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Abstract: Gamma-aminobutyric acid (GABA) signaling plays a crucial role in drug reward and
the development of addiction. Historically, GABA neurochemistry in humans has been difficult to
study due to methodological limitations. In recent years, proton magnetic resonance spectroscopy
(1H-MRS, MRS) has emerged as a non-invasive imaging technique that can detect and quantify
human brain metabolites in vivo. Novel sequencing and spectral editing methods have since been
developed to allow for quantification of GABA. This review outlines the clinical research utilization
of 1H-MRS in understanding GABA neurochemistry in addiction and summarizes current literature
that reports GABA measurements by MRS in addiction. Research on alcohol, nicotine, cocaine,
and cannabis addiction all suggest medications that modulate GABA signaling may be effective in
reducing withdrawal, craving, and other addictive behaviors. Thus, we discuss how improvements
in current MRS techniques and design can optimize GABA quantification in future studies and
explore how monitoring changes to brain GABA could help identify risk factors, improve treat-
ment efficacy, further characterize the nature of addiction, and provide crucial insights for future
pharmacological development.

Keywords: GABA; γ-aminobutyric acid; magnetic resonance spectroscopy; MRS; 1H-MRS; addiction;
substance use disorder; neurochemistry; neuroimaging; metabolites

1. Introduction

Remarkable advances in research imaging methodologies over the last few decades
have shaped and enhanced our current understanding of drug reward and addiction neu-
robiology. As a result, addiction, which has endured significant stigma throughout various
periods in history, has started to gain its ground as a complex, chronic, relapsing brain
disorder-characterized by the “compulsion to seek and take the substance, loss of control in
limiting intake, and the emergence of negative affective states (e.g., mood changes, anxiety,
irritability)” [1,2]. Much like chronic relapsing diseases such as hypertension, asthma, and
diabetes, understanding underlying mechanisms of addiction is essential in providing
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effective and personalized treatment plans for affected individuals [3,4]. In recent decades,
the focus of addiction research has gradually shifted towards understanding neurobiologi-
cal and neurochemical changes that accompany chronic substance exposure leading to the
development of addiction and addictive behaviors in humans [2,5]. Techniques such as
biosensors, positron emission tomography (PET), single-photon emission computerized
tomography (SPECT), and magnetic resonance spectroscopy (MRS) have been developed
to study human brain neurochemistry in vivo [6–8].

In particular, the use of proton magnetic resonance spectroscopy (1H-MRS) has gained
popularity given the technical advances in hardware and the availability of processing tools.
MRS is currently the only non-invasive ionizing-radiation-free analytical technique that
enables detection and quantification of brain neurotransmitters and metabolites in vivo.
Using sequences such as 2D J-resolved MRS or an advanced MRS sequence termed MEGA-
PRESS (MEscher-GArwood Point RESolved Spectroscopy), which uses targeted J-editing
pulses, γ-aminobutyric acid (GABA), the primary inhibitory neurotransmitter in the central
nervous system, can be quantified [9].

GABA is an integral part of normal brain functioning, and disturbances to GABA
dynamics have been found to play a key role in neuropathological development, including
substance dependence and addiction [1,10]. There has been growing interest in applying
MRS techniques to drug discovery, including identifying new and monitoring existing
medications targeting the GABAergic system for treating addiction. The GABAergic
system has proven to be a promising pharmacotherapeutic target for addiction treatment
and management based on current evidence from both preclinical and numerous clinical
studies involving GABA modulations. In preclinical studies, positive allosteric modulators
of the GABAB receptor suppressed drug seeking and reinforcement behaviors in alcohol,
cocaine, opioids, and nicotine self-administration paradigms [11–14]. Medications targeting
the GABAergic system by modulating GABA transmission, such as the antispastic drug
baclofen and the anticonvulsants gabapentin and topiramate, have all been reported to
be effective in reducing craving and withdrawal symptoms in clinical trials of alcohol use
disorders, as well as addiction-related endophenotypes such as impulsivity [14–18].

With specialized 1H-MRS sequences, neurochemical monitoring allows neuroscien-
tists to further explore addiction. Uncovering GABA neurochemistry in the brain could
mean opportunities for a more comprehensive range of treatment options, better patient
treatment monitoring, and improved treatment retention. Evaluating GABA as a potential
biomarker may also allow further understanding of individuals’ addiction risk. However,
due to technical limitations related to the implementation and reliable processing of GABA
measurements, the use of this method to study GABA in addiction is relatively novel. The
present review aims to explore and summarize the utilization of 1H-MRS in humans to
understand GABA neurochemistry in addiction to date. We will discuss how technical
improvements can optimize MRS GABA measurements in future studies and emphasize
how monitoring changes to brain GABA can better characterize the nature of addiction,
improve treatment efficacy, and identify risk factors, as well as provide crucial insights for
pharmacological development.

