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A B S T R A C T

Objective: The pathogenesis of depression in patients with Parkinson’s disease (PD) is poorly understood.
Therefore, this study aimed to explore the changes in γ-aminobutyric acid (GABA) and glutamate plus glutamine
(Glx) levels in patients with PD with or without depression determined using MEscher-GArwood Point Resolved
Spectroscopy (MEGA-PRESS).
Materials and methods: A total of 83 patients with primary PD and 24 healthy controls were included. Patients
with PD were categorized into depressed PD (DPD, n = 19) and nondepressed PD (NDPD, n = 64) based on the
17-item Hamilton Depression Rating Scale. All participants underwent T1-weighted imaging and MEGA-PRESS
sequence to acquire GABA+ and Glx values. The MEGA-PRESS sequence was conducted using 18.48 mL voxels in
the left thalamus and medial frontal cortex. The GABA+, Glx, and creatine values were quantified using Gannet
3.1 software.
Results: The GABA+ and Glx values were not significantly disparate between patients with PD and controls in the
thalamus and medial frontal cortex. However, the levels of N-acetyl aspartate/creatine and choline/creatine in
the left thalamus were significantly lower in patients with PD than in controls (P = .031, P = .009). The GABA+/
Water and GABA+/Creatine in the medial frontal cortex were higher in DPD than in NDPD (P = .001, P = .004).
The effects of depression on Glx or other metabolite levels were not evident, and no significant difference in
metabolite values was noted in the left thalamus among all groups (P > .05).
Conclusions: GABA+ levels increased in the medial frontal cortex in DPD, which may be more closely related to
depressive pathology. Thus, alterations in GABAergic function in special brain structures may be related to the
clinical manifestations of PD symptoms, and hence mediating this function might help in treating depression in
PD.

1. Introduction

Depression is a common non-motor symptom in patients with Par-
kinson’s disease (PD), which is characterized by low mood, cognitive
slowing, and reduced volitional activity (Lachner et al., 2017). The
depression can be manifest in any stage of PD, particularly as the disease
progresses (Reijnders et al., 2008).

The pathophysiology of depression in PD (DPD) involves complex
alterations in dopamine, noradrenaline, and serotonin that are thought
to contribute to PD (Schapira et al., 2017). Patients with DPD often have
less dopamine transporter availability in specific brain regions than
patients with nondepressed PD (NDPD) (Remy et al., 2005; Vriend et al.,
2014). Imaging findings show dysfunction of dopaminergic and norad-
renergic innervation in the locus coeruleus, thalamus, and limbic
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* Corresponding author.
E-mail address: zhibowen@163.com (Z. Wen).

Contents lists available at ScienceDirect

NeuroImage: Clinical

journal homepage: www.elsevier.com/locate/ynicl

https://doi.org/10.1016/j.nicl.2024.103641
Received 18 March 2024; Received in revised form 10 July 2024; Accepted 10 July 2024

mailto:zhibowen@163.com
www.sciencedirect.com/science/journal/22131582
https://www.elsevier.com/locate/ynicl
https://doi.org/10.1016/j.nicl.2024.103641
https://doi.org/10.1016/j.nicl.2024.103641
https://doi.org/10.1016/j.nicl.2024.103641
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/


NeuroImage: Clinical 43 (2024) 103641

2

regions of the brain (Brown et al., 2011; Burn et al., 2012; Frisina et al.,
2009). These changes are associated with multiple neurotransmitters,
including γ-aminobutyric acid (GABA) and glutamate. GABA, as a major
transmitter in the interneurons of the cerebral cortex, plays a critical role
in regulating local neurotransmitter systems, particularly the gluta-
matergic system. GABA is the brain’s most abundant inhibitory neuro-
transmitter, while glutamate is the most abundant excitatory
neurotransmitter (Zeng et al., 2023).

