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IMPORTANCE Major depressive disorder (MDD) is one of the most prevalent illnesses
worldwide. Perturbations of the major inhibitory and excitatory neurotransmitters,
y-aminobutyric acid (GABA) and glutamate (Glu). respectively, as well as GIx (Glu or glutamine
[GIn]) have been extensively reported in a multitude of brain areas of individuals with
depression, but few studies have examined changes in GIn, the metabolic counterpart of
synaptic Glu.

OBJECTIVE To investigate changes in GABA, GIx, Glu, and GIn levels in a voxel in the left
dorsolateral prefrontal cortex of participants with no, past, and current MDD using proton
magnetic resonance spectroscopy (1H-MRS).

DESIGN, SETTING, AND PARTICIPANTS This community-based study used a cross-sectional
design using 3-T 1H-MRS in participants not taking MDD medication recruited from the
community. The sample consisted of 251 healthy controls, 98 participants with a history of
past MDD, and 47 participants who met the diagnostic criteria for current MDD. Diagnostic
groups were comparable regarding age, education, income, and diet. Data were collected
from March 2014 to October 2021, and data were analyzed from October 2021 to June 2022.

MAIN OUTCOMES AND MEASURES GABA, GIx, Glu, and GIn concentrations in the left
dorsolateral prefrontal cortex.

RESULTS Of 396 included participants, 258 (65.2%) were female, and the mean (SD) age was
25.0 (4.7) years. Compared with healthy controls, those with past MDD and current MDD had
lower GABA concentrations (mean [SEM] concentration: healthy controls, 2.70 [0.03]
mmol/L; past MDD, 2.49 [0.05] mmol/L; current MDD, 2.54 [0.07] mmol/L; 92 with past
MDD vs 236 healthy controls: r = 0.18; P = .002; 44 with current MDD vs 236 healthy
controls: r = 0.13; P = .04). Compared with healthy controls, those with past MDD also had
lower Glu concentrations (mean [SEM] concentration: healthy controls, 7.52 [0.06] mmol/L;
past MDD, 7.23 [0.11] mmol/L; 93 with past MDD vs 234 healthy controls: r = 0.16; P = .0O1)
and higher GIn concentrations (mean [SEM] concentration: healthy controls, 1.63 [0.04]
mmol/L; past MDD, 1.84 [0.07] mmol/L; 66 with past MDD 153 healthy controls: r = 0.17;

P =.04).

CONCLUSIONS AND RELEVANCE In a large, mostly medication-free community sample,
reduced prefrontal GABA concentrations were associated with past MDD, consistent with
histopathologic studies reporting reduced glial cell and GABA cell density in the prefrontal
cortex in individuals with depression. Patients with MDD also demonstrated increased GIn
levels, indicative of increased synaptic Glu release, adding to previous evidence for the Glu
hypothesis of MDD.
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here is substantial evidence for a GABAergic defi-

ciency in individuals with major depressive disorder

(MDD) from various types of studies, including phar-
macological, postmortem, and genetic studies.’»? A 2016
meta-analysis® including 230 patients with MDD and 230
healthy controls found reduced brain y-aminobutyric acid
(GABA) concentrations in patients with active depression but
not in those with depression in remission in various prefron-
tal and occipital brain regions. These findings have been con-
firmed by more recent studies.>*> However, at least 1 recent
study found conflicting results,® reporting increased prefron-
tal GABA concentrations in 31 patients with first-episode de-
pression relative to 64 healthy controls. Previous authors have
explained heterogeneity across studies by substantial varia-
tion of clinical characteristics, including medication, clinical
states, and diagnostic methods.>”