1.1. GABA’s Role in Addiction

In humans, GABA is the main inhibitory neurotransmitter, with a concentration
of about 0.8 to 1.8 mM in a healthy human cortex for the entire metabolically active
pool [19]. GABA is present in 25–50% of all synapses in the central nervous system
and its concentration in the healthy human brain appears to be relatively stable over
time [20–22]. The widespread presence and utilization of GABA also means abnormalities
can result in neurotransmission and circuitry imbalance, leading to brain pathologies [1].
GABA abnormalities have been reported in preclinical and clinical MRS and post-mortem
studies of seizure disorders, Parkinson’s, schizophrenia, bipolar disorders, autism spectrum
disorders, and substance use disorders [19,23]. The GABAergic system also plays a crucial
role in the modulation of the mesolimbic dopaminergic reward neurocircuitry, which is
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closely interconnected with the endogenous opioid and cannabinoid systems [1]. The
balance between GABA and the main excitatory neurotransmitter glutamate, along with
other key neurotransmitters such as dopamine, norepinephrine, enkephalins, dynorphin,
endocannabinoids, and neuropeptides, is thus essential to maintaining normal inhibitory
control, as well as proper reward, motivation, stress, and memory processing [2].

GABA in the mammalian central nervous system (CNS) is synthesized primarily from
glutamate by glutamate decarboxylases GAD65 and GAD67 in the presynaptic neuron [24].
The majority of GABA synthesized is loaded into synaptic vesicles by vesicular GABA trans-
porter (VGAT) and released into the synaptic cleft following neuron depolarization [24].
GABA is terminated when plasma membrane GABA transporters (GATs) reuptake GABA
into surrounding glial cells or neurons, where GABA is then catalyzed by GABA transam-
inase (GABA-T) [25]. Thus, the metabolic pool quantified by MRS methods consists of
GABA found intracellularly in the cytosol and vesicles within neurons and glial cells, as
well as GABA released into the synapses.

GABA binds to two classes of GABA receptors: GABAA and GABAB. GABAA recep-
tors are ionotropic, ligand-gated ion channels that predominately mediate rapid inhibitory
neurotransmission throughout the CNS [13]. GABA binding results in an influx of chloride
ions, which hyperpolarizes the membrane, leading to neuronal inhibition. GABAA recep-
tors are also pentameric transmembrane receptors made of five transmembrane subunits,
resulting in a great diversity of GABAA receptor subtypes. As a result, GABAA recep-
tors possess active and allosteric binding sites with varying degrees of binding affinity
to GABAergic drugs such as benzodiazepines, barbiturates, and ethanol, which in turn
may contribute to varying levels of drug sensitivity in individuals. GABAB receptors are
metabotropic, G-protein coupled receptors are considered to have longer acting inhibitory
effects on the CNS and are the binding site for GABA agonists such as baclofen. They are
thought to play a major inhibitory role in drug-related reward and reinforcement behaviors,
given their wide distribution in areas of the brain involved in the mesocorticolimbic reward
circuitry, such as the ventral tegmental area, nucleus accumbens, and the prefrontal cortex.

Numerous preclinical studies have reported suppression of alcohol drinking, relapse
drinking, and reinforcing, rewarding, stimulating, and motivational behaviors in rats and
mice following administration of GABAB receptor ligands, without invoking behavioral
toxicity such as sedation, hypothermia, and decreased food intake [26–30]. The same
findings are also implicated for chronic nicotine, cocaine, and opioid administration [30–34].
Downregulation of GABAB receptor expression, as well as a decrease in ligand binding,
have also been observed in animal models of chronic drug self-administration, indicating a
reduction in GABAergic activity in the brain in addictions [12]. Low GABA levels in the
prefrontal cortex are found to be associated with disinhibition, poor impulse control, and
decreased executive function, which are common characteristics of addiction [6]. Chronic
exposure of substances that increase dopamine levels likely trigger modulation and long-
term adaptations of reciprocal glutaminergic and GABAergic system within the frontal
cortices, midbrain, and basal forebrain connection, contributing to the neural basis of
substance dependence and addiction [35]. Indeed, preclinical and clinical studies found
medications that increase GABAergic modulations to be effective in reducing drug seeking
and drug reinforcement processes, as well as reducing withdrawal symptoms associated
specifically with cocaine and alcohol use such as anxiety, tremors and seizures, hereby
reducing the likelihood of relapse behavior [11–13,28,29,36–42].

Thus, further characterizing GABA activity and the GABAergic system presents a
promising target for addiction treatments [43]. Through the use of MRS techniques, GABA
can now be quantified in the brain through non-invasive means, as opposed to historical
methods such as peripheral plasma measurements or cerebral spinal fluid extraction [44].