Neuroanatomical and functional changes in limbic structures,
particularly the prefrontal cortex, are characteristic of depression. These
alterations have been linked to mood regulation and cognitive functions
affected in depression. These changes may exacerbate depressive
symptoms due to the added burden of neurodegenerative processes in
PD (Ballanger et al., 2012; Kostic et al., 2012). Depression is associated
with a lack of inhibitory synaptic transmission to key glutamatergic
neurons, resulting in an imbalance of excitation and inhibition in the
prefrontal cortex (Fogaça and Duman, 2019). It has been reported that
the pathophysiology of depression involves dysfunction of GABAergic
and glutamatergic neurons (Kantrowitz et al., 2021). These alterations
are associated with reduced GAD67 and GABA levels, changes in GABA
receptor expression (Fogaça and Duman, 2019), and diminished GABA
concentrations in the cerebrospinal fluid (Gerner and Hare, 1981) and
plasma (Petty, 1994; Petty et al., 1995) in patients with depression. A
depression model using rats has been demonstrated to reduce GABA-B
receptor binding in the prefrontal cortex (Dennis et al., 1993). Also,
clinical trials of the potential of GABA agonists to alleviate depressive
symptoms have displayed promise for GABAergic modulation as a
therapeutic avenue (Gunduz-Bruce et al., 2019). However, magnetic
resonance spectroscopy (MRS) studies have yielded mixed results
regarding GABA levels in depression, which can be attributed to meth-
odologic differences, variations in patient populations, and heteroge-
neity of depression itself. Some studies reported reduced GABA levels in
patients with depression (Romeo et al., 2018; Sanacora et al., 2004),
contrasting with others that observed no such change (Schür et al.,
2016). These disparities highlight the complexity of neurochemical
changes in depression and the need for further research. These dispar-
ities underscore the complex relationship between depression and
GABAergic function. Furthermore, neuroimaging studies consistently
reveal structural deficits across diverse brain regions and disruptions in
connectivity between neural networks in depression, especially within
the limbic–cortical–striatal–pallidal–thalamic circuit (Sheline, 2003),
with the thalamus emerging as a key node in the pathology of depression
(Zhang et al., 2022). The thalamus is crucial in regulating mood and
cognitive functions. In the context of PD, its involvement becomes more
vital due to its connections with the motor and limbic systems. Cardoso
et al. (2009) demonstrated decreased activation in the thalamus and an
increased volume in mediodorsal thalamic nuclei bilaterally in PD pa-
tients with depression, suggesting thalamic key role in the pathology of
depressive symptoms in PD. Although studies have reported both in-
creases and decreases in GABA levels in the brains of patients with PD
(Terkelsen et al., 2022), these differences may depend on clinical
symptom profiles.

No previous studies comprehensively assessed GABA and glutamate
levels in patients with DPD. Thus, this study employed MRS to examine
GABA+ and glutamate plus glutamine (Glx) levels in the medial frontal
cortex (MFC) and thalamus of participants with DPD and NDPD, as well
as age-matched healthy participants. We anticipated finding reduced
GABA+ levels in patients with DPD, like depression, and we aimed to
establish correlations between GABA+ reductions and the severity of
depressive symptoms. This study aims to offer new insights into the
pathogenesis of DPD, as well as potential treatment strategies.

2. Material and methods

2.1. Participants

The study had local ethics committee approval and all participants
had informed consent. We prospectively recruited 83 patients with mild-
to-moderate idiopathic PD (age, 63.9 ± 8.04 years; 44 male partici-
pants; and Hoehn and Yahr scale, 1–3) and 24 age- and sex-matched
healthy controls (age, 60.8 ± 8.37 years; 12 male participants).
Table 1 lists the demographic and clinical information for all partici-
pants. The diagnosis of PD was made using the Movement Disorder
Society Clinical Diagnostic Criteria. Using the 17-item Hamilton
Depression Rating Scale (HAMD-17), PD patients were classified into
DPD group (HAMD-17 ≥ 17 scores, n = 19) and NDPD group (HAMD-17
< 17 scores, n = 64). The clinical diagnoses have been confirmed by an
experienced and independent psychiatrist.

The healthy controls in the study showed no signs of neurological or
psychiatric disorders, including depression. The exclusion criteria
included treated with antidepressants; cognitive dysfunction, defined as
Mini-Mental State Examination (MMSE) < 24; severe neuropsychiatric
disorders; history of substance misuse or alcohol; history of cranial
surgery, and contraindications to magnetic resonance imaging (MRI).
All the participants were right-handed.

2.2. Clinical assessment

The motor symptoms in PD patients were evaluated by a trained
neurologist using the Unified Parkinson’s Disease Rating Scale part III
(UPDRS-III) and the Hoehn and Yahr scale. The UPDRS-III scores were
evaluated in the OFF state, that is, patients abstained from consuming
levodopa agonists for at least 72 h and levodopa for at least 12 h. After
evaluation in the OFF state, the patients were administered the acute

Table 1
Demographics and clinical assessment of the participants.

Variable HC NDPD DPD Sig.

N 24 64 19
Age, year 60.8

(8.4)
64.2 (7.9) 62.8

(8.7)
0.225

Male, n (%) 12 (50.0) 31 (48.4) 7 (36.8) 0.630
Duration of PD, year – 7.5 (4.8) 8.9 (5.5) 0.286
UPDRS-III scores (OFF

states)
– 35.1

(16.1)
30.6
(9.8)

0.280

UPDRS-III scores (ON
states)

– 17.9
(10.1)

18.5
(7.4)

0.811

HAMD-17 0.9 (1.1) 9.3 (4.2) 20.5
(6.0)

0 < .001a,b,c

HAMA-14 1.0 (0.9) 10.1 (5.4) 18.3
(8.1)

0 < .001a,b,c

MMSE 27.3
(1.4)

27.3 (1.8) 27.1
(2.0)

0.864

PSQI 3.8 (3.2) 7.5 (4.6) 10.3
(4.1)

