NAA ratios in each voxel (8 tests). Table 3. Tissue Composition in

Given the large number of statistical comparisons performed the Prefrontal Brain Regions™

in assessing these correlations, the results of the secondary analy-

ses were considered exploratory; therefore, we did not apply Voxel Patients With MDD Controls

Bonferroni adjustments and we set the significance level at P=.05. and Segment (n=20) (n =20)

Because of the small number of participants with current mel- DM/DA-PF ROI

ancholic and atypical subtypes, we did not detect associations CSF 2.60 (1.07) [1.13-5.51] 2.83 (1.69) [0.94-6.96]

between depressive subtypes and spectroscopic measures. Gray matter 39.79 (3.92) [33.00-46.47]  41.88 (2.79) [36.29-49.89]
White matter 57.61 (4.15) [50.14-64.72]  55.30 (3.23) [48.18-62.18]

VM-PF ROI

—m— CSF 307 (1.24)[137-6.43]  3.41(2.18) [0.98-9.19]
Gray matter 50.75 (5.64) [40.95-61.82]  52.69 (3.63) [44.69-58.83]
White matter 46.19 (6.11) [33.71-56.68]  43.90 (3.85) [36.74-53.55]

A typical set of GABA editing spectra comparing patients

and controls is shown in Figure 3. In the DM/DA-PF RO, Abbreviations: CSF, cerebrospinal fluid; DM/DA-PF, dorsomedial/dorsal
Glx and GABA levels were reduced in patients with MDD anterolateral prefrontal; MDD, major depressive disorder; ROI, region of
relative to controls (Table 2). Numerically, differences were '”tig’stt VM-PF, ventromedmlsgrefrontal.
more prominent in women than in men. The Glx and GABA ata are given as mea (D) [range].
levels were positively correlated with each other (r=0.71;
P<.001). In patients with MDD, Glx and GABA levels were
not correlated with depression severity as rated by the Mont-
gomery-Asberg Depression Rating Scale total score (r=0.18
and 0.24, respectively).

In the VM-PF ROI, Glx levels were reduced in de-
pressed patients relative to controls, whereas GABA lev-

els did not differ between groups (Table 2). Numeri- —m—

cally, differences were more prominent in women than

DA-PF RO, individuals with MDD showed a nonsignificant
trend toward having a smaller proportion of gray matter
(P=.06) and a larger proportion of white matter (P=.06)
than controls; there was no difference in the proportion of
cerebrospinal fluid between groups.

in men. The Glx and GABA levels were positively cor- This study constitutes the first comparison of regional ce-
related with each other (r=0.31; P=.04). In patients with rebral GABA and Glx concentrations in prefrontal brain tis-
MDD, the Glx and GABA levels were not correlated sig- sue between unmedicated depressed adults and controls.
nificantly with the Montgomery-Asberg Depression Rat- The depressive patients had abnormally reduced Glx lev-
ing Scale scores (r=-0.04 and -0.07, respectively). els in the DM/DA-PF and VM-PF regions where histo-

Secondary analyses revealed a negative correlation be- pathologic and neurophysiologic abnormalities previ-
tween age and NAA level in the DM/DA-PF ROI (r=-0.49; ously were identified in depression using postmortem and
P=.001) and in the VM-PF ROI (r=-0.41; P=.008) and neuroimaging approaches.” The GABA levels also were re-
higher choline concentrations in men than in women in duced in the DM/DA-PF ROI. Regional GABA and Glx lev-
the VM-PF ROI (t33=2.85; P=.007). These differences were els correlated positively with each other in both of the brain
found in patients and controls. The mean+SD creatine/ regions studied. Neither the GABA nor the Glx concentra-
NAA ratio did not differ significantly between patients tions correlated significantly with illness severity. Finally,
with depression (0.86+0.08) and controls (0.88+0.08). although NAA and choline levels did not differ signifi-