There is also growing evidence for glutamatergic abnor-
malities in individuals with MDD. A 2019 meta-analysis® of
magnetic resonance spectroscopy (MRS) studies including
1180 patients and 1066 healthy controls found significant
decreases in Glx (glutamate [Glu] or glutamine [GIn]) in the
medial prefrontal cortex in patients with depression. How-
ever, subanalyses on Glu and Gln measured separately
remained inconclusive, and the authors underline the meth-
odological difficulties, such as referencing methods, that
might have led to inconsistent results among MRS studies. In
addition, results were more prominent in patients taking
medications, suggesting that antidepressant medications
rather than MDD pathogenesis might explain some of the
observed changes in Glu. One 2019 study® found increased
Gln levels in medication-free patients with MDD in the pre-
genual anterior cingulate cortex, while another study found
normal Gln levels in the anterior cingulate cortex but
increased Gln levels in the putamen in medication-free
patients with MDD.!° Another MRS study in 34 medication-
free, symptomatic, chronically ill patients with MDD and 32
healthy volunteers demonstrated increased Glx levels in
patients,* adding to the disagreement in the literature and
emphasizing the need to measure Glu and Gln levels sepa-
rately in larger medication-free MDD samples.

The goal of our study was to clarify some of the inconsis-
tent results and substantial heterogeneity in the MRS litera-
ture relating to changes in GABA, Glx, Glu, and Gln levels in
individuals with MDD. In most previous studies, patients were
recruited from a clinical setting, such as from a dose-finding
trial of ketamine,* from an outpatient service,® or an inpa-
tient department of a psychiatric hospital.!! As a result, re-
cruitment methods for patients and controls differed consid-
erably, which is a well-known and important confounding
factor in psychiatric research because of important differ-
ences in educational level, activity level, and living condi-
tions between diagnostic groups caused by the recruitment
strategy. To address this problem, we recruited all partici-
pants from the community, resulting in a sample with almost
no sociodemographic differences between diagnostic groups.
In previous studies, including our own,'?!3 there were differ-
ences in the recruitment for participants with remitted and cur-
rent MDD. In contrast, in the current study, we used the same
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Key Points

Question Can proton magnetic resonance spectroscopy (1H-MRS)
at 3 T detect metabolic changes in individuals with major
depressive disorder (MDD), and are these changes associated with
acute depressive episodes?

Findings In this cross-sectional study including 396 mostly
medication-free young adults, past MDD was associated with low
prefrontal y-aminobutyric acid (GABA) and glutamate levels and
high glutamine levels.

Meaning In this study, GABA and glutamate metabolic
disturbances were detected by 3-T TH-MRS; these disturbances
were associated with MDD diagnosis rather than to acute
symptoms.

community-based methods to make these MDD groups as com-
parable as possible. Because medication has been a major con-
founding factor in previous MRS research, we studied a largely
medication-free and never-medicated sample in this study.
Since psychiatric conditions may have an impact on brain cre-
atinine levels,® we applied water referencing with correction
for tissue composition. To clarify inconsistent Glx results in
participants with MDD, we selected a voxel region in the dor-
solateral prefrontal cortex (DLPFC), where high spectral qual-
ity can be achieved because of the high field homogeneity,
thereby increasing the chances for reliable separation of Glu
from GIn.'*'® A standardized set of measurements were used
for voxel positioning to ensure a consistent voxel position
between participants.

Based on the findings from previous MRS, histopatho-
logic, and neurochemical studies, we hypothesize that GABA
and Glu levels, reflecting GABA cell and glia cell integrity,
respectively, would be decreased in the left DLPFC of partici-
pants with MDD. We hypothesized that such decreases
would be more prominent in acute MDD compared with
remitted or partially remitted MDD. In addition, based on
our previous observations of an association between GIn lev-
els and neuroticism,'® we hypothesized that Gln levels,
which potentially reflects Glu neurotransmission, would be
increased in participants with MDD. Finally, we examined
the associations between GABA, Glx, Glu, and Gln levels
with depression severity and with specific depressive symp-
toms in explanatory analyses.

Methods

Recruitment

Participants were admitted to the prescreening process of the
study after a full explanation of the risks and goals and after
giving verbal consent. Written informed consent was ob-
tained from all participants after confirming the following cri-
teria during the prescreening process: age between 18 and 40
years, generally no intake of psychoactive medication or drugs
for 3 months prior to the study assessment (we made excep-
tions in 10 participants with irregular or low-dose intake), and
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Figure 1. Magnetic Resonance Spectroscopy Voxel Position and Representative Spectrum

