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Abstract

Objective—Emerging evidence suggests abnormalities in amino acid neurotransmitter function
and impaired energy metabolism contribute to the underlying pathophysiology of Major
Depressive Disorder (MDD). To test whether impairments in energetics and glutamate
neurotransmitter cycling are present in MDD we used in vivo 13C magnetic resonance
spectroscopy (}3C MRS) to measure these fluxes in individuals diagnosed with MDD relative to
non-depressed subjects.
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Method—!H MRS and 13C MRS data were collected on 23 medication-free MDD and 17 healthy
subjects. 1H MRS provided total glutamate and GABA concentrations, and 13C MRS, coupled
with intravenous infusion of [1-13C]-glucose, provided measures of the neuronal tricarboxylic acid
cycle (Vtcan) for mitochondrial energy production, GABA synthesis, and glutamate/glutamine
cycling, from voxels placed in the occipital cortex.

Results—Our main finding was that mitochondrial energy production of glutamatergic neurons
was reduced by 26% in MDD subjects (t = 2.57, p = 0.01). Paradoxically we found no difference
in the rate of glutamate/glutamine cycle (Vcycle). We also found a significant correlation between
glutamate concentrations and Vcycje considering the total sample.

Conclusions—We interpret the reduction in mitochondrial energy production as being due to
either mitochondrial dysfunction or a reduction in proper neuronal input or synaptic strength.
Future MRS studies could help distinguish these possibilities.

Introduction

Major depressive disorder (MDD), is a debilitating, and at times, life-threatening psychiatric
disorder. MDD affects an estimated 350 million people worldwide, and according to a recent
report by the world health organization, is a leading cause of years lost due to disability (1).
However, despite the high prevalence and immense economic burden associated with MDD,
relatively little is known about the pathophysiology underlying the disorder. Although the
monoaminergic neurotransmitter systems had been the primary focus in the majority of
investigations exploring the associated pathophysiology for the past 5 decades, there is
rapidly accumulating evidence to suggest the amino acid neurotransmitter systems and
impaired mitochondrial function contribute to pathophysiological mechanisms of mood and
other stress related disorders (2, 3).

Clinical studies using magnetic resonance spectroscopy (MRS) have repeatedly shown
abnormal amino acid neurotransmitter (glutamate, glutamine and GABA) content in the
brains of patients diagnosed with mood disorders. A meta-analysis of 1H MRS studies found
evidence of both diffuse and region specific changes in glutamine and glutamate content (4)
and the recent discovery of significant antidepressant effects associated with drugs targeting
the glutamatergic system has led to intense speculation on the contributions of the system to
mood disorder pathophysiology (5). In addition to evidence linking glutamate to mood
disorders, there is a long history of studies suggesting abnormalities in the GABAergic
system contribute to the pathophysiology of mood disorders (6). Early reports suggested that
GABA levels were reduced in the blood and cerebrospinal fluid of depressed patients (7).
Imaging studies have provided fairly consistent reports suggesting GABA content is reduced
in the brains of depressed patients, especially in the occipital cortex (8, 9), although it
appears to be primarily in subtypes of the disease. Additional studies suggest altered
function of the amino acid neurotransmitter systems contribute to changes in cortical
excitability and inhibition as well as several other pathophysiological processes related to
mood disorder (10, 11).

One potential pathophysiological mechanism that could be related to the findings of altered
amino acid neurotransmitter system content and function in mood-disordered individuals is
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impaired in astrocyte function. Astrocytes provide a primary means of glutamate and GABA
clearance through the Excitatory Amino Acid Transports 1 and 2 (EAATL1 and EAAT2) and
GABA transporters 1-3 (GAT 1-3) respectively (12, 13). Astrocytes also play a critical role
in the metabolism of both glutamate and GABA. Once glutamate is brought into an astrocyte
it is rapidly converted into glutamine by glutamine synthetase. The glutamine is then
transported back to glutamatergic neurons to replenish glutamate stores by the mitochondrial
enzyme glutaminase in a process referred to as the glutamate/glutamine cycle (14).
Glutamine is also transported to GABAergic cells where it is first converted into glutamate
by glutaminase and then to GABA by glutamic acid decarboxylase in the GABA/glutamine
cycle. Evidence suggesting astrocytic pathology is associated with mood disorders and
rodent models of mood disorders (see (15, 16) for reviews), suggests the abnormalities
observed within the amino acid neurotransmitter systems associated with mood disorders
could be secondary to changes in the glutamate/glutamine and GABA/glutamine cycles.