Table 3 provides measures of tissue composition in pa- cantly between depressive patients and controls, negative
tients with MDD and controls. There was no statistical dif- correlations between age and NAA level were found in the

ference in tissue composition in the VM-PF ROL. In the DM/ DM/DA-PF ROI (r=-0.49; P=.001) and in the VM-PF ROI
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(r=-0.41; P=.008), and the choline concentrations in men
exceeded those in women in the VM-PF ROI (t33=2.85;
P=.007). Both findings are in line with previous stud-
ies®* on the effects of sex and age on spectroscopic mea-
sures. Although higher GABA levels in cortical gray mat-
ter compared with white matter have been reported,* we
did not find a correlation between GABA concentration and
gray matter fraction. This lack of correlation may be ac-
counted for by the narrow range of the gray matter frac-
tion across individuals because the voxel was too large to
get a predominantly gray voxel and a predominantly white
voxel. The potential contribution from the creatine refer-
encing method, which used a single mean creatine con-
centration, was expected to be small because of the nar-
row range of changes in tissue composition.

Several methodological strengths of the present study
merit comment. First, the MRS data were acquired us-
ing a 3-T MRS scanner. In contrast, previous studies of
Glx and GABA concentrations in depressed samples were
performed using 1.5-T°"13!* or 2-T%"!8 magnets. This
is relevant because higher fields provide a higher signal-
to-noise ratio and better separation between metabolite
peaks. Second, the individuals studied herein either were
medication naive (n=4) or had been unmedicated for a
minimum of 1 month and a mean of 41 months, so their
MRS data were unlikely to have been confounded by the
effects of psychotropic drug treatment on the GABAer-
gic and glutamatergic systems. Third, given the poten-
tial effects of sex and age on spectroscopic measures,***°
we used carefully selected samples of depressed indi-
viduals and controls matched subject-by-subject for age
and sex. Fourth, all the participants manifested an early
age at depression onset, avoiding the potentially con-
founding effects of cerebrovascular disease and struc-
tural brain abnormalities associated with late-onset de-
pression.* Fifth, the pattern of comorbidity with anxiety
disorders is consistent with large-scale community-
based studies on MDD* suggesting that the patient sample
was representative of nonelderly adult patients with MDD.

An important strength of the methods for measuring
GABA concentrations was that this study was the first to
obtain spectroscopic measures of GABA in prefrontal ROIs
of currently depressed patients. Previous studies assess-
ing GABA MRS measures in MDD limited their measure-
ments to the occipital lobe due to the surface coil used.®’
The GABA-editing sequence applied herein, which en-
abled GABA concentration assays in prefrontal ROIs, de-
pended on a spectroscopic editing technique that used a
series of RF pulses to change the signal of GABA-4 (3.0 ppm)
resonances through J-coupling with GABA-3 (1.9 ppm)
resonances.’ These RF pulses were calibrated to optimize
the performance of the editing sequence. The excellent RF
field homogeneity rendered by transmit-receive head coils
minimized signal loss due to the cumulative effects of RF
field inhomogeneity on the edited GABA signal.”* The high
magnet field (3 T) and the homogeneous RF field used in
the present study mitigate the inherent low sensitivity of
the transmit-receive head coils. The homogeneous RF field
profile allowed the acquisition of GABA measurements in
the prefrontal cortex.®

The present study thus extended the findings of Sa-
nacora et al>"!® of reduced occipital GABA levels in MDD®’

to also involve the DM/DA-PF areas. The present find-
ings that prefrontal Glx concentrations are abnormally
decreased in MDD replicated and extended the results
of previous MRS studies in MDD that reported reduc-
tions in Glx levels in the anterior cingulate gyrus,”'° dor-
solateral prefrontal brain regions,'? and amygdala/
anterior hippocampus! of adults with MDD relative to
controls. To our knowledge, this study is the first to show
that this abnormality is not due to drug effects because
a limitation of the previous studies in depressed adults
had been that the patients studied either were currently
receiving psychotropic medications or that the medica-
tion washout period had not been long enough to avoid
confounding effects of psychotropic drugs on the spec-
troscopic measures.