0 < .001a,b,c

UPDRS-I 0.5 (0.5) 3.1 (2.3) 4.9 (2.5) 0 < .001a,b,c

UPDRS-II 0.0 (0.0) 10.3 (6.7) 9.9 (6.4) 0 < .001a,b

UPDRS-IV – 3.4 (2.4) 4.7 (3.2) 0.064

Abbreviations: HC = healthy control; NDPD = nondepressed Parkinson’s dis-
ease; DPD = depression in Parkinson’s disease; UPDRS-III = Unified Parkinson’s
Disease Rating Scale, motor subsection; HAMD-17 = the 17-item Hamilton
Depression Rating Scale; HAMA-14 = the 14-items Hamilton Anxiety Rating
Scale; MMSE = Mini-Mental State Examination; PSQI = Pittsburgh Sleep Quality
Index; UPDRS-I = Unified Parkinson’s Disease Rating Scale, mental, behavioral
and emotional subsection; UPDRS-II = Unified Parkinson’s Disease Rating Scale,
daily living subsection; UPDRS-IV = Unified Parkinson’s Disease Rating Scale,
treatment complications subsection.
Significant (P < 0.05) Bonferroni post hoc tests:

a Control versus NDPD.
b Control versus DPD.
c NDPD versus DPD.
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levodopa-test impact dose. They were re-evaluated the motor symptoms,
and the ON-state UPDRS-III scores were recorded. All participants un-
derwent a comprehensive evaluation for depression, anxiety, cognitive
function, sleep quality, and other non-motor functions based on the
HAMD-17, the 14-item Hamilton Anxiety Rating Scale (HAMA-14),
MMSE, the Pittsburgh Sleep Quality Index (PSQI), and UPDRS-I, II. The
UPDRS-IV was used to assess the treatment complications of PD.

2.3. MRI data acquisition

The scanning of participants was conducted using a 3.0 T MRI
scanner (Ingenia Elition, Philips) equipped with a 32-channel coil. All
PD patients were scanned 1–2 h after taking dopaminergic medication to
make them in the same state.

Structural MRI used 3D T1-weighted imaging with sagittal acquisi-
tion (resolution 1.0 × 1.0 × 1.0 mm3, TR/TE = 7.6 ms/3.6 ms, matrix
256 × 256, field of view 256 × 256 mm2, and flip angle 8◦) to obtain
high-resolution brain images for the volume of interest (VOI) location
and tissue segmentation.

MEGA-PRESS (Mescher et al., 1998) spectra detected GABA signals
from a 30 × 22 × 28 mm3 (AP×LR×FH) voxel in the left thalamus and
MFC (Fig. 1a), using the following parameters: TR/TE = 2000 ms/68 ms,
acquisition bandwidth = 2000 Hz, 288 averages; flip angle = 90◦ and
scan duration 9 min 54 s. The water unsuppressed spectra were collected
in the beginning and VAPOR (Variable Power and Optimized Re-
laxations Delays) water suppression. The shimming used the Philips MRI
machine’s built-in automatic shimming algorithm in the actual scan, and
the shimming frame was manually adjusted to the actual head size of the
patient. The placements of the MFC VOIs were parallel to the longitu-
dinal fissure of the brain, with the sagittal lower edge aligned with the
lower edge of the cingulate gyrus. The left thalamic VOIs localized the
anterior edge at the posterior margin of the head of the caudate nucleus
and the posterior edge at the posterior margin of the thalamus.

MEGA-PRESS is a spectral editing technique for separating and
quantifying GABA. By applying 14 ms editing pulses at 1.89 ppm (often
referred to as “ON”) and 7.46 ppm (often referred to as “OFF”) during
the acquisition of odd and even numbers, respectively. Subtracting the
OFF spectrum from the ON spectrum preserves the peaks affected by the
editing pulse, resulting in the GABA signal at 3.00 ppm and the Glx
signal at 3.75 ppm. Because the signal detected around 3.00 ppm

includes contributions from co-edited macromolecules and homo-
carnosine, the total signal in this area is labelled GABA+.

MEGA-PRESS data were analyzed with the Gannet 3.1 toolkit (Edden
et al., 2014; Myers et al., 2014), a MATLAB-based (The Mathworks, MA,
USA) open-source software with 5 modules: (1) GannetLoad for loading
and preprocessing MEGA-PRESS data; (2) GannetFit for modeling
metabolite signals and providing basic quantification results and spec-
tral quantitative information of GABA, Glx, and creatine levels. The
spectrum findings were reported as the ratios of metabolites to Water
and Cr. The fit error and full width at half maximum were the primary
quality control measures for the spectra. Average fit error, full width at
half maximum values and signal to noise ratio by subgroup are shown in
Table 2. A previous study used a fitting error of 15 % as a critical value
for quality control of spectral data (Wenneberg et al., 2020). Therefore,
according to the references, this study used a threshold of 15 % to
exclude poor quality spectra. Spectral data were excluded from the final
statistical analysis if they exhibited a fit error greater than 15 % or if

Fig. 1. MEGA-PRESS spectra. Panel (a) depicts a heat plot of the MRS voxels in the left thalamus and medial prefrontal cortex. This plot was generated by
normalizing all anatomical T1 scans to standard stereotactic space and calculating the overlap of regions of interest between subjects. Panel (b) depicts the standard
deviations (shaded area) and the mean spectra of PD group. Abbreviations: HC = healthy control; NDPD = nondepressed Parkinson’s disease; DPD = depression in
Parkinson’s disease; GABA = γ-aminobutyric acid; Glx = glutamate plus glutamine.