1.2. Proton Magnetic Resonance Spectroscopy (1H-MRS) in Clinical Research

Magnetic resonance spectroscopy (MRS), or nuclear magnetic resonance (NMR) spec-
troscopy, is a specialized technique of magnetic resonance imaging (MRI) which typically
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acquires signals from hydrogen protons (1H-MRS, also referred to as MRS in this pa-
per) [9,10,45]. MRS is currently the only non-invasive, ionizing-radiation-free analytical
technique that allows for in vivo measurements of brain biochemistry. It can detect the
relative concentration of various neurotransmitters and metabolites in a localized region
of the brain (MRS voxel) within minutes of scanning, and the signal acquired is visual-
ized in terms of a spectrum, as shown in Figure 2. MRS/NMR methods have been used
to characterize chemical compounds since the 1950s, but clinical application of MRS is
relatively novel [23]. Since the approval of MRS for clinical use in 1995, MRS has been
used to study brain tumors, cancer, stroke, seizure disorders, Parkinson’s, Alzheimer’s,
anxiety, schizophrenia, bipolar disorders, and autism spectrum disorders [46–52]. There
is also a huge potential for MRS to be utilized in clinical addiction research. A study on
alcohol use disorder (AUD) patients in 1995 was the first to apply MRS to clinical addic-
tion research–reporting measurements of choline and N-acetylaspartate metabolites [53].
Since then, applications of MRS in addiction research have significantly expanded. While
mostly used in research settings, there is increasing evidence that it can also provide useful
information for diagnostics and monitoring treatment efficacies [3,23,47,54]. Given that
MRS, specifically 1H-MRS, uses the same standard radio-frequency coils developed for
the acquisition of clinical and diagnostic MR images, MRS is more affordable and readily
accessible than brain imaging tools such as PET or SPECT [55]. The magnetic field strength
of the scanner measured in units of Tesla (1 Tesla = 104 gauss), number of averages, timing
parameters (echo time, TE and repetition time, TR), shimming methods, pulse sequences,
and location and size of the MRS voxel are all crucial technical aspects to consider when
designing an appropriate MRS study [56,57].

The typical neurotransmitters and metabolites quantifiable by 1H-MRS include N-
acetylaspartate (NAA), creatine and phosphocreatine (tCr), choline (Cho), myo-inositol
(Ins), glutamate (Glu), glutamine (Gln), and GABA (Figure 2) [21,58]. Specifically, the
GABA spectrum contains three largely overlapped multiplets corresponding to the three
methylene (CH2) groups in the molecule: the multiplet at 3.0 ppm is overlapped by a tCr
peak, the one at 2.4 ppm is overlapped by Glu and Gln peaks, and the one at 1.9 ppm is
overlapped by NAA, as shown in Figure 2 [9]. However, due to its low concentrations
in the brain and the overlapping metabolite resonances, special MRS techniques such as
J-difference editing (such as MEscher-GArwood Point RESolved Spectroscopy, MEGA-
PRESS), and 2D J-resolved (J-PRESS) are required to “uncover” GABA concentrations. The
MEGA-PRESS (MEscher-GArwood Point RESolved Spectroscopy) sequence uses alternat-
ing edit-ON and edit-OFF spectra to alter the GABA signature. The difference spectrum is
produced by averaging and subtracting the spectra; then, the GABA peak can be quantified
by specialized software such as Gannet (sample-spectrum shown in Figure 1; software
available through http://www.gabamrs.com/, accessed on 30 April 2022) [9,59,60]. The
2D J-PRESS spectroscopy sequence measures GABA by quantifying its strong cross-peak
coupling signature visualized on a 2D J-PRESS spectrum [61]. The 2D J-PRESS spectrum
can be derived by separating the chemical shift and spin–spin coupling frequencies into
two independent dimensions, as shown in Figure 14 in Rynder et al., 1995 [62]. With a
second frequency dimension, the improved resolution of J-coupled metabolites allows for
editing and fitting of weaker signals such as GABA. Since 2D J-PRESS is not a subtractive
spectral editing technique like MEGA-PRESS, it is less affected by motion during the scan.
Post-scan processing approach includes using the LCmodel or ProFit algorithm for fitting
and GAMMA (software) for the generation of basis sets [63]. These techniques require
specialized sequences and analytical processing pipelines, which have not typically been
readily available [9,59,60]. For these reasons, GABA has been one of the least reported
molecules in MRS studies, including in addiction research.

http://www.gabamrs.com/
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Figure 1. Sample edited spectrum and model fit output from Gannet (v3.1, software available through
http://www.gabamrs.com/, accessed on 30 April 2022) showing modelling of GABA signal from
the MEGA-PRESS sequence. As preprocessing and fitting tools for MRS edited spectra such as
Gannet become more readily available, more institutions can use the newer MEGA-PRESS sequence
to quantify GABA systematically [45].

Figure 2. Sample in vivo 1H-MRS spectrum output from LCModel (software available through
http://s-provencher.com/lcmodel.shtml, accessed on 30 April 2022) for data acquired at 3 Tesla [64].
Brain metabolites commonly reported by 1H-MRS are quantified and labelled at their corresponding
chemical shift. N-acetylaspartate (NAA), creatine and phosphocreatine (tCr), choline (Cho), myo-
inositol (Ins), glutamate (Glu), glutamine (Gln).

http://www.gabamrs.com/
http://s-provencher.com/lcmodel.shtml
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2. Methods