The present MRS results also extended the anatomi-
cal locations where the Glx concentration is abnormal
in MDD to include the medial and dorsal anterolateral
brain regions situated anterior to the anterior cingulate
gyrus. Although the DM/DA-PF and VM-PF ROIs as-
sessed included portions of the anterior cingulate gy-
rus, they also extended 1 to 2 cm anterior to this gyrus
to include the adjacent areas corresponding to Brod-
mann area 32 and the medial prefrontal and frontal po-
lar cortices corresponding to Brodmann areas 9 and 10.%
The relatively low spatial resolution of the present data
precluded the ability to resolve differences in the MRS
data across these distinct anatomical areas (a technical
limitation of the MRS approach we applied for assessing
prefrontal GABA concentrations was that the voxel size
of the ROI needed to be relatively large to provide a suf-
ficient signal-to-noise ratio). Nevertheless, because the
magnitude of the differences found between depressive
patients and controls in the DM/DA-PF and the VM-PF
regions in the present study (13.9% and 10.5%, respec-
tively) was comparable with that reported in previous
studies of the anterior cingulate gyrus in MDD (eg, 10.4%
in the study by Auer et al®), the differences extant in the
prefrontal regions located anterior to the anterior cin-
gulate gyrus would seem to have been at least as promi-
nent as those found in the anterior cingulate gyrus alone.’
Another technical limitation of the MRS approach for as-
sessing prefrontal GABA concentrations was the rela-
tively long time needed to image each voxel (27 min-
utes, in addition to setup time). As a result, only 2 ROIs
were assessed. Because Glx can be reliably determined
inavoxel as small as 0.75 X 0.75 X 0.75 cm® at 3 T using
short—echo time single-voxel proton MRS and linear com-
bination model analysis, future MRS studies have the po-
tential to measure Glx across these distinct anatomical
areas in the same subject sample estimating the relative
effect sizes of the Glx abnormalities in MDD across the
various medial prefrontal gyri.

A third limitation that affected the specificity of these
findings involved normalization of the GABA spectra by
the creatine levels, raising the possibility that the differ-
ences found in MDD may have reflected elevations in cre-
atine concentrations rather than reductions in GABA con-
centrations. This possibility seemed unlikely because none
of the state-of-the-art MRS studies using absolute quan-
tification reported a change in creatine levels in MDD (see
the “Discussion” section in the study by Coupland et al*®).
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It is noteworthy that 1 study* measured an increase in
creatine of 16% to 22% in MDD, although this study has
not been replicated by others. The overall creatine con-
centration reported* is significantly lower than most other
literature values. Another study found an association be-
tween creatine levels and mood ratings in severely de-
pressed patients.'? The effect size for the creatine/NAA
ratio in the present study was d=0.25, which is close to
amedium effect, and the sample may have been too small
to be sensitive enough to detect a significant difference
in creatine levels between the diagnostic groups.

The clinical specificity of the GABA and Glx mea-
sures also requires further investigation. In a previous
study® that applied the same MRS methods for assessing
GABA and Glx concentrations we found no significant
differences in the DM/DA-PF and VM-PF ROIs between
patients with fully remitted MDD vs controls. When these
negative results are considered together with the signifi-
cant differences reported herein between currently de-
pressed patients with MDD and controls, they suggest
that the Glx and GABA abnormalities reflect either mood
state—dependent neurochemical correlates or subtype-
dependent pathophysiologic differences between the in-
dependent MDD samples assessed in our 2 studies. Pre-
vious studies showing a negative correlation between Glx
and depression severity'* and an increase in Glx and GABA
concentrations after successful electroconvulsive
therapy'®'® would seem to support the former interpre-
tation. In the present study, however, depression sever-
ity was not correlated significantly with the Glx or GABA
measures, consistent with the reports of other stud-
ies.®” Moreover, potentially relevant clinical distinc-
tions, including age at MDD onset, number of episodes,
and capacity to remain in full remission when not tak-
ing medication, were observed between individuals with
remitted MDD assessed in a previous study® and the cur-
rently depressed patients with MDD studied herein
(Table 1). Longitudinal MRS studies are needed to ad-
dress the specificity of the Glx and GABA abnormalities
for mood state vs illness subtype in MDD.

The Glx concentration assesses the entire brain pool
of glutamate and glutamine in the spectroscopic voxels.
The ratio of the intracellular-extracellular concentra-
tion of glutamate is 2000 to 5000:1,%° whereas that for
glutamine is 30 to 70:1.* Differences found in the Glx
concentration between depressive patients and controls
thus predominantly reflect abnormalities in the intracel-
lular pools of glutamate or glutamine in MDD and do not
address whether differences in glutamatergic neurotrans-
mission or in extracellular fluid excitatory amino acid con-
centrations also exist in MDD. Histopathologic changes
in MDD, including reductions in prefrontal glial cell
counts, density, and gene products,**° may, thus, un-
derlie the reductions found in the Glx concentrations in
the present study.