Table 2
The quality control of spectra between groups.

Medial frontal cortex Left thalamus

HC PD Sig. HC PD Sig.

FWHM(Hz)
Water 10.57

(2.13)
10.53
(1.66)

0.911 11.24
(1.34)

10.93
(1.20)

0.295

Cr 9.26
(1.72)

9.71
(1.47)

0.222 10.12
(0.94)

9.88
(0.85)

0.262

Fit Error(%)
GABA+,
Water

9.53
(2.54)

9.91
(2.59)

0.547 8.67
(2.13)

7.76
(2.18)

0.084

GABA+, Cr 9.66
(2.49)

10.06
(2.55)

0.518 9.01
(2.35)

7.99
(2.15)

0.057

Glx, Water 7.14
(1.94)

7.70
(2.39)

0.309 11.62
(2.25)

11.37
(2.26)

0.644

Glx, Cr 7.31
(1.90)

7.89
(2.35)

0.284 11.72
(2.19)

11.52
(2.25)

0.710

SNR GABA 15.93
(0.85)

16.44
(2.78)

0.730 18.86
(1.63)

17.94
(2.42)

0.554

Abbreviations: FWHM = full width at half maximum; HC = healthy control; PD
= Parkinson’s disease; Cr = creatine; GABA = γ-aminobutyric acid; Glx =

glutamate plus glutamine; SNR = signal to noise ratio.
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they were identified as outliers. The outliers were defined as values that
differed from the mean by more than three standard deviations. This was
done in order to ensure the reliability of the results; (3) GannetCoR-
egister for producing a figure showing the localization of the voxel on
the structural image in three orthogonal slices; (4) GannetSegment for
calling SPM12, a toolkit of MATLAB, to segment 3D T1WI for calculating
tissue composition and producing cerebrospinal fluid-corrected metab-
olite estimates (Fig. 1b); and (5) GannetQuantify for partial volume
tissue correction using the segmentation information.

The GABA+/Water and Glx/Water contents were obtained for sub-
sequent analysis using the Gasparovic et al. (2006) method, with mea-
surements that correct for partial volume effects that attenuate the
observed water and metabolite signals. Additionally, Glx, NAA and
choline use the default Gannet method for fit the quantization (Evans
et al., 2013; Maria et al., 2021). Representative MR spectra of the two
voxels in a Parkinson’s disease patient is presented in Fig. 1c.

2.4. Dopaminergic intervention

All patients with PD were subjected to MRI scanning after dopami-
nergic medication. Because differences in the reports of the response to
levodopa treatment on GABA content have been described (Seger et al.,
2021; van Nuland et al., 2020), some PD patients in this study were
subjected to MRI scanning on two separate occasions: (1) 1–2 h after
taking dopaminergic medication (ON state); (2) no levodopa agonists for
at least 72 h or no levodopa analogs for at least 12 h (OFF state). The MRI
scanning sequences were repeated as described earlier. The time interval
between scans was two days, and the VOIs were manually placed by the
same investigator so that the two positions were as consistent as
possible.

2.5. Statistical analysis

The Statistical Package for Social Sciences software, version 25, was
used to analyze MRI data and clinical variables. P< 0.05 was used as the
threshold for statistical significance. For clinical variables, independent
sample t tests or analysis of variance were used for group comparisons of
continuous variables, and χ2 tests were used for comparing categorical
variables.

For the MRI data, the analysis was divided into 4 main sections: (1)
finding differences in GABA+, Glx, creatine, NAA, and choline levels
between patients with PD and healthy controls using analysis of
covariance, with percentage of gray matter used as a covariate for the
comparison; (2) testing whether GABA+, Glx, and other metabolites
levels were influenced by depression in patients with PD using analysis
of covariance and Bonferroni post hoc tests; and (3) investigating
whether GABA+ and Glx levels were correlated with the severity of
depression. Linear correlations between GABA+ and Glx levels and
HAMD-17 scores were evaluated using Pearson correlation coefficients;
and (4) the paired samples t test was used to test the influence of
dopaminergic drugs on GABA+ levels.