@ MRI depicting the position of the left DLPFC voxel

Edited spectrum from 1 participant

4.0 35 3.0 2.5 2.0 1.5
Chemical shift, ppm

A, Triplanar 3-dimensional T1-weighted magnetic resonance imaging (MRI)
showing the position of the dorsolateral prefrontal cortex (DLPFC) magnetic
resonance spectroscopy voxel (overlaid in blue). B, The reconstructed spectrum

is depicted in black, with the mean LCModel fit overlaid in red. The residuals
between the data and the fit are depicted above the spectrum.

abstinence from caffeine, nicotine, and alcohol the day be-
fore and on the day of testing. We excluded participants with
a history or family history of severe psychiatric disorders, such
as psychosis, substance use disorder, and acute eating disor-
ders, as well as those with a history of neurological or severe
physical disorders (eg, heart disease). Participants were re-
cruited by advertisements in local newspapers or by black-
board webpages of the University of Zurich for this cohort study.
We oversampled the study population for current and past MDD
by adding the information on some ads that we were inter-
ested in participants with depression. Psychiatric diagnoses
were made based on the German version of the Structured
Clinical Interview for DSM-IV.!” Depression severity was as-
sessed using the 21-item Hamilton Depression Rating Scale
(HAM-D),'® the Montgomery-Asberg Depression Rating Scale
(MADRS),' and the 21-item Beck Depression Inventory (BDI).2°
The study was approved by the local ethics committee (Kanto-
nale Ethikkommission Ziirich). The study was carried out in
accordance with the Declaration of Helsinki for experiments
involving humans. Study procedures are described in eMethods
1in the Supplement.

We initially contacted 578 potential participants, 160 of
whom had to be excluded due to meeting exclusion criteria or
not meeting inclusion criteria, eg, because they were taking
medication or they had a piercing or a tattoo that was not com-
patible with our magnetic resonance imaging (MRI) safety
guidelines. Of the 418 remaining individuals, 19 canceled be-
fore attending the study, and 3 canceled while participating for
personal reasons (eg, time conflicts, resumption of medica-
tion intake, loss of interest). The final sample included 396
young adults from the general population, of which 251 were
considered healthy (mean [SD] HAM-D score, 1.0 [2.0]), 98 had
a history of past MDD (mean [SD] HAM-D score, 6.2 [5.0]), and
47 met the diagnostic criteria for current MDD (mean [SD]
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HAM-D score, 12.8 [8.3]). Of the 396 participants included in
this study, 83 had a current disorder other than depression
(mainly anxiety disorders), while 80 were diagnosed with a past
disorder (mainly anxiety disorders but also substance use dis-
order, posttraumatic stress disorder, and eating disorders). Ten
participants took psychoactive medication in the 3 months be-
fore the study, 21 took such substances in the past with a
3-month or longer drug-free interval prior to the study, and 365
were medication naive. Results are shown in eResults 1in the
Supplement.

MRI Data Acquisition and Analyses

MRI data were obtained on a 3-T GE Discovery MR750
whole-body MRI scanner (GE Healthcare), equipped with an
8-channel receive-only head coil and a body transmit coil.
We acquired MR spectra from a 25 x 40 x 30-mm voxel in
the left frontal lobe, centered in the DLPFC (Figure 1) using
the MEGA-PRESS method (echo time, 69 milliseconds; rep-
etition time, 2000 milliseconds; 320 averages; and an
8-step phase cycle). More details on MRS data acquisition
and analyses can be found in eMethods 2 in the Supple-
ment. DLPFC has been implicated in depression by various
types of evidence,?! including evidence of reduced glia cell
counts in the left dorsal anterolateral PFC,22 which is
included in our voxel. This is relevant because glia cell
pathology is generally supposed to underlie Glu and Gln
disturbances in individuals with MDD.® In addition, the left
side was chosen because of the direction of the chemical
shift effect on our scanner, where by default water is
shifted to the right and fat is shifted to the left. Because of
the relatively large voxel size, some subcortical gray matter
was also included in the most inferior part of the voxel,
although the center of the voxel was positioned in the
DLPFC. Spectra were analyzed with LCModel (eMethods 2
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Table. Characteristics of the Diagnostic Groups

Mean (SD)
Characteristic Healthy controls Participants with past MDD Participants with current MDD Test
Sex, No. (%)

Female 153 (61) 75 (77) 30 (64)

Male 98 (39) 23(23) 17 (36) X5 =757
Age, y 24.92 (4.47) 24.43 (4.78) 25.74 (5.46) F 380 = 1.26
Education, y 14.13 (2.82) 13.75 (2.94) 13.60 (3.05 F3 360 = 0.95
Income® 2.06 (1.5) 1.77 (1.03) 2.00(1.49) F3 390 = 1.52
MEDAS total score 6.71(1.99) 7.25(2.05) 7.00 (2.58) F5145 =0.98

Abbreviations: MDD, major depressive disorder; MEDAS, Mediterranean Diet
Adherence Screener.