Most of the GABA pool exists in GABAergic neu-
rons.* Reductions in the density of GABAergic neurons
have been reported in the anterior cingulate cortex in post-
mortem studies of bipolar disorder.* If such abnormali-
ties extend to unipolar depression, they potentially could
contribute to the reductions in the regional GABA con-
centration found herein (Table 3). The GABA concen-

tration also may be dynamically modulated by stress or
emotion, however, because it was observed in animals
that stress reduced total brain GABA levels.”®* The re-
duction in GABA concentrations found herein in the de-
pressed sample thus may reflect a neurochemical corre-
late of their emotional and stressed state. Because
extracellular GABA is regulated by intracellular GABA
concentration,’® a reduced MRS-determined GABA con-
centration most likely correlates with reduced extracel-
lular GABA, less GABAergic inhibition, and possibly in-
creased glutamatergic excitotoxicity.” This mechanism
may contribute to the reduction in gray matter volume
observed in MDD.?!

In contrast to a previous study’ that found a negative
correlation between Glx and GABA, we found a positive
association between the 2 major neurotransmitter pools
in both of the prefrontal regions examined. Our finding
seems to be consistent with the reported positive asso-
ciations between glutamatergic and GABAergic release
and metabolism found in neurophysiologic studies.”

In conclusion, the data reported herein converge with
the results of studies using other approaches to impli-
cate the glutamatergic and GABAergic systems in the
pathophysiologic mechanisms of MDD.?*? Further re-
search is needed to determine the anatomical and clini-
cal specificity of the abnormalities in Glx and GABA lev-
els found in the depressed phase of MDD. Longitudinal
MRS studies also are needed to evaluate the relationship
between the Glx and GABA concentration abnormali-
ties and the presence of depressive symptoms. Finally,
studies using other approaches are needed to establish
the specific cellular processes that underlie the abnor-
malities in Glx and GABA levels observed in MDD. The
findings from such studies ultimately may prove rel-
evant for guiding the development of more effective thera-
peutics for MDD because research®*°* aimed at elucidat-
ing the mechanisms of antidepressant drugs increasingly
has demonstrated a role for such treatments in the modu-
lation of glutamatergic and GABAergic function.

Submitted for Publication: February 2, 2006; final re-
vision received May 27, 2006; accepted June 2, 2006.
Correspondence: Gregor Hasler, MD, Department of Psy-
chiatry, University Hospital, Culmannstrasse 8, 8091
Zurich, Switzerland (g.hasler@bluewin.ch).

Financial Disclosure: None reported.

0 EEEEETE

1. Altamura C, Maes M, Dai J, Meltzer HY. Plasma concentrations of excitatory amino
acids, serine, glycine, taurine and histidine in major depression. Eur
Neuropsychopharmacol. 1995;5(suppl):71-75.

2. Petty F, Sherman AD. Plasma GABA levels in psychiatric illness. J Affect Disord.
1984;6:131-138.

3. Nowak G, Ordway GA, Paul IA. Alterations in the N-methyl-D-aspartate (NMDA)
receptor complex in the frontal cortex of suicide victims. Brain Res. 1995;675:
157-164.

4. Benes FM, Todtenkopf MS, Logiotatos P, Williams M. Glutamate decarboxylase
(65)-immunoreactive terminals in cingulate and prefrontal cortices of schizo-
phrenic and bipolar brain. J Chem Neuroanat. 2000;20:259-269.

5. Manji HK, Quiroz JA, Sporn J, Payne JL, Denicoff K, Gray NA, Zarate CA Jr, Char-
ney DS. Enhancing neuronal plasticity and cellular resilience to develop novel,
improved therapeutics for difficult-to-treat depression. Biol Psychiatry. 2003;
53:707-742.

(REPRINTED) ARCH GEN PSYCHIATRY/VOL 64, FEB 2007

199

WWW.ARCHGENPSYCHIATRY.COM

Downloaded from www.archgenpsychiatry.com on May 22, 2008
©2007 American Medical Association. All rights reserved.


http://www.archgenpsychiatry.com

20.