3. Results

3.1. Demographics and clinical assessment

No significant differences in age, gender, or MMSE scores between
DPD, NDPD, and controls (see Table 1). No differences in the course of
the disease, UPDRS-III (OFF and ON states), and UPDRS-II and UPDRS-
IV scales were observed between the DPD and NDPD groups. However,
patients in the DPD group had higher UPDRS I scores (P < 0.001), were
more likely to be anxious according to the HAMA-14 sores (DPD >

NDPD > controls) (P < 0.001), and had inferior sleep quality according
to the PSQI sores (DPD > NDPD > controls) (P < 0.001). As expected,
the HAMD-17 scores were significantly higher in the DPD group than in
the NDPD group.

3.2. Effects of PD on metabolite levels

Few participants failed to meet the MRS quality-assurance criteria, as
mentioned earlier; therefore, 92 participants (16 DPD, 53 NDPD, 23
controls) for the MFC and 95 participants (17 DPD, 55 NDPD, and 23
controls) for the left thalamus were included in the MRS analysis. There
were no significant differences between excluded and non-excluded
participants in terms of age, gender, or other clinical variables.

Table 3 depicts the proportions of gray matter and white matter
within the MFC and the thalamus for each of the groups. The proportion
of gray matter in the MFC voxel was significantly lower in PD patients
than in healthy controls (P = .012). No significant differences in the
proportion of gray or white matter within the left thalamus were
observed between PD and healthy controls and between DPD and NDPD
groups. The observed reduction in GM volume of MFC may be linked to
atrophy in the frontal lobe (Burton et al., 2004) and uncertainties
inherent in the manual localization of the VOI.

In order to exclude the effect caused by the percentage of gray
matter, an analysis of covariance was performed, in which the per-
centage of gray matter was used as a covariate for the comparison be-
tween the two groups. The levels of NAA/creatine and choline/creatine
in the left thalamus were considerably lower in the PD group than in the
control group (P = .031, P= .009), see Fig. 2. However, no considerable
differences in GABA+, Glx, and creatine values in the left thalamus were
observed between the PD and control groups. No substantial differences
in the concentrations of metabolites, including GABA+, in the MFC were
observed between patients and controls (Fig. 2), and that the effect of
the covariate, the percentage of gray matter in the MFC, was also not
significant (P > 0.05).

3.3. Depressive symptoms effects on GABAergic in PD

The results of metabolite comparisons among all three groups of
DPD, NDPD, and healthy controls are shown in Fig. 3. Because there
were differences in HAMA and PSQI scores among the three groups and
to exclude potential effects due to the percentage of gray matter, an
analysis of covariance was used to compare the difference of metabolite
contents, with the percentage of gray matter, HAMA and PSQI scores
used as covariates. The results showed that GABA+/Water and GABA+/
Creatine in MFC differed among the three groups (P = .002, P = .003),
and Bonferroni post hoc test showed that GABA+/Water and GABA+/
Creatine content in MFC were significantly higher in the DPD group than
in the NDPD group (P = .001, P = .004). Cho/creatine in the left thal-
amus was statistically different among the three groups (P = .022), and
Bonferroni post hoc test showed that the NDPD patients have lower Cho/
creatine contents in the left thalamus than that in the healthy control
group (P = .019), which was mainly due to the differences between the
PD and control groups. Furthermore, no impact of depressive symptoms

Table 3
Proportion of gray and white matter within the voxel.

HC NDPD DPD Sig.

Medial frontal cortex
GM in voxel 0.55 (0.05) 0.50 (0.07) 0.52 (0.06) 0.012a

WM in voxel 0.20 (0.04) 0.20 (0.05) 0.20 (0.05) 0.946
CSF in voxel 0.25 (0.06) 0.30 (0.07) 0.28 (0.08) 0.023a

Left thalamus
GM in voxel 0.24 (0.03) 0.23 (0.03) 0.22 (0.03) 0.335
WM in voxel 0.58 (0.05) 0.58 (0.05) 0.60 (0.04) 0.421
CSF in voxel 0.18 (0.05) 0.19 (0.06) 0.18 (0.03) 0.432

Abbreviations: HC = healthy control; NDPD = nondepressed Parkinson’s dis-
ease; DPD = depression in Parkinson’s disease; GM = gray matter; WM = white
matter; CSF = cerebrospinal fluid.
Significant (P < 0.05) Bonferroni post hoc tests:

a Control versus NDPD.
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on other metabolite levels was observed (P > .05). Metabolites refer-
enced to water using the method of Harris et al (with alpha correction,
with and without normalization) demonstrated similar outcomes, as
shown in Supplementary Tables 3, 4, 6 and 7.

3.4. Dopaminergic medication effects on GABAergic in PD

Fifteen patients with PD were included in this part of MRS analysis.
There were no significant differences in the proportion of gray or white
matter within the voxels between the two separate occasions, and no
effect of medication was noted on GABA+, Glx, creatine, NAA, or
choline values. This result might indicate that the dopaminergic medi-
cation had no effect on the GABA+ and Glx levels.