A literature search was conducted using the U.S. National Library of Medicine’s
PubMed, MEDLINE, Embase, PsychINFO, and Web of Science Core Collection to iden-
tify peer reviewed original research articles involving MRS studies that report GABA in
substance use disorders. Keywords used for the search include GABA, γ-aminobutyric
acid, magnetic resonance spectroscopy, proton magnetic resonance spectroscopy, MR
spectroscopy, MRS, 1H-MRS, addiction(s), substance use disorder(s), dependence, neuro-
chemistry, neuroimaging, drug abuse, metabolites, alcohol, cocaine, methamphetamine,
3,4 methylenedioxymethamphetamine (MDMA), opiates, opioids, prescription opioids,
marijuana, cannabis, nicotine, tobacco, alcohol use disorder, cocaine use disorder, stimu-
lant use disorder, opioid use disorder, cannabis use disorder, and methamphetamine use
disorder. Studies were included if they (1) report measurements of GABA by 1H-MRS,
(2) contain experimental groups with chronic heavy substance users and/or individuals
formally diagnosed with one or more current substance use disorder in comparison with
healthy control, subgroups, or baseline before abstinence or cessation, and (3) are reported
in English. Any studies involving acute exposure, light use, misuse or abuse without
meeting dependence criteria, or not stating formal diagnoses were not considered. Studies
involving pharmacological treatments or noting report specific MRS parameters including
field strength, echo time, and repetition time were also excluded. Comorbid psychiatric
conditions are common in individuals with substance use disorders and therefore were not
considered an exclusion as long as findings control for the presence of the comorbidity.

3. GABAergic Alterations in Drug Addiction

This section reports all studies (n = 20) that meet the above criteria for reporting
GABA in substance addictions. A summary of the findings is outlined in Table 1. Detailed
methodology and demographics can be found in Table 2.

Table 1. Summary of findings from MRS addiction studies reporting GABA measurements.

ACC dACC pgACC Occipital
Cortex POC TEMP DLPFC PFC OFC Left

Putamen

Alcohol -/↑ */↓ -/↓ ↓ - * - - * -

Nicotine - ↓
(Female only) ↑

Opioids - - - ↓ -

Cocaine - - ↓ -

Methamphetamine ↓
Cannabis ↓

Polysubstance -/↓ - - - -

[-] represents no change observed in the region of interest. Each symbol represents a finding reported from
a study. ↓ indicates lower GABA in drug dependence compared to control, ↑ indicates higher GABA in drug
dependence compared to control. Shaded areas indicate no reported findings to date. * Longitudinal studies
comparing late alcohol abstinence data with early abstinence. Abbreviations: ACC (anterior cingulate cortex),
POC (parietal-occipital cortex), DLPFC (dorsal lateral prefrontal cortex), TEMP (right temporal lobe), dACC
(dorsal anterior cingulate cortex), PFC (prefrontal cortex), pgACC (pregenual anterior cingulate cortex), OFC
(right orbital frontal cortex).
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Table 2. Published 1H-MRS research in individuals with substance dependence. Imaging methods utilized scanners with field strengths between 1.5–7 Tesla. All
studies used single voxel placement method and used 8, 12, 22, or 32 channel head coils. Most studies employed MEGA-PRESS or J-PRESS editing sequences to
quantify GABA.

Substance Study Subjects Sex
(Male/Female) Mean Age (SD) Imaging Details Region

Volume (Voxel Dimensions) Results on GABA Clinical
Correlations

Alcohol Behar et al.,
1999 [65]

• 5 AUD
• 5 hepatic

encephalopathy
• 10 HC

• NA
• 46 (11)
• 40 (6)
• 35 (7)

• 2.1 T
• J-edited
• TR/TE = 3390 ms/

68 ms

Occipital cortex
13.5 mL

• ↓ GABA in AUD
• ↓ GABA in patients

with hepatic
encephalopathy

NA

Alcohol Mon et al.,
2012 [66]

• 20
alcohol-dependent
(starting
abstinence)

• 16 light drinking
control

• 17/3
• 14/2

• 54 (9)
• 49 (10)

• 4 T
• 8 channel coil
• MEGA-PRESS
• TR/TE = 2000 ms/

71 ms
• Scan time: 12.5 min

ACC
17.5 mL (35 × 25 × 20 mm3)
POC
16 mL (20 × 40 × 20 mm3)
Right DLPFC
16 mL (40 × 20 × 20 mm3)

• No difference between
1- and 4-week
abstinence in both
smoking and
non-smoking AUD
compared to control

NA

Alcohol
Pennington
et al.,
2014 [67]

• 10 PTSD + AUD
• 28 PTSD
• 20 trauma exposed

control

• 10/0
• 28/0
• 20/0

• 52 (14)
• 35 (11)
• 36 (12)

• 4 T
• 8 channel coil
• MEGA-PRESS
• TR/TE = 2000 ms/

71 ms
• Scan time: 12.5 min

ACC
17.5 mL (35 × 25 × 20 mm3)
POC
16 mL (20 × 40 × 20 mm3)
TEMP
16 mL (20 × 40 × 20 mm3)

• ↑ GABA in ACC for
PTSD + AUD
compared to both
PTSD and Control

• no difference in GABA
in temporal lobe and
POC

• ↑ GABA in
temporal lobe
and ACC
correlated with
better neu-
rocognition

Alcohol Prisciandaro
et al., 2017 [68]

• 20 bipolar disorder
(BD) +AUD

• 19 BD only
• 20 AUD only
• 19 HC

• 13/7
• 11/9
• 12/7
• 11/8

• 37 (13)
• 36 (11)
• 43 (12)
• 38 (11)