21.

22.

23.

24.

25.

26.

27.

28.

Ny

9

. Sanacora G, Mason GF, Rothman DL, Behar KL, Hyder F, Petroff OA, Berman
RM, Charney DS, Krystal JH. Reduced cortical y-aminobutyric acid levels in de-
pressed patients determined by proton magnetic resonance spectroscopy. Arch
Gen Psychiatry. 1999;56:1043-1047.

. Sanacora G, Gueorguieva R, Epperson CN, Wu YT, Appel M, Rothman DL, Krys-
tal JH, Mason GF. Subtype-specific alterations of y-aminobutyric acid and glu-
tamate in patients with major depression. Arch Gen Psychiatry. 2004;61:705-
713.

. Hasler G, Neumeister A, van der Veen JW, Tumonis T, Bain EE, Shen J, Drevets
WC, Charney DS. Normal prefrontal y-aminobutyric acid levels in remitted de-
pressed subjects determined by proton magnetic resonance spectroscopy. Bio/
Psychiatry. 2005;58:969-973.

. Auer DP, Putz B, Kraft E, Lipinski B, Schill J, Holsboer F. Reduced glutamate in
the anterior cingulate cortex in depression: an in vivo proton magnetic reso-
nance spectroscopy study. Biol Psychiatry. 2000;47:305-313.

. Pfleiderer B, Michael N, Erfurth A, Ohrmann P, Hohmann U, Wolgast M, Fiebich
M, Arolt V, Heindel W. Effective electroconvulsive therapy reverses glutamate/
glutamine deficit in the left anterior cingulum of unipolar depressed patients. Psy-
chiatry Res. 2003;122:185-192.

. Michael N, Erfurth A, Ohrmann P, Arolt V, Heindel W, Pfleiderer B. Neurotrophic
effects of electroconvulsive therapy: a proton magnetic resonance study of the
left amygdalar region in patients with treatment-resistant depression.
Neuropsychopharmacology. 2003;28:720-725.

. Michael N, Erfurth A, Ohrmann P, Arolt V, Heindel W, Pfleiderer B. Metabolic
changes within the left dorsolateral prefrontal cortex occurring with electrocon-
vulsive therapy in patients with treatment resistant unipolar depression. Psy-
chol Med. 2003;33:1277-1284.

. Cousins JP, Harper G. Neurobiochemical changes from Taxol/Neupogen che-
motherapy for metastatic breast carcinoma corresponds with suicidal depression.
Cancer Lett. 1996;110:163-167.

. Mirza Y, Tang J, Russell A, Banerjee SP, Bhandari R, Ivey J, Rose M, Moore GJ,
Rosenberg DR. Reduced anterior cingulate cortex glutamatergic concentrations
in childhood major depression. J Am Acad Child Adolesc Psychiatry. 2004;
43:341-348.

. Rosenberg DR, Macmaster FP, Mirza Y, Smith JM, Easter PC, Banerjee SP, Bhan-
dari R, Boyd C, Lynch M, Rose M, Ivey J, Villafuerte RA, Moore GJ, Renshaw P.
Reduced anterior cingulate glutamate in pediatric major depression: a magnetic
resonance spectroscopy study. Biol Psychiatry. 2005;58:700-704.

. Binesh N, Kumar A, Hwang S, Mintz J, Thomas MA. Neurochemistry of late-life
major depression: a pilot two-dimensional MR spectroscopic study. J Magn Re-
son Imaging. 2004;20:1039-1045.

. Dager SR, Friedman SD, Parow A, Demopulos C, Stoll AL, Lyoo IK, Dunner DL,
Renshaw PF. Brain metabolic alterations in medication-free patients with bipo-
lar disorder. Arch Gen Psychiatry. 2004;61:450-458.

. Sanacora G, Mason GF, Rothman DL, Hyder F, Giarcia JJ, Ostroff RB, Berman
RM, Krystal JH. Increased cortical GABA concentrations in depressed patients
receiving ECT. Am J Psychiatry. 2003;160:577-579.

. Erecinska M, Silver IA. Metabolism and role of glutamate in mammalian brain.