3.5. Correlations between the severity of emotional disorder and
metabolite levels

The Pearson correlation analysis of GABA+ or Glx and emotional
disorder severity (HAMD-17 and HAMA-14 scores) in both DPD group
and all patients with PD revealed no correlation between metabolite
levels and HAMD-17 or HAMA-14 scores. Furthermore, no substantial
correlations between GABA+ or Glx and age, disease duration, UPDRS,
MMSE, and PSQI scores were observed in patients with PD.

4. Discussion

In this quest for new insights into the pathogenesis and potential
treatment strategies for PD with co-occurring depression, we examined

the differences of GABA+ values in the MFC and thalamus between PD
patients and healthy controls. We also examined whether the GABA+
levels were affected by depressive symptoms and dopaminergic medi-
cations in PD patients. We hypothesized that PD with depression had
lower GABA+ levels in the MFC than healthy controls. In addition, we
also explored whether thalamus GABA+ levels were altered in DPD
patients because of the limbic–cortical–striatal–pallidal–thalamic cir-
cuit, expecting that GABA+ levels would predict the severity of
emotional disorder symptoms, particularly depression.

In this study, the concentrations and ratios of GABA+ and Glx ob-
tained by us are close to the data reported in several previous studies in
this area (Firbank et al., 2018; van Nuland et al., 2020), which to some
extent proves the reliability of our results. We found that the levels of
NAA and choline were noted to be lower in the left thalamus in patients
with PD than in healthy controls. However, no difference in the GABA+
and Glx values was observed between patients with PD and healthy
controls. Contrary to our predictions, we noted higher (not lower)
GABA+ levels in the MFC in patients with DPD than in those with NDPD.
The effects of depression on Glx and thalamus GABA+ levels or the in-
fluence of dopaminergic medication on GABA+ levels were also not
evident. These results implied that GABA had a regulatory function in
the development of PD symptoms that were unrelated to dopaminergic
medication.

4.1. Depression in PD was associated with increased GABA+ levels in the
MFC

Contrary to our initial hypothesis, we could not confirm the

Fig. 2. Metabolites, including GABA+, change in Parkinson’s disease (PD), demonstrating the GABA+, Glx, NAA, and Cho levels in patients with PD and healthy
controls. Only the levels of NAA/Cr and Cho/Cr in the left thalamus were significantly lower in patients with PD than in HC (P = .031, P = .009); others had no
difference. Abbreviations: GABA = γ-aminobutyric acid; Glx = glutamate plus glutamine; Cr = creatine; NAA = N-acetyl aspartate; Cho = Choline; MFC = medial
prefrontal cortex; HC = healthy controls; PD = Parkinson’s disease.
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reduction in GABA+ levels in DPD. GABA+ levels were higher in pa-
tients with DPD than in those with NDPD, whereas Glx values revealed
no difference between the 2 populations. These findings supported the
hypothesis that depression stemmed from an imbalance in the overall
excitation–inhibition, which might be caused by the changes in either
GABA, glutamate, or both. An imbalance between excitation and inhi-
bition, particularly in the prefrontal regions, has been linked to a change
in the mental focus from external to internal environments, which is a
hallmark feature of major depressive symptoms (Lemogne et al., 2010).
Higher levels of GABA in the MFC of patients with DPD suggested
decreased neural activity, leading to increased inhibition and, ulti-
mately, suppressed excitatory neurotransmission. However, the levels of
Glx, an excitatory neurotransmitter, were not altered correspondingly,
causing a disturbance in the balance between excitation and inhibition.
This disruption contributed to the depressive symptoms experienced by
patients with PD.

Our findings agreed with those of previous functional MRI research,
which reported widespread functional connection abnormalities in the
brain of patients with DPD and decreased connections in interacting
brain regions at the whole-brain level (Assogna et al., 2020; Guo et al.,
2020). Increased GABA levels within the MFC led to tonic inhibition of
GABA-mediated glutaminergic projections, thus promoting decreased
activation and functional connections. The frontal cortex facilitates the
integration and evaluation of multimodal information and decision-
making (Huang et al., 2016), and damage to this region can severely
affect an individual’s social behavior and emotion processing (Bechara
et al., 2000).

The findings of this study were contrary to previous findings of
reduced GABA+ in the frontal cortex of depressed patients (Romeo
et al., 2018). It is possible that this difference was due to the differences
in the participants studied. Depression was diagnosed according to the

Diagnostic and Statistical Manual of Mental Disorders in previous
studies. In contrast, the diagnosis of depression in this study was based
on the HAMA in this study, which focused on the depressive symptoms.
The depressive symptoms of patients with DPD were milder in this study
compared with previous studies. The GABAergic changes may differ in
various stages of depression. In addition, this difference might be
attributed to the unique pathophysiology of depression in the context of
PD, which could differ from general depression. Neurochemical alter-
ations in DPD could be a compensatory mechanism or a result of the
interaction between PD pathology and depressive symptoms. This
finding challenges the conventional understanding and suggests the
need for further research into the specific neurobiologic mechanisms of
DPD and following the development of GABAergic function in DPD.