P <.05.

®Income was recorded on an ordinal scale from 1to 9 (1, CHF <$10 000 [US
<$10367]; 2, CHF $10 000 to $30 000 [US $10 367 to $31100]; 3, CHF

$30 000 to $50 000 [US $31100 to $51834]; 4, CHF $50 000 to $70 000
[US $51834 to $72568]; 5, CHF $70 000 to $100 000 [US $72 568 to

$103 669]; 6, CHF $100 000 to $130 000 [US $103 669 to $134 769]; 7, CHF
$130 000 to $160 000 [US $134 769 to $165 870]; 8, CHF $160 000 to
$200 000 [US $165 870 to $207 338]; 9 = CHF >$200 000 [US >$207 338]).

in the Supplement), and the quality of the spectra was
evaluated by the Cramer Rao lower bounds (CRLB) of the
LCModel fit. CRLB cutoffs of 20% for GABA, Glu, and Glx
and 30% for GIn were used, resulting in the exclusion of 24
GABA values, 23 Glu values, and 149 Gln values from the
statistical analyses.

Statistical Analysis

Statistical analyses were performed with Jamovi version
1.6.23.0 and R version 4.0.3 (The R Foundation). As the dis-
tribution of most of the variables, apart from Glu, differed
significantly from normality in a Shapiro-Wilk test, non-
parametric tests were used for the analyses. Calculations of
groupwise differences were carried out using pairwise
Wilcoxon rank sum tests (healthy controls vs participants
with past MDD vs participants with current MDD) with R.
r Values in these analyses were calculated as the absolute
(positive) standardized z statistic, divided by the square root
of the sample size using the wilcox_effsize function in the
rstatix package; see Rosenthal?? for detailed information.
All statistical significance values were adjusted for false dis-
covery rate (FDR).

Between-group analyses were FDR-corrected for the me-
tabolites GABA, GIx, Glu, and GIn and the diagnostic groups
(past MDD, current MDD, and controls) in the whole-group and
sex-split subgroup analyses. All partial Spearman analyses in-
cluded the voxel gray matter fraction as a covariate and incor-
porated the following variables: GABA, GIx, Glu, and GIn con-
centrations as well as HAM-D, MADRS, and BDI scores.

There is a considerable sexual dimorphism in MDD, with
up to 60% of pathogenetic paths differing between sexes.?* In
particular, sex hormones may substantially influence GABA and
Glu neurotransmission in the brain.?” In addition, we ob-
served different sex distributions in our samples (Table). As a
result, we reported differences in GABA, Glu, and Gln concen-
trations between the sexes,2® and we also calculated post hoc
pairwise Wilcoxon rank sum comparisons and Spearman cor-
relation analyses in subgroups split by sex. Post hoc partial
Spearman correlation analyses were calculated using the par-
tial.r function of the psych package in R. Significance was set
at P < .05, and all P values were 2-tailed.

JAMA Psychiatry December 2022 Volume 79, Number 12
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Results

Main Analyses

Of 396 included participants, 258 (65.2%) were female, and the
mean (SD) age was 25.0 (4.7) years. Diagnostic groups did not
differ significantly concerning gray matter ratio (x% = 2.52;
P =.28), age, education, income, or Mediterranean diet (Table)
but showed significantly different sex distributions (eResults
2 in the Supplement). Therefore, between-group analyses of
neurometabolite concentrations were not corrected for any of
these variables, but we conducted sex subgroup analysis to ac-
count for the significant distribution of sex between the groups.
The mean (SD) water linewidth of the included spectra was 5.5
(1.02) Hz or 0.043 (0.008) ppm, and GIn was reliably sepa-
rated from Glu in 248 participants (62.6%).