Prog Neurobiol. 1990;35:245-296.

Lehmann A, Isacsson H, Hamberger A. Effects of in vivo administration of kainic

acid on the extracellular amino acid pool in the rabbit hippocampus. J Neurochem.

1983;40:1314-1320.

Drevets WC. Neuroplasticity in mood disorders. Dialogues Clin Neurosci. 2004;

6:199-216.

Rajkowska G, Miguel-Hidalgo JJ, Wei J, Dilley G, Pittman SD, Meltzer HY, Over-

holser JC, Roth BL, Stockmeier CA. Morphometric evidence for neuronal and

glial prefrontal cell pathology in major depression. Biol Psychiatry. 1999;45:

1085-1098.

Ongiir D, Drevets WC, Price JL. Glial reduction in the subgenual prefrontal cor-

tex in mood disorders. Proc Natl Acad Sci U S A. 1998;95:13290-13295.

Bowley MP, Drevets WC, Ongur D, Price JL. Low glial numbers in the amygdala

in major depressive disorder. Biol Psychiatry. 2002;52:404-412.

Cotter DR, Pariante CM, Everall IP. Glial cell abnormalities in major psychiatric

disorders: the evidence and implications. Brain Res Bull. 2001;55:585-595.

Cotter D, Mackay D, Landau S, Kerwin R, Everall . Reduced glial cell density and

neuronal size in the anterior cingulate cortex in major depressive disorder. Arch

Gen Psychiatry. 2001;58:545-553.

Cotter D, Mackay D, Chana G, Beasley C, Landau S, Everall IP. Reduced neuro-

nal size and glial cell density in area 9 of the dorsolateral prefrontal cortex in sub-

jects with major depressive disorder. Cereb Cortex. 2002;12:386-394.

Uranova N, Orlovskaya D, Vikhreva 0, Zimina |, Kolomeets N, Vostrikov V, Rach-

manova V. Electron microscopy of oligodendroglia in severe mental illness. Brain

Res Bull. 2001;55:597-610.

. Uranova NA, Vostrikov VM, Orlovskaya DD, Rachmanova VI. Oligodendroglial

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

density in the prefrontal cortex in schizophrenia and mood disorders: a study
from the Stanley Neuropathology Consortium. Schizophr Res. 2004;67:269-
275.

First MB, Spitzer RL, Gibbon M, Williams JBW. Structured Clinical Interview for
DSM-IV-TR Axis | Disorders, Research Version, Patient Edition (SCID-1/P). New
York: Biometrics Research, New York State Psychiatric Institute; 2001.

First MB, Gibbon M, Spitzer RL, Williams JBW. Structured Clinical Interview for
DSM-IV Axis | Disorders: Nonpatient Edition (SCID-I/NP). New York: New York
State Psychiatric Institute; 1996.

Drevets WC. Neuroimaging studies of mood disorders. Biol Psychiatry. 2000;48:
813-829.

Ongur D, Ferry AT, Price JL. Architectonic subdivision of the human orbital and
medial prefrontal cortex. J Comp Neurol. 2003;460:425-449.

Sailasuta N, LeRoux P, Hurd R, Wang P, Sachs N, Ketter T. Detection of cerebral
gamma-aminobutyric acid (GABA) in bipolar disorder patients and healthy vol-
unteers at 3T. Proc Intl Soc Magn Reson Med. 2001;9:1011.

Hetherington HP, Mason GF, Pan JW, Ponder SL, Vaughan JT, Twieg DB, Po-
host GM. Evaluation of cerebral gray and white matter metabolite differences by
spectroscopic imaging at 4.1T. Magn Reson Med. 1994;32:565-571.

Kreis R, Ernst T, Ross BD. Absolute quantification of water and metabolites in
the human brain, II: metabolite concentrations. J Magn Reson B. 1993;102:
9-19.

Shen J, Rothman DL, Brown P. In vivo GABA editing using a novel doubly se-
lective multiple quantum filter. Magn Reson Med. 2002;47:447-454.

Wilkinson D, Paley MN, Miszkiel KA, Hall-Craggs MA, Kendall BE, Chinn RJ, Har-
rison MJ. Cerebral volumes and spectroscopic proton metabolites on MR: is sex
important? Magn Reson Imaging. 1997;15:243-248.