4.2. Is GABA+ level in MFC and thalamus associated with PD?

In this study, no substantial abnormalities in GABA+ and Glx levels
were found in PD patients compared to healthy controls. Our findings
contradicted the notion that alterations in GABA levels were linked with
PD. The discrepancies between our results and those of others might be
attributed to different sample sizes or methodologic or other factors.
First, the validity of the results was unlikely to be compromised by a
small sample size. Takashima et al. (2022) using 11C-FMZ PET imaging,
reported a reduction in the GABAergic binding potential in the striatum
and frontal cortical areas of patients with PD, but their study included
only 13 patients (compared with 78 patients in this study). Dharmad-
hikari et al. (2015) demonstrated increased GABA+ levels in the thal-
amus of only 19 PD patients. However, our results were consistent with
those of previous studies with large sample sizes. For example, Delli
et al. (2020) demonstrated no difference in the GABA levels in the MFC
between 42 patients with PD and healthy controls. Nuland revealed no

Fig. 3. Comparison of metabolites between DPD, NDPD and healthy control group. The GABA+/Water and GABA+/Cr of MFC were disparate according to the
analysis of covariance (P = .002, P = .003), with post hoc Bonferroni test revealing that GABA+/Water and GABA+/Cr increased in DPD relative to NDPD (P = .001,
P = .004). Cho/Cr levels in the thalamus were higher in the healthy control group than in the NDPD group (P = .019). Abbreviations: GABA = γ-aminobutyric acid;
Glx = glutamate plus glutamine; Cr = creatine; NAA = N-acetyl aspartate; Cho = Choline; MFC = medial prefrontal cortex; HC = healthy control; NDPD =

nondepressed Parkinson’s disease; DPD = depression in Parkinson’s disease.
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alterations in GABA+ levels in 60 patients with PD (van Nuland et al.,
2020). Second, previous researches used either a GABA-to-water ratio or
a GABA-to-creatine ratio. The majority of scholars concur that creatine is
a more stable metabolite in brain tissue, and the majority of studies have
confirmed that creatine concentration is largely unaltered in the basal
ganglia region of patients with PD (Kickler et al., 2007; Weiduschat
et al., 2015). However, some studies have suggested that creatine con-
centrations in PD may alter (Gong et al., 2018). Therefore, we investi-
gated both GABA+/Water and GABA+/Creatine, finding no major
discrepancies in the outcomes from the two approaches. Third, two
distinct methodologies were employed for the quantification of GABA+
and Glx in the Gannet 3.1 toolkit. The outcomes of the Gasparovic et al.
(2006) method are presented in this paper, while the Harris et al. (2015)
method is detailed in the Supplementary Material. Both methods yielded
comparable results, further corroborating the reliability of the findings.
Fourth, although all patients with PD were scanned after dopaminergic
medication administration, some of these patients had another MRI
scanning in the OFF state. No difference in the GABA levels was observed
between the 2 states, which was in line with the previous study, in which
the GABA+ levels were unaltered by dopaminergic medication (van
Nuland et al., 2020). Therefore, the impact of dopaminergic medication
on GABA levels could be partially eliminated. Fourth, our study included
patients with PD in the early or middle stages of the disease. It was
possible that the diffusion of alpha-synuclein pathology, a protein
implicated in GABAergic function, had not reached remarkable levels in
the thalamus and MFC in these stages.

In addition, we observed gray matter loss in the MFC voxel in pa-
tients with PD, which may result from frontal lobe atrophy and un-
certainties associated with manual localization of the VOI. Potgieser
et al.’s study found reduced gray matter in PD’s bilateral anterior tem-
poral lobes and left inferior frontal gyrus (Potgieser et al., 2014).

In conclusion, our findings contradicted the notion that alterations in
GABA levels were linked to PD. Therefore, the observed changes in
inhibitory neurotransmission may be more closely related to depressive
symptoms. We also speculated that alterations in GABAergic function in
specific structures might be related to the clinical symptoms of PD. This
notion was consistent with the research demonstrating that patients
with somatic symptoms, with or without PD, had higher levels of
GABA+/creatine in the MFC than in PD patients without a somatic
symptom disorder (Delli et al., 2020).

4.3. Decreased NAA and choline levels in the thalamus in PD

We observed lower NAA and choline levels in the left thalamus of
patients with PD compared with controls, aligning with studies
demonstrating reduced NAA/creatine in the substantia nigra and
tegmentum of patients with PD (Gröger et al., 2011). Lower NAA level, a
marker of neuronal integrity suggests thalamic neuronal loss or
dysfunction in PD. Choline, one component of phospholipid metabolism
in cell membranes, participates in the synthesis and disintegration of cell
membranes. Thus, the choline peak reflects the renewal of cell mem-
branes, and reduced choline may indicate slowed cell membrane
renewal. These reductions reflect PD’s neurodegenerative impact on
thalamic function.