• 3 T
• 32 channel coil
• 2D J-PRESS
• TR/TE = 2400 ms/

31–229 ms
• Scan time:

13:28 min

dACC
18.8 mL (25 × 25 × 30 mm3)

• ↓ GABA in BD + AUD
compared to HC, AUD
only and BD only
groups

• No difference between
AUD only group and
HC

• ↓ GABA in
dACC
correlated with
higher
impulsivity

Alcohol Prisciandaro
et al., 2019 [18]

• 20 AUD (starting
abstinence)

• 20 light drinking
control

• 15/5
• 11/9

• 27 (6)
• 24 (3)

• 3 T
• 2D J-PRESS
• TR/TE = 2400 ms/

31–229 ms;
• Scan time:

13:28 min

dACC
18.8 mL (25 × 25 × 30 mm3)

• ↓ GABA in AUD
relative to light
drinking control 2.5
days after last drink

NA
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Table 2. Cont.

Substance Study Subjects Sex
(Male/Female) Mean Age (SD) Imaging Details Region

Volume (Voxel Dimensions) Results on GABA Clinical
Correlations

Alcohol Prisciandaro
et al., 2020 [69]

• 23 AUD (starting
abstinence)

• 12 light drinking
control

• 18/5
• NA

• 27 (6)
• 24 (3)

• 3 T
• 2D J-PRESS
• TR/TE = 2400 ms/

31–229 ms
• Scan time:

13:28 min

dACC
18.8 mL (25 × 25 × 30 mm3)

• ↓ GABA in AUD
relative to light
drinking control <1 day
after last drink

• Increased GABA (10%)
on day 3 of abstinence
compared to day 1 in
AUD

• No change in AUD
GABA between day 3
and day 7 of abstinence

NA

Alcohol Wang et al.,
2021 [70]

• 20 AUD (starting
abstinence)

• 22 HC

• 15/5
• 18/4

• 46 (10)
• 46 (12)

• 3 T
• 32 channel coil
• MEGA-PRESS
• TR/TE = 3000 ms/

68 ms

ACC
24 mL (20 × 30 × 40 mm3)

• no difference between
AUD and control on
day 1 of abstinence

• Controlling for
benzodiazepine use,
increased GABA on
day 14 compared to day
1 of abstinence in AUD

NA

Nicotine+
alcohol

Mason et al.,
2006 [71]

• 12 AUD
• (5 non-smokers, 7

smokers, starting
abstinence)

• 8 HC

• 12/0
• 8/0

• 39 (8)
• 39 (9)

• 2.1 T
• 7-cm surface coil
• J-edited
• TR/TE = 2000 ms/

68 ms

Occipital cortex
13.5 mL (30 × 30 × 15 mm3)
20.5 mL (35 × 15 × 39 mm3)

• no difference between
AUD and control

• Non-smoking AUD
had ↑GABA compared
to smoking AUD at
1 week abstinence, then
decreased to same level
as smoking AUD at
1 month abstinence

• No change in GABA for
smoking AUD at
1 week and 1 month
abstinence

NA
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Table 2. Cont.

Substance Study Subjects Sex
(Male/Female) Mean Age (SD) Imaging Details Region

Volume (Voxel Dimensions) Results on GABA Clinical
Correlations

Nicotine Epperson
et al., 2005 [72]

• 16 smokers
• 20 HC

• 10/6
• 7/13

• 37 (18)/35
(13)

• 34 (6)/31
(6)

• 2.1 T
• 7-cm surface coil
• J-edited
• TR/TE = 3390 ms/

68 ms

Occipital cortex
13.5 mL (15 × 30 × 30 mm3)

• ↓ GABA in female
smokers compared to
male smokers

• ↓ GABA in female
smokers compared to
female HC in follicular
phase, and lost GABA
changes associated
with menstrual cycle

• No change in male
before and after 48-h
abstinence

• No difference in male
smoking and male HC

NA

Nicotine Baggaa et al.,
2018 [73]

• 30 smokers
• 30 HC

• 15/15
• 15/15

• 25 (3)/25
(3)

• 23 (3)/26
(4)

• 3 T
• 32 channel coil
• MEGA-PRESS
• TR/TE = 2000 ms/

68 ms
• 256 averages

PFC
27 mL (30 × 30 × 30 mm3)

• ↑ GABA in smokers
compared to HC

• ↓ GABA in female
smokers compared to
male smokers

• ↑ GABA in female
smokers compared to
female non-smokers

• No difference in male
smokers and
non-smokers

NA

Nicotine Janes et al.,
2013 [74]

• 15 smokers • 7/8 • 26 (5)

• 3 T
• 32 channel coil
• 2D J-PRESS
• TR/TE = 2250 ms/

30–350 ms
• Scan time: 12 min

dACC
12 mL (20 × 20 × 30 mm3)

• No differences between
male and female

• No difference between
female in luteal and
follicular phase

• ↓ GABA
correlated with
higher
reactivity to
smoking cues

• ↓ GABA
correlated with
more
withdrawal
symptoms
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Table 2. Cont.