Compared with healthy controls, those with past MDD and
current MDD had lower left DLPFC GABA concentrations (mean
[SEM] concentration: healthy controls, 2.70 [0.03] mmol/L;
past MDD, 2.49 [0.05] mmol/L; current MDD, 2.54 [0.07]
mmol/L; 92 with past MDD vs 236 healthy controls: r = 0.18;
FDR-corrected P = .002; 44 with current MDD vs 236 healthy
controls: r = 0.13; FDR-corrected P = .04), but no significant
differences between the past and current MDD groups (r = 0.01;
FDR-corrected P = .90). In general, results were more promi-
nent in the female than in the male subgroup. Sex-specific
analyses are reported in eResults 3 in the Supplement.

We found no significant differences in left DLPFC Glx
concentration between diagnostic groups. When calculating
pairwise Wilcoxon rank sum comparisons, we found signifi-
cantly lower left DLPFC Glu concentrations in participants
with a history of MDD than in healthy controls (mean [SEM]
concentration: healthy controls, 7.52 [0.06] mmol/L; past
MDD, 7.23 [0.11] mmol/L; current MDD, 7.44 [0.13] mmol/L;
93 with past MDD vs 234 healthy controls: r = 0.16; FDR-
corrected P = .01), but there were no significant differences
between controls and participants with current MDD (44
with current MDD vs 234 healthy controls: r = 0.02; FDR-
corrected P = .78) or between the MDD groups (93 with past
MDD vs 44 with current MDD: r = 0.16; FDR-corrected
P = .10) (Figure 2).
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Figure 2. Boxplots of Left Dorsolateral Prefrontal Cortex (DLPFC) Neurotransmitter Concentrations by Major Depressive Disorder (MDD) Diagnosis
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IQRs; midlines, the median; and error bars, 95% Cls. GABA indicates

y-aminobutyric acid; GIn, glutamine; Glu, glutamate; Glx, glutamate or
glutamine; SKID-IV, German version of the Structured Clinical Interview for
DSM-IV.

Left DLPFC Gln concentration was significantly higher in
the past MDD group compared with healthy controls (mean
[SEM] concentration: healthy controls, 1.63 [0.04] mmol/L; past
MDD, 1.84 [0.07] mmol/L; current MDD, 1.84 [0.11] mmol/L;
66 with past MDD vs 153 healthy controls: r = 0.17; FDR-
corrected P = .04), but there were no differences between the
current MDD group and healthy controls (28 with current MDD
vs 153 healthy controls: r = 0.13; FDR-corrected P = .13) or be-
tween the MDD groups (66 with past MDD vs 28 with current
MDD: r = 0.01; FDR-corrected P = .93).

Results of GABA, Glu, and GIn differences between de-
pression groups survived the introduction of comorbid psy-
chiatric disorders as covariates in an analysis of covariance, al-
though the GIn results diminished to nonsignificant levels
when anxiety disorders were included as a covariate. Exclud-
ing the 10 participants who took psychoactive therapeutic
drugs at the time of the examinations did not change the re-
sults of this study (eResults 1 in the Supplement). Including
gray matter fraction as a covariate did not change the results
of this study, except for the GABA difference between the

jamapsychiatry.com

current MDD group and the control group, which no longer
reached statistical significance.

Post Hoc Analyses

In the female subgroup, we found significantly lower Glu con-
centrations in participants with past MDD compared with
healthy controls (mean [SEM] concentration: healthy con-
trols, 7.52 [0.08] mmol/L; past MDD, 7.16 [0.12] mmol/L; cur-
rent MDD, 7.58 [0.13] mmol/L; 75 with past MDD vs 153 healthy
controls: r = 0.19; FDR-corrected P = .02) and significantly
higher Glu concentrations in participants with current MDD
compared with participants with past MDD (30 with past MDD
vs 153 healthy controls: r = 0.25; FDR-corrected P = .01). See
eFigures 1and 2 in the Supplement for boxplots of the female
and male subgroups.