Mitochondria, in addition to serving a critical role in cellular energy metabolism, are also
intimately involved in amino-acid metabolism and brain function. Work over the last two
decades has shown that there is a linear relationship between changes in the rates of
neurotransmitter glutamate release and recycling and the neuronal TCA cycle, with
approximately 80% of neuronal energy metabolism devoted to this function in the resting
awake cerebral cortex (17). Therefore, even relatively minor mitochondrial impairment
could adversely impact glutamate neurotransmission and brain function. Considering the
rapidly mounting evidence suggesting that altered mitochondrial function and amino acid
metabolism are associated with depression and other mood disorders (3), we used 13C
magnetic resonance spectroscopy (13C MRS) in vivo to determine whether the rate of the
neuronal TCA cycle (Vrcan), the glutamate/glutamine cycle (Vcycle), and GABA synthesis
(Vgap) are altered in major depressive disorder (MDD). We found a significant reduction in
the rate of the neuronal TCA cycle in glutamatergic neurons, implicating the glutamatergic
system and mitochondrial energy metabolism as having an important role in the pathology
of MDD. Paradoxically we also found that V¢yje Was similar in depressed and control
subjects implying a possible alteration in neuronal coupling. This also serves as the first
study to use 13C MRS in vivo to study the pathophysiology of MDD and provides the first
measures of Vgap in humans and to show correlations between 13C MRS and H MRS
measures of metabolite concentrations in humans.

Men and women between the ages of 18-65 years were recruited into this study. An
institutional review board at Yale University approved all study procedures. After complete
description of the study to the subjects, written informed consent was obtained. Following
comprehensive medical and psychiatric assessments, subjects meeting the study criteria
underwent a 1H MRS and then a 13C MRS scan, each on a separate day. Two groups of
subjects were enrolled: a group with Major Depressive Disorder (MDD) and a healthy
control group. The MDD subjects met the following criteria: (a) medication-free for at least
4 weeks, (b) met DSM-IV criteria for MDD, confirmed by structured interview with the
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SCID-P, and (c) a Hamilton Depression Rating Scale (HDRS,1) scores higher than 21. For
the healthy group, study criteria included (a) no personal or first degree family member with
a history of axis | DSM-1V disorder, confirmed by SCID-NP, (b) age-, and sex-matched to
the MDD group. The exclusion criteria for both groups included (a) history or current major
medical or neurological illness, (b) history or current substance abuse or dependence, (c)
current use of nicotine, (d) implanted metal, or (e) currently pregnant. Rating scales included
HDRS,1, Beck Depression Inventory (BDI), and Hamilton Anxiety rating scale (HAM-A)
(see Online Supplements for references).

1H MRS Acquisition and Processing

1H MRS acquisitions were performed in the occipital cortex as previously outlined (9).
Briefly, metabolite levels were measured in a 13.5 cc voxel (3.0 x 1.5 x 3.0 cm) placed
across the midline of the brain, centered 2 cm from the dura. Cortical GABA content was
determined using J-editing, where subspectra were acquired with 8K data points over a 410-
ms acquisition, a 2.5-second repetition time, and a TE of 68 ms on a 4T Bruker spectrometer
at Yale Magnetic Resonance Research Center (MRRC), averaging data in 20-second blocks
for 20 minutes. Glutamate and glutamine were measured simultaneously using the unedited
subspectra of the J-editing acquisition, with in-house software that uses an LCModel
approach (18). The metabolites fitted included GABA, glutamate, glutamine, and creatine.
The subspectrum obtained without the editing pulse was fitted simultaneously with the J-
edited difference spectrum of GABA. Because of limited resolution in vivo, the results for
NAA and NAAG were combined and recorded as NAA, creatine and phosphocreatine were
combined and recorded as creatine, and the three choline-containing compounds were
combined and recorded as choline. This implementation had no macromolecular
contamination of GABA (19), so the basis set for fitting did not include a macromolecular
signal. The level of aspartate, though present in the spectra, was poorly determined at the
echo time of 68 ms and was not used. Uncertainties of individual measurements were
determined using a Monte-Carlo analysis (19), in which the least-squares spectral fits were
treated with random Gaussian noise whose standard deviation was equal to that of the raw
data and refitted, using 20 repetitions to estimate the standard deviations of the uncertainty
for each metabolite measure. For each metabolite, a threshold for rejection was set at twice
the average noise-based standard deviation of the respective metabolite. GABA levels
whose uncertainties were greater than 11%, glutamine levels whose uncertainties were
greater than 20%, and glutamate levels whose uncertainties were greater than 16% were not
included in subsequent analysis.