Kaiser LG, Schuff N, Cashdollar N, Weiner MW. Age-related glutamate and glu-
tamine concentration changes in normal human brain: 1H MR spectroscopy study
at 4 T. Neurobiol Aging. 2005;26:665-672.

Jensen JE, Frederick Bde B, Renshaw PF. Grey and white matter GABA level dif-
ferences in the human brain using two-dimensional, J-resolved spectroscopic
imaging. NMR Biomed. 2005;18:570-576.

Drevets WC, Gadde KM, Krishnan KRR. Neuroimaging studies of mood disorders.
In: Charney DS, Nestler EJ, eds. Neurobiology of Mental lliness. Vol 32. 2nd ed.
Oxford, England: Oxford University Press; 2004:461-490.

Kessler RC, Berglund P, Demler O, Jin R, Koretz D, Merikangas KR, Rush AJ,
Walters EE, Wang PS. The epidemiology of major depressive disorder: results
from the National Comorbidity Survey Replication (NCS-R). JAMA. 2003;289:
3095-3105.

KeY, Streeter CC, Nassar LE, Sarid-Segal O, Hennen J, Yurgelun-Todd DA, Awad
LA, Rendall MJ, Gruber SA, Nason A, Mudrick MJ, Blank SR, Meyer AA, Knapp
C, Ciraulo DA, Renshaw PF. Frontal lobe GABA levels in cocaine dependence: a
two-dimensional, J-resolved magnetic resonance spectroscopy study. Psychia-
try Res. 2004;130:283-293.

Brambilla P, Perez J, Barale F, Schettini G, Soares JC. GABAergic dysfunction in
mood disorders. Mol Psychiatry. 2003;8:715, 721-737.

Coupland NJ, Ogilvie CJ, Hegadoren KM, Seres P, Hanstock CC, Allen PS. De-
creased prefrontal Myo-inositol in major depressive disorder. Biol Psychiatry.
2005;57:1526-1534.

Gruber S, Frey R, Mlynarik V, Stadlbauer A, Heiden A, Kasper S, Kemp GJ, Moser
E. Quantification of metabolic differences in the frontal brain of depressive pa-
tients and controls obtained by 1H-MRS at 3 Tesla. /nvest Radiol. 2003;38:
403-408.

Petroff OA. GABA and glutamate in the human brain. Neuroscientist. 2002;8:562-
573.

Harvey BH, Oosthuizen F, Brand L, Wegener G, Stein DJ. Stress-restress evokes
sustained iNOS activity and altered GABA levels and NMDA receptors in rat
hippocampus. Psychopharmacology (Berl). 2004;175:494-502.
Briones-Aranda A, Rocha L, Picazo O. Alterations in GABAergic function follow-
ing forced swimming stress. Pharmacol Biochem Behav. 2005;80:463-470.
Jackson MF, Esplin B, Capek R. Reversal of the activity-dependent suppression
of GABA-mediated inhibition in hippocampal slices from y-vinyl GABA (vigabatrin)-
pretreated rats. Neuropharmacology. 2000;39:65-74.

Shen J. '3C magnetic resonance spectroscopy studies of alterations in gluta-
mate neurotransmission. Biol Psychiatry. 2006;59:883-887.

Magistretti PJ, Pellerin L, Rothman DL, Shulman RG. Energy on demand. Science.
1999;283:496-497.

Zarate CA Jr, Du J, Quiroz J, Gray NA, Denicoff KD, Singh J, Charney DS, Maniji
HK. Regulation of cellular plasticity cascades in the pathophysiology and treat-
ment of mood disorders: role of the glutamatergic system. Ann N'Y Acad Sci.
2003;1003:273-291.

Skolnick P. Beyond monoamine-based therapies: clues to new approaches. J Clin
Psychiatry. 2002;63(suppl 2):19-23.

(REPRINTED) ARCH GEN PSYCHIATRY/VOL 64, FEB 2007

200

WWW.ARCHGENPSYCHIATRY.COM

Downloaded from www.archgenpsychiatry.com on May 22, 2008
©2007 American Medical Association. All rights reserved.


http://www.archgenpsychiatry.com