Substance Study Subjects Sex
(Male/Female) Mean Age (SD) Imaging Details Region

Volume (Voxel Dimensions) Results on GABA Clinical
Correlations

Cocaine Ke et al.,
2004 [75]

• 35 cocaine use
disorder (12 with
concurrent AUD)

• 20 HC

• 26/9
• 7/13

• 43 (7)
• 39 (8)

• 1.5 T
• 2D J-PRESS
• TR/TE = 2320 ms/

48 ms

Left PFC
18.75 mL

• ↓ GABA in
cocaine-dependent
compared to HC

• ↓ GABA in
cocaine-dependent
+AUD compared to HC

NA

Cocaine Hulka et al.,
2016 [76]

• 18 CUD
• 18 HC

• 18/0
• 18/0

• 36 (8)
• 36 (8)

• 3 T
• 2D J-PRESS
• TR/TE = 1600 ms/

26–224 ms
• Scan time: 22 min

pgACC
9 mL (25 × 18 × 20 mm3)
Right DLPFC
9 mL (25 × 18 × 20 mm3)

• No GABA difference
between CUD and HC

• ↑ GABA
associated with
longer alcohol
abstinence
duration in
pgACC

• ↓ GABA
associated with
longer alcohol
abstinence
duration in
rDLPFC

Cocaine Ersche et al.,
2021 [77]

• 21 CUD
• 22 HC

• 21/0
• 22/0

• 42 (11)
• 38 (11)

• 7 T
• 32 channel coil
• Short-echo

semi-LASER
sequence

• TR/TE = 5000 ms/
26 ms

Left Putamen
9 mL (16 × 16 × 35 mm3)

• No difference in GABA NA

Methamphetamine Su et al.,
2020 [78]

• 50 MUD
• 20 HC • NA • 32 (7)

• 29 (6)

• 3 T
• 12 channel coil
• MEGA-PRESS
• TR/TE = 1800 ms/

68 ms
• Scan time:

10:20 min

Left DLPFC
8 mL (20 × 20 × 20 mm3)

• ↓ GABA in MUD
compared to HC

• ↓ GABA
correlated with
longer
withdrawal
duration
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Table 2. Cont.

Substance Study Subjects Sex
(Male/Female) Mean Age (SD) Imaging Details Region

Volume (Voxel Dimensions) Results on GABA Clinical Correlations

Cannabis Prescot et al.,
2013 [20]

• 13 adolescents
with cannabis
use disorder

• 16 HC

• 11/2
• 7/9

• 18 (1)
• 16 (2)

• 3T
• 12 channel coil
• MEGA-PRESS

ACC
15 mL (30 × 25 × 20 mm3)

• ↓ GABA in adolescent
with cannabis use
disorder

NA

Rx opioids Li et al., 2020
[79]

• 31 OUD
• 32 HC

• 29/2
• 25/7

• 25 (4)
• 24 (4)

• 3 T
• 20 channel coil
• MEGA-PRESS
• TR/TE = 2000 ms/

68 ms
• Scan time: 8:40 min

Medial PFC
12 mL (23 × 23 × 23 mm3)

• ↓ GABA in OUD
compared to HC

• ↓ GABA correlated
with higher
impulsivity scores

• ↓ GABA correlated
with lower
cognitive function
scores (Montreal
cognitive
assessment,
MoCA)

opioids,
alcohol

Murray
et al., 2016
[80]

• 21 OUD on
buprenorphine

• 35 AUD
(abstinent for 3
weeks)

• 28 HC

• 13/8
• 29/6
• 24/4

• 41 (12)
• 47 (9)
• 44 (9)

• 4 T
• 8 channel coil
• MEGA-PRESS
• TR/TE = 2000 ms/

71 ms
• Scan time: 2.5 min

ACC
17.5 mL (35 × 25 × 20 mm3)
Right DLPFC
16 mL (20 × 40 × 20 mm3)
OFC
8 mL (40 × 20 × 10 mm3)
POC
16 mL (40 × 20 × 20 mm3)

• No difference in GABA
across the 3 groups NA

Polysubstance Schulte et al.,
2017 [81]

• 30 smokers
• 38 smoking p

olysubstance
users

• 61 HC

• 48/0
• 61/0
• 90/0

• 36 (11)
• 33 (7)
• 32 (10)

• 3 T
• 32 channel coil
• MEGA-PRESS
• TR/TE = 2000 ms/

73 ms

dACC
10.5 mL (35 × 20 × 15 mm3)

• No difference in GABA
across the 3 groups NA

Polysubstance Abe et al.,
2013 [82]

• 40 AUD
• 28 AUD +

other
substance use
disorder

• 16 light
drinking
control

• 37/3
• 26/2
• 15/1

• 52 (9)
• 45 (10)
• 49 (10)

• 4T
• 8 channel coil
• MEGA-PRESS

ACC
17.5 mL (35 × 25 × 20 mm3)
POC
16 mL (20 × 40 × 20 mm3)
right DLPFC
16 mL (40 × 20 × 20 mm3)

• ↓ GABA in ACC of
AUD + polysubstance
use disorder compared
to AUD and control at
one month abstinence