To account for potential differences in tissue composition, a series of 3-mm-thick
contiguous images of T; were used to quantify gray matter, white matter, and cerebrospinal
fluid in the voxel of interest (20). The images of T, were measured using a series of
inversion-recovery images that required images of the spatial distribution of the
radiofrequency power to overcome the problems associated with radiofrequency
inhomogeneity. The means of percent solid tissue in the acquired voxel were not different
between groups (p > 0.3). Thus, no co-variance for tissue content was needed. Similarly, the
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means of Cr/water were not different between groups (p > 0.5). As such, the concentration
of brain metabolites was calculated assuming normal Cr concentration of 9 mmol/kg (21).

13C MRS Acquisition, Processing, and Metabolic Modeling

13C MRS acquisition, processing, and kinetic metabolic modeling were performed as
described previously (22, 23). In summary, all subjects fasted overnight prior to the 13C
MRS acquisition. The 13C MRS studies were performed (mean +SEM) 6.7 +1.4 days after
completing to the 1H MRS study. In the morning, two intravenous (V) lines were initiated,
one for [1-13C]-glucose infusion and the other for blood sampling. 13C MRS data were
acquired on a 4.0 T magnet. Subjects were placed supine with their heads lying on top of a
radiofrequency probe consisting of one 8.5-cm diameter circular 13C coil and two circular
12.5-cm diameter, quadrature driven IH RF coils. The region of interest (ROI) was a voxel
(5 x 4 x 4.5 cm) placed across the midline of the occipital-parietal lobe. Following tuning,
acquisition of scout images, FASTERMAP shimming, and decoupling power calibration,
infusion of [1-13C]-glucose was started and 5-minute blocks of 13C MR spectra were
acquired for 120 min using polarization transfer (Fig. 1). The plasma glucose concentration
was rapidly titrated to 180-200 mg/dl and maintained near that level for the duration of 13C
MRS acquisition. Plasma glucose concentrations and [1-13C] enrichments were determined
from blood samples collected at baseline and during the [1-13C]-glucose infusion

Spectral data were analyzed with —2Hz/6Hz Lorentzian-to-Gaussian conversion and 16-fold
zero-filling followed by Fourier transformation. Software developed in-house, using Matlab
7.12.0 (The MathWorks, Natick, MA, USA), was used to determine the peak heights for the
C3 and C4 positions of glutamate, C4 position of glutamine, and C2 position of GABA of
each spectrum. Peak heights were converted to concentrations of 13C using the fractional
enrichment of glutamate C4, determined by isotopomer analysis (24) and the total glutamate
concentration measured by IH MRS. Time courses of glutamate, glutamine, and GABA
peaks were analyzed using CWave (25) to implement a three-compartment model of brain
metabolism that included astroglial, and glutamatergic and GABAergic neurons (26). The
CWave software iterated the values of the rates of GABA synthesis (Vgap), glutamate
neurotransmitter cycling (Vcycle), and the neuronal tricaboxilic acid cycle (Vrcan) to obtain
a least-squares fit of the model to the time courses of each subject’s data, using the time
courses of the individual’s own plasma glucose concentration and fractional enrichment as
input functions. The equations used in the kinetic model are shown in Table S1.