4.4. Limitations

Our study’s limitations included a large VOI for GABA+ detection,
inevitably encompassing other structures, such as the internal capsule
and caudate nucleus in the thalamus and the corpus callosum in the
MFC, with resultant inability to accurately measure GABA+ levels in the
desired area. This was necessary due to low GABA levels in the brain,
needing a larger volume for enhanced signal-to-noise ratio of the spec-
trum. Additionally, the MEGA-PRESS-detected GABA+ signal included
macromolecules and homocarnosine, complicating “pure” GABA
detection. No evidence suggested altered macromolecule or

homocarnosine levels in patients with PD, but their influence on our
results could not be ruled out. All patients with PD were scanned post-
dopaminergic medication. Also, although the impact of dopaminergic
medication on GABAergic values is debated, no substantial differences
in GABA+ levels were noted between pre- and post-dopaminergic
medication scans. This aligned with larger studies (van Nuland et al.,
2020), enhancing the reliability of our findings.

5. Conclusion

GABA+ levels are increased in the MFC of patients with DPD, a
phenomenon that appears to be more closely related to depressive pa-
thology. This suggests a specific role for the GABAergic system in PD-
related depression. We propose that GABAergic activity alterations in
certain neuroanatomical structures are related to the clinical manifes-
tations of PD symptoms. Targeting the GABAergic system can offer a
new therapeutic strategy, particularly for PD depression resistant to
standard antidepressants. Future studies combining 1H-MRS and func-
tional MRI are needed to explore how GABAergic modulation affects
neural circuit function. These studies can provide comprehensive in-
sights into the role of the GABAergic system in PD and its depression.
Additionally, longitudinal studies are crucial to understand how GABA+
levels change over time and their impact on the development and pro-
gression of depressive symptoms in PD, guiding effective therapeutic
interventions.
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Aiello, C., Calvanese, F., Sensi, S.L., Tartaro, A., Onofrj, M., Bonanni, L., 2020. High
γ-aminobutyric acid content within the medial prefrontal cortex is a functional
signature of somatic symptoms disorder in patients with Parkinson’s disease. Mov.
Disord. 35, 2184–2192.

Dennis, T., Beauchemin, V., Lavoie, N., 1993. Differential effects of olfactory bulbectomy
on GABAA and GABAB receptors in the rat brain. Pharmacol. Biochem. Behav. 46,
77–82.

Dharmadhikari, S., Ma, R., Yeh, C.L., Stock, A.K., Snyder, S., Zauber, S.E., Dydak, U.,
Beste, C., 2015. Striatal and thalamic GABA level concentrations play differential
roles for the modulation of response selection processes by proprioceptive
information. Neuroimage 120, 36–42.

Edden, R.A., Puts, N.A., Harris, A.D., Barker, P.B., Evans, C.J., 2014. Gannet: a batch-
processing tool for the quantitative analysis of gamma-aminobutyric acid–edited MR
spectroscopy spectra. J. Magn. Reson. Imaging 40, 1445–1452.

Evans, C.J., Puts, N.A., Robson, S.E., Boy, F., McGonigle, D.J., Sumner, P., Singh, K.D.,
Edden, R.A., 2013. Subtraction artifacts and frequency (mis-)alignment in J-
difference GABA editing. J. Magn. Reson. Imaging 38, 970–975.

Firbank, M.J., Parikh, J., Murphy, N., Killen, A., Allan, C.L., Collerton, D., Blamire, A.M.,
Taylor, J.P., 2018. Reduced occipital GABA in Parkinson disease with visual
hallucinations. Neurology 91, e675–e685.

Fogaça, M.V., Duman, R.S., 2019. Cortical GABAergic dysfunction in stress and
depression: new insights for therapeutic interventions. Front. Cell. Neurosci. 13, 87.

Frisina, P.G., Haroutunian, V., Libow, L.S., 2009. The neuropathological basis for
depression in Parkinson’s disease. Parkinsonism Relat. Disord. 15, 144–148.

Gasparovic, C., Song, T., Devier, D., Bockholt, H.J., Caprihan, A., Mullins, P.G., Posse, S.,
Jung, R.E., Morrison, L.A., 2006. Use of tissue water as a concentration reference for
proton spectroscopic imaging. Magn. Reson. Med. 55, 1219–1226.

Gerner, R.H., Hare, T.A., 1981. CSF GABA in normal subjects and patients with
depression, schizophrenia, mania, and anorexia nervosa. Am. J. Psychiatry 138,
1098–1101.

Gong, T., Xiang, Y., Saleh, M.G., Gao, F., Chen, W., Edden, R., Wang, G., 2018. Inhibitory
motor dysfunction in parkinson’s disease subtypes. J. Magn. Reson. Imaging 47,
1610–1615.
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