• ↓ GABA in DLPFC
correlated with
higher cocaine
consumption

↓ indicates lower GABA in drug dependence compared to control or as described, ↑ indicates higher GABA in drug dependence compared to control or as described. Abbreviations: HC
(healthy control), ACC (anterior cingulate cortex), POC (parietal-occipital cortex), DLPFC (dorsal lateral prefrontal cortex), TEMP (right temporal lobe), dACC (dorsal anterior cingulate
cortex), PFC (prefrontal cortex), pgACC (pregenual anterior cingulate cortex), OFC (right orbital frontal cortex).
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3.1. Alcohol

Ten studies the met criteria for reporting GABA quantification associated with AUD
and abstinence in AUD individuals, though results have been contradictory. The first
addiction MRS study reporting the quantification of GABA was published by Behar et al.,
in 1999. The cross-sectional study reported significantly lower GABA concentration in
the occipital cortex of recently detoxified alcohol-dependent patients (n = 5) and patients
with hepatic encephalopathy (n = 5) compared to healthy control (n = 10) [65]. Some
participants also had recent history of nicotine and benzodiazepine use. In a cross-sectional
study involving patients diagnosed with post-traumatic stress disorder (PTSD), GABA
levels in the anterior cingulate cortex (ACC), but not in the parietal occipital cortex (POC)
and right temporal lobe (TEMP), were higher in people with both PTSD + AUD (n = 10)
compared to PTSD alone (n = 28) and to trauma exposed healthy controls (n = 20) [67],
suggesting an increased level of GABA in PTSD individuals with alcohol dependence that
is not attributable to PTSD alone. Note that participants did not have to abstain from
alcohol use; therefore, results could be affected by acute alcohol exposure. In a population
with comorbid bipolar disorder, AUD + bipolar individuals (n = 20) had lower GABA
than healthy control (n = 19), AUD only (n = 20), and bipolar only (n = 19) populations
in the dorsal ACC, but the AUD only population did not differ significantly from healthy
control [68]. This same study also reported that decreased GABA was associated with
higher impulsivity and craving scores [68].

In terms of longitudinal studies observing changes to GABA throughout the early
alcohol abstinence period, Mason et al. [71] first reported no differences in GABA concen-
tration between alcohol-dependent, non-tobacco smoking individuals and healthy control
at 1 week and 1 month abstinence. Though taking nicotine use into consideration, GABA
levels decreased over the first month of alcohol abstinence in non-smoking AUD patients
(n = 8), but did not change in smoking AUD patients (n = 7); in smoking AUD patients,
GABA was lower than in non-smoking patients overall and lacked abstinence-related
changes [71]. This suggests that smoking may attenuate withdrawal-related changes to
GABA and that changes in GABA concentration could be attributable to nicotine use dur-
ing alcohol abstinence, but there is likely a complex relationship between how alcohol
and nicotine play a role in modulating GABA during abstinence. Mon et al., reported
no difference in GABA concentration at 1 and 4 week abstinence in both smoking and
non-smoking alcohol-dependent individuals in the parietal occipital lobe (POC, n = 20),
anterior cingulate cortex (ACC, n = 18) and dorsal lateral prefrontal cortex (DLPFC, n = 12)
compared to healthy light drinkers (n = 16), which is consistent with Mason et al. [66].
However, GABA was not measured prior to the start of abstinence in AUD patients, so
there may be abstinence-related GABA changes before or shortly after stopping alcohol
(less than 7 days) that were not detected in the study. In contrast with Mason et al., smoking
as a covariate did not change the lack of significance in this study [66]. These findings
could be explained in part by more recent reports by Prisciandaro et al. In the dorsal
anterior cingulate cortex (dACC), Prisciandaro et al., found that AUD participants had
significantly lower concentrations of GABA and glutamine, but not glutamate, relative to
healthy light drinkers 2.5 days following the start of abstinence, and noted that disturbances
in GABA normalized after about 72 h of monitored abstinence to average healthy control
level [18,69]. Specifically, GABA increased by an average of 10% between day 1 and day 3
of abstinence, but no further differences in GABA were observed between day 3 and day 7
in AUD individuals [69]. These findings suggest that neurotransmitter disturbances are
likely associated with acute alcohol withdrawal, and normalization of GABA disturbances
occurs relatively early, following 3–4 days of abstinence. In 2021, Wang et al., reported no
difference in GABA between AUD and control on day 1 of abstinence in the ACC, but did
find that GABA at day 14 of abstinence is higher than GABA at day 1 abstinence [70].

In a study involving patients with alcohol and other polysubstance dependence, they
found that people with alcohol dependence + polysubstance dependence have 17–20%
lower GABA than the alcohol dependence only and light drinking control group in the
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ACC at one month alcohol abstinence [82]. There was no significant difference between
the alcohol dependence only and light drinking control groups at one month abstinence.
Consistent with the abstinence timeline, this suggests that GABA changes related to chronic
alcohol exposure and addiction normalize by one month of abstinence. Furthermore,
note that most dependence in the polysubstance group consisted of additional cocaine
use [82]. The study did not control or restrict the use of cocaine in the polysubstance
dependence group.