Statistical Analyses

Prior to each analysis, outcomes were assessed for normality using normal probability plots
and Kolmogorov test statistics. Logarithmic (Logyg) transformations were performed as
necessary on variables with skewed distribution. Independent t-test and Chi Square test were
used to determine differences between groups. Bonferroni correction for multiple
comparisons was implemented as described in the Results. Spearman’s rank order was used
for correlational analyses. All tests were two-tailed, with significance level set at p < 0.05.
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A total of 46 subjects completed all study procedures. Six subjects (3 MDD and 3 healthy)
were excluded due to poor 13C spectral quality. Demographic data show that the study
subjects were well matched for age, gender, and body mass index (BMI) (Table 1). All
MDD subjects were medication-free for at least 4 weeks. Clinical characteristics of the
MDD subjects are also presented in Table 1, which are consistent with a moderate level of
depression severity with coexisting levels of mild anxiety on average.

13C MRS Spectra and Metabolic Modeling

In contrast to the more commonly employed 1H MRS methods, 13C MRS is capable of
providing unique information on the dynamic processes of metabolism and
neurotransmission. Since 12C, which is invisible to MRS detection methods, comprises
nearly 99% of the carbon content in biological systems, it is possible to track and model the
labeling of individual molecules over time with exogenously administered 13C, a stable
isotope visible by MRS methods. This approach affords the ability to obtain dynamic
measures relevant to amino acid neurotransmitter metabolism and neurotransmission. To
label the carbon positions of glutamate, glutamine, and GABA, [1-13C]-glucose was infused
intravenously over 120 minutes during MR spectroscopy acquisition focused on the region
of the occipital cortex (Fig. 1-A). The incorporation of the 13C in glutamate, glutamine and
GABA, generates unique signals on the 13C spectrum (Fig. 1-B). 13C MRS spectra were
obtained with a 5-minute time resolution. A plot of the time courses of the 13C labeling in
C4 glutamate, glutamine and C2 GABA is shown in Figure 1-C & 1-D. In addition the C3
resonances of glutamate and glutamine were measured and used in the modeling. The steady
state fractional enrichment of glutamine was lower than that of glutamate in most subjects,
consistent with previous findings (27). Using mass and isotope balance equations, the
labeling time courses were used to calculate -1- glutamate/glutamine cycling (V¢ycle, a
measure of neuronal glutamate release and glial reuptake), -2- Neuronal oxidation (Vtcan —
mitochondrial energy production specific to glutamatergic neurons), and -3- GABA
synthesis (VgaDp)-

13C MRS Metabolic Fluxes

Patients with MDD had a 26% reduction in oxidative mitochondrial energy production of
glutamatergic neurons [Mean £SEM; MDD Vycan = 0.35 £ 0.03 pmol/g/min, Healthy
Vr1can = 0.47 £ 0.05 pmol/g/min, t = 2.57, n = 40, p = 0.01] (Fig. 2). Cohen’s d was 0.84
(95% confidence interval: 0.80-0.89). The V1can differences between groups maintain
significance following Bonferroni correction for multiple comparisons (p < 0.05/3). Vycle
and Vgap did not differ between the two groups (p > 0.7; Table 2). The values of V¢yje and
V1can Were consistent with previous studies (28). The rate of Vgap is approximately 10—
20% of Vtcan, Which is consistent with previous animal studies (26, 29).

1H MRS Metabolite Levels

Across all study subjects, we found significant correlations between glutamate level and
Veyele (s = 0.45, p = 0.004), as well as between glutamate and Vrcan (s = 0.34, p = 0.04).
However, only the association between glutamate and Vycje maintains significance
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following Bonferroni correction for multiple comparisons (p < 0.05/9). Associations
between metabolic fluxes and amino-acid neurotransmitters level are provided in Table 3. In
the current study, the means of amino-acid neurotransmitters level were not different
between the healthy and MDD groups (p > 0.4; Table S2). However, there was an
interesting pattern suggesting that GABA levels may have been lower in the small sample of
melancholic subjects participating in the study (Figure S1).

Associations Between Clinical and Spectroscopy Measures in the MDD Group

The number of lifetime major depressive episodes negatively correlated with the
concentration of glutamate (rg = - 0.59, p = 0.01). HAM-A scores negatively correlated with
glutamine concentration (rg = — 0.47, p = 0.03) and with Vycan at trend level (rg=-0.37, p
= 0.09). However, these correlations did not survive Bonferroni corrections for multiple
comparisons (p > 0.05/24). Correlations between clinical and spectroscopy measures are
detailed in Table S3.