Generally, we did not find statistically significant correla-
tions between MRS measures and depression severity in the
current and past MDD groups, with a single exception: GIx
level was significantly associated with BDI total score
(p = 0.251; P = .02; n = 87) in the past MDD group. We found
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no significant associations with severity in the current MDD
group, but there were several nonsignificant correlations
with comparable effect sizes to those of the correlation
between Glx and BDI (eg, Gln and HAM-D total score:
p = -0.302; P = .13; n = 27; GABA and HAM-D total score:
p =—-0.191; P = .25; n = 39). For an exploratory factor analysis
of BDI items and a Spearman correlation analysis of neuro-
metabolites and the identified factors, see eResults 4 in the
Supplement.

|
Discussion

The major findings of this study include reduced GABA and
Glu levels and increased Gln levels in the left DLPFC of indi-
viduals with past MDD, ie, remitted and partially remitted MDD.
Glx concentration was not associated with diagnostic groups,
possibly because of the inverse direction of changes ob-
served for Glu and GlIn, but it is important to note the differ-
ence in statistical power for the different metabolite analyses
because of the difference in data points available, particu-
larly for GIn.

In this study, we attempted to address a number of limi-
tations inherent in previous studies, particularly with regard
to the participant recruitment and medication status, result-
ing in diagnostic groups comparable in age, education, in-
come, and diet and including a largely never-medicated sub-
group with MDD. In addition, the MRS protocol was selected
to maximize spectral quality (examining a large brain region
in which the field homogeneity is typically high, enabling spec-
tra to be acquired with high signal-to-noise ratio and a nar-
row spectral linewidth), and reliability (using standardized
measurements for voxel localization to account for differ-
ences in head position between participants). The lack of are-
liable separation of Gln from Glu in 38% of participants un-
derscores the challenges of robust GIn measurement at 3 T, even
with a protocol selected for high spectral quality. However, be-
cause of the large group size, the remaining set of Gln values
passing the quality criteria (n = 248, including 94 with cur-
rent or past MDD) comprises a larger data set than has been
available to date, particularly at 3 T.

In a large mostly medication-free sample recruited from
the community, we observed decreased GABA and Glu levels
and elevated GIn levels in in the left DLPFC of participants with
remitted or partially remitted MDD as well as in those with a
current MDD diagnosis in the case of GABA, while we found
no differences for Glx levels. To our knowledge, this is the first
3-T MRS study concerning GABA metabolism and MDD to cal-
culate GABA levels in the DLPFC referenced to water rather than
creatine or N-acetyl aspartate (NAA). In addition, in two-
thirds of the spectra, we were able to separate Glu from Gln,
elucidating some of the Glx changes reported previously and
providing important insight into glutamatergic changes in in-
dividuals with depression. Although a meta-analysis sug-
gests that NAA and creatine levels do not differ in individuals
with depression,?” another study has found referencing to cre-
atine to yield questionable results.® Our findings can confirm
that changes reported in studies referencing GABA to NAA or
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creatine are indeed specific to GABA and Gln (rather than the
reference metabolite), and our results are also consistent with
those from 7-T studies, also investigating water-scaled GABA
concentrations in individuals with depression.?®

In general, more significant groupwise differences were ob-
served for the subgroup of participants with past depression
(compared with controls) than those for the subgroup with cur-
rent depression, possibly attributable to lack of power because
of'the smaller number of participants who reached the diagno-
sis criteria for current MDD (n = 44) compared with the num-
ber of participants who reached the diagnostic criteria for a past
MDD phase (n = 92). In fact, effect sizes were similar for GABA
(past MDD vs healthy controls: r = 0.18; current MDD vs healthy
controls: r = 0.13), GIn (past MDD vs healthy controls: r = 0.17;
current MDD vs healthy controls: r = 0.12), and Glx (past MDD
vs healthy controls: r = 0.05; current MDD vs healthy controls:
r = 0.02) but different for Glu (past MDD vs healthy controls:
r = 0.16; current MDD vs healthy controls: r = 0.02). This lack
of power in the current MDD group may particularly affect the
Gln analysis where the group numbers were even smaller (66
with past MDD and 28 with current MDD), although these group
numbers are still comparable with the sample sizes for many
previous MRS studies in individuals with MDD.&2”

Lower GABA levels seen in participants with depression
are consistent with reports from previous studies?® describ-
ing reduced GABA concentrations in a multitude of cortical re-
gions, such as the PFC,° the anterior cingulate cortex,-*%-*' and
occipital cortex.?®3233 Qur findings are also consistent with the
GABAergic deficit hypothesis of MDD'34 that emphasizes the
role of cortical GABAergic interneurons in the PFC in MDD
where most of the prefrontal GABA pool exists.