Discussion

Using state-of-the-art human 13C MRS methods, we studied neuronal oxidative energy
production, glutamate-glutamine cycling, and GABA synthesis in vivo in MDD subjects
compared to healthy controls. We found a 26% reduction in oxidative energy production
specific to glutamatergic neurons. No differences in glutamate-glutamine cycling or GABA
synthesis were found. Total glutamate levels correlated with glutamate-glutamine cycling
and, to a lower extent, neuronal energy production. However, in contrast to previous studies,
amino-acid neurotransmitters did not differ between groups in this cohort (8, 9). Finally,
post hoc exploratory analysis — without correction for multiple comparisons — showed a
negative association between the glutamate concentration and the number of depressive
episodes, as well as between the glutamine concentration and clinician-rated anxiety scores.

The ability of MRS to separate mitochondrial energy production between glutamatergic
neurons, GABAergic neurons, and glia is based upon the compartmentation of glutamine
synthase and GAD in glia and neurons respectively and the majority of the neuronal
glutamate pool being in glutamatergic neurons (see (14) for a review). Because MRS can
distinguish 13C labeling in GABA, glutamine, and glutamate, it is then possible to use
kinetic modeling to obtain separate measures of the TCA cycle in all three compartments
(14, 26, 29).

The findings of reduced neuronal energy production in the depressed subjects are in general
consistent with reports of slower energy metabolism, primarily decreased baseline levels of
B-nucleoside triphosphate (3-NTP) and total NTP, associated with MDD (30, 31) and reports
from PET studies of regional and global reductions in glucose metabolism in MDD (32). In
addition, in a rodent model of chronic unpredictable stress reduced 13C labeling from
glucose was observed in glutamate, consistent with the human findings (33).

A potential explanation for the reduced neuronal energy production is the presence of
mitochondrial impairment in depressed individuals. Mitochondrial dysfunction in mood
disorders has been previously suggested [reviewed in (3)]. However, direct in vivo measures
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of neuronal mitochondrial energy production in MDD were not previously investigated.
Impaired oxidative metabolism, in the absence of reduced neuronal activity, would be
consistent with prior evidence suggesting an increase in cerebral glycolysis and lactate, as
well as reductions in phosphocreatine and pH in patients with mood disorders (3, 34).

An alternate explanation is that the reduced neuronal energy production reflects a
downregulation of cortical activity. Extensive animal and human studies have previously
demonstrated a strong, close to 1:1, coupling between energy production in the TCA cycle
and the glutamate/glutamine cycle (17). Consistent with this relationship, there was a strong
trend for a positive relationship between Vrcan and Veycle (r = 0.436, p = 0.08) observed in
the healthy subjects in this study (Table S4). However, in the MDD group the relationship
between Vrcan and Veyele (r = 0.252, p > 0.2) appears to be weakened. This is again
reflected in the fact that we found normal rates of glutamate/glutamine cycling despite
slower energy production in the MDD subjects.

The seemingly contradictory findings of reduced neuronal energy metabolism with normal
levels of glutamate/glutamine cycling could be reconciled by the presence of an overall
reduction of glutamatergic synaptic strength. Brain functional energetic needs are largely
determined by the ATP needed to maintain ion flows in the post and pre-synaptic terminals
of excitatory synapses that are coupled to glutamate neurotransmission (17). Reduced
overall synaptic strength in depressed subjects would reduce energetic demands for the same
amount of glutamate-glutamine cycling. In line with this hypothesis, chronic stress has been
shown to reduce glutamate AMPA and NMDA receptor expression and transmission — the
primary determinants of synaptic strength (35).

Alternatively the rate of the glutamate/glutamine cycle in MDD subjects may have been
overestimated due to a change in the balance between neuronal and astroglial metabolism in
the MDD group. A previous 13C MRS study of healthy aging (22) found that that there is an
increase in glial metabolism accompanying the reduction in neuronal metabolism, similar
changes in MDD could lead to an overestimate of the rate of the glutamate/glutamine cycle
with the kinetic modeling used. Rising evidence suggest astroglial changes in major
depression (16, 36) including 13C MRS studies in a rodent chronic unpredictable stress
model (33). To overcome this limitation, future studies may employ recently developed 13C
methods of combined labeling by 13C-glucose and 13C-acetate (37). Acetate oxidation is
limited to astroglial cells, so therefore the simultaneous administration of 13C-glucose

and 13C-acetate allows separate measurements of neuronal and astroglial energy production,
respectively (14). In addition, double labeling would enhance the precision of glutamate-
glutamine cycling estimates, providing additional insight into the relationship between
metabolic fluxes in MDD compared to healthy controls.