The significant between-group alterations observed in
GABA, Glu, and GIn concentrations, the latter of which is
thought to represent a marker for synaptic Glu release,>>¢ pro-
vide further evidence for the prefrontal excitation-inhibition
imbalance hypothesis of MDD.** Increased Gln levels in indi-
viduals with MDD is consistent with preclinical studies show-
ing that stress increases extracellular Glu levels in the prefron-
tal cortex, potentially leading to glia cell pathology, reflected
by reduced glia cell counts, density and gene products, and im-
paired Glu-Gln cycling,®” which is in agreement with our find-
ing of reduced total Glu concentration in individuals with MDD.

The lack of a significant group effect for Glx is likely to arise
from the inverse direction of effects found in the Glu and Gln
concentrations from which Glx was calculated, indicating that
Glx concentration might be a suboptimal measure of Glu pa-
thology in individuals with MDD if Glu and GIn can be sepa-
rated reliably.

Within the past MDD and current MDD groups, we did not
find correlations between GABA, Glu, and Gln concentrations
with depression severity. In addition, decreases in GABA con-
centration were more consistent in those with past MDD than
in those with current MDD. As a result, we conclude that the
association between GABA concentration in the left DLPFC and
the severity of acute depressive symptoms was inconsistent.
An exploratory analysis revealed that reduced GABA concen-
trations was associated with somatic symptoms, such as weight
loss and loss of energy, while increased GIln concentration was
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associated with a negative self-schema. This is in line with our
preliminary report that glutamatergic therapeutics, such as
ketamine, have the power to improve symptoms related to a
negative self-schema.®

With regards to the sexual dimorphism of MDD,*°4! we
conducted post hoc analyses in sex subgroups to account for
the influence of sex on the above analyses. Comparisons in the
female subgroup echoed those of the whole sample.

Limitations

The following limitations merit comment. We used a 3-T
scanner; higher field strengths may have yielded better peak
separation, particularly for Gln measurement. Our voxel
contained tissues outside the DLPFC, including anterior
insula, dorsal caudate, and white matter and therefore can-
not be interpreted as purely a DLPFC voxel, although it was
centered on the DLPFC. However, our voxel position offered
high spectral quality and reliability, which is a prerequisite
for reliable separation of GIn from Glu at 3 T. Because of the
low cerebral concentration of Gln, we used a more liberal
cutoff (30%), as applied previously for Gln,'*"'® since the
CRLB percentage correlate inversely with the metabolite
concentration. Since the controls demonstrated lower Gln
levels, the more liberal cutoff resulted in the inclusion of
more controls with CRLB between 20% and 30% (n = 82)
than patients with past MDD (n = 33) or current MDD (n = 11).
We used a measure of GABA+ rather than pure GABA to
minimize the effects of field offsets and other sources of

Original Investigation Research

experimental instability, which could potentially degrade
the spectral quality.#? The cross-sectional design of our
study did not allow for inferring causality because a tempo-
ral sequence could not be established. Although our total
sample was relatively large for a MRS study, the number of
participants with current MDD was rather small, especially
in the male subgroup, and the depression severity rather
low. The preponderance of young and highly educated par-
ticipants in our sample limited the generalizability of the
results.

|
Conclusions

In conclusion, these findings converge with the results of
previous research studies using MRS and other approaches
to investigate GABAergic and glutamatergic alterations in
the pathogenesis of MDD. In addition, the results demon-
strate that dysfunctions of these neurotransmitter systems
are not limited to acute phases of the illness but are also
present in states of remission. The observation of persistent
GABAergic and glutamatergic alterations in individuals with
remitted MDD encourages the use of longitudinal MRS to
study GABA and Glu abnormalities related to MDD over the
course of the disease and underlines the importance of
novel antidepressant treatment options, such as ketamine
and esketamine, that modulate GABAergic and glutamater-
gic function.
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