In addition to the lack of direct measure of astroglial metabolism, other limitations of the
current study include the study’s strict criteria to enroll only subjects who have been
medication-free for at least 4 weeks in an attempt to minimize any effects of medication
withdrawal. This inclusion criterion might have affected the MDD sample characteristic,
excluding subjects with more treatment resistant and melancholic type depression. In turn,
this could have contributed to the lack of GABAergic differences between groups in contrast
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to previous reports where reduced GABA was primarily found in subjects with melancholic
and treatment resistant depression (8, 9). Although we had a very limited number of subjects
meeting criteria for the melancholic subtype of MDD, there was suggestion that they did
show lower GABA levels compared to other groups of comparison subjects (Fig S1).

Given the focus on the prefrontal cortex in depression the occipital cortex volume studied
could be considered a major limitation, however this is the region where significant changes
in amino acid neurotransmitter content has previously been reported (8, 9). Additionally, a
growing number of studies have demonstrated abnormal occipital cortex function in
individuals diagnosed with depression. The studies most consistently demonstrate altered
levels of occipital cortex activation to emotionally laden visual stimuli (38, 39).
Interestingly, the abnormal experience stimulus-processing biases seen in depressed patients
is reported to normalize with treatment, and a recent study suggests that the magnitude of
neural response in the middle occipital cortex may provide a biomarker that predicts
response to the rapidly acting antidepressant effects of scopolamine (40).

In conclusion, the data presented here provide evidence of reduced oxidative energy
production within glutamatergic neurons from individuals with MDD. The strengths of the
current investigation include the use of human 13C MRS methods in the study of psychiatric
disorders to interrogate glutamatergic activity in vivo in humans, as well as the first
quantitative measurement of the rate of GABA synthesis in human cerebral cortex. The
reduction in oxidative mitochondrial energy production in glutamatergic neurons could be
related to several possible pathophysiological processes including mitochondrial
dysfunction, reduced levels of glutamatergic synaptic activity, and/or altered coupling of
neuronal-astroglial metabolism. Studies employing animal models, specifically examining
the relationships between these potential factors and oxidative metabolism will help
determine the mechanisms underlying the finding. Future studies identifying the
pathophysiological changes underlying the reduced levels of oxidative energy production
could provide novel targets for the development of new therapeutics.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Table 1

Demographics and Clinical Data

MDD Group (n=23) Healthy Group (n =17)

Mean + SEM Mean + SEM df Sig. @

Age 43.0+22 43.8+3.1 38 083
Female (N; %) 16 (70%) 13 (76%) 38 0.63
BMI 26.3+1.0 27316 38 0.58
HDRS,5 30112
BDI 26313
HAM-A 156 +1.0
15t MDE (N; %) 4 (17%)
Medication Naive (N; %) 8 (35%)
Subtypes

Melancholic (N; %) 5 (22%)

Atypical (N; %) 15 (65%)

No Subtype (N; %) 3 (13%)

aIndependent t-test or Chi square test (2-tailed, significance set at p < .05);

Page 15

Abbreviations: MDD: Major Depressive Disorder; MDE: Major Depressive Episode; SEM: Standard Error of Mean; HDRS: Hamilton Depression

Rating Scale; BDI: Beck Depression Inventory; HAM-A: Hamilton Anxiety Rating Scale.
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Table 3

Correlations Between Metabolic Fluxes and Brain Metabolites

Viean  Veye  Vgpp @

GABA (rg) 0.23 0.09 -0.06
Glutamine (rs) 0.16 028t 0.12

Glutamate P (r) 034* o045™*Cc 009

aVGAD was excluded for subjects (n = 5) with noise level higher than 0.05 pmol/g/min.

bTwo subjects had poor spectral fitting for glutamate.
CSurvive Bonferroni correction for multiple comparisons (p < 0.05/9).

Abbreviations: rg: Spearman’s correlation coefficient; GABA: y-Aminobutyric acid.

*
p <0.05;

Fk

p <0.01;

tp <0.1;
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