In summary, cross-sectional findings suggest GABA may be increased or decreased
in AUD before initiating alcohol abstinence, depending on the extent of alcohol exposure
during the scan, which was not reported in detail by earlier findings. In longitudinal
studies, GABA may be lower in AUD within 1–3 days following the start of withdrawal
and abstinence compared to healthy control, and increases to likely the same level as
healthy control after 3 to 14 days of abstinence. However, this change may not be detected
if measuring at 7 days to 1 month of abstinence. Comorbid chronic nicotine use may impact
the results by attenuating GABA changes associated with early abstinence.

3.2. Nicotine

Four studies on nicotine dependence reported inconsistent results but suggest there
is sex-dependent modulation of GABA concentration related to tobacco smoking. In
the healthy female population, it is suggested that GABA concentration fluctuates with
hormonal changes associated with the female menstrual cycle, though its impact on the
underlying mechanisms of neurological disorders and specifically addiction remains un-
clear [83,84]. Notably, GABA concentration also appears to be higher in males compared
to females in healthy human brain cortices [71,85,86]. Epperson et al., first reported no
change in GABA concentration in the occipital cortex of male smokers (n = 10) before and
after 48 h of abstinence, and no significant difference compared to male healthy control
(n = 7) [72]. Taking sex specific changes into consideration, female smokers (n = 6) have
lower GABA compared to female healthy control (n = 10) [72]. Interestingly, Epperson
et al., also found that female smokers lost the fluctuation of GABA levels in the occipital
cortex that has been found to be associated with the menstrual cycle [83]. Consistent with
healthy control findings, female smokers had lower GABA compared to male smokers. In
another study, Janes et al., found no differences in the dorsal ACC between male (n = 11)
and female smokers (n = 4) [74]. They reported that lower dACC GABA was associated
with heightened reactivity to drug cues and more withdrawal symptoms, which suggests
that GABA is related to dependence severity [74]. In the prefrontal cortex, female smokers
(n = 15) had significantly higher levels of GABA compared to female non-smokers (n = 15),
and female smokers had lower GABA than male smokers (n = 15) [73]. There was no
difference in GABA between male smokers and non-smokers (n = 15) [73]. In a male-only
nicotine and polysubstance use population, one study found no significant difference in
GABA between current smoking males (n = 48), current smoking and polysubstance use
males (n = 61), and healthy control (n = 90) [81]. While the authors reported no explanation
for this result, it is in line with previous studies where they saw no changes to GABA in
male smokers. In addition, it is noteworthy that the smoking-without-polysubstance-use
group included individuals who also smoke cannabis, whereas the polysubstance use
group did not specify which substances were involved, only that they did not meet criteria
for any other substance use disorders.

In summary, evidence suggest that chronic tobacco smoking results in increased
GABA in female smokers compared to non-smoking female in the occipital cortex, de-
creased GABA in female smokers compared to non-smoking female in the prefrontal
cortex, and no changes in male smokers compared to non-smoking male for both regions.
Therefore, nicotine dependence may alter GABA concentration in a sex-dependent and
region-dependent manner.
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3.3. Opioids

Only two studies to date have reported GABA measurements in chronic opioid use
and opioid use disorder (OUD), with inconsistent results. A study of individuals with pre-
scription codeine dependence still using codeine and not yet having started OUD treatment
reported lower GABA and higher glutamate level in the medial PFC of OUD individuals
compared to healthy controls [79]. GABA levels were negatively correlated with impul-
sivity and positively with cognitive performance [79]. This is consistent with the current
understanding of GABA’s modulation of executive functions. In another polysubstance use
population, a group of individuals with OUD receiving buprenorphine as opioid agonist
therapy (n = 21) was assessed with an AUD group (n = 35) and a control group (n = 28),
where all participants, including controls, were regular smokers [80]. No differences in
GABA were found across the three groups. In addition to all groups containing smokers,
all three groups also reported occasional recreational use of other substances within the
last 30 days of assessments [80]. The complexity of the study population likely contributed
to the lack of findings, especially given nicotine dependence has been found to alter GABA
levels in a sex-dependent manner.

In summary, one recent study reported lower GABA in medial PFC in OUD patients
compared to control. More studies are needed to establish the impact of opioid dependence
on GABA concentration in the brain.

3.4. Cocaine

GABA measurements in cocaine dependence were reported in three studies. In a
study with 35 patients with cocaine use disorder (CUD), including 29 also diagnosed with
AUD, the authors found that the CUD and AUD group had the lowest GABA level in the
left PFC, followed by the CUD-only group, followed by HC (n = 20) [75]. In a 2016 study,
the authors reported there were no differences in GABA between the CUD group (n = 18)
and HC (n = 18) in the pregenual ACC and right DLPFC, though this population included
people with past or current AUD as well as cannabis and tobacco smokers, which may
have affected the results [76]. A most recent study from 2021 investigating GABA in the
left putamen found no differences between the cocaine-dependent (n = 21) and HC (n = 22)
groups [77]. In summary, cocaine use disorder is found to be associated with lower GABA
levels in the occipital cortex and no difference in the left PFC, the pregenual ACC and
right DLPFC.

3.5. Methamphetamine

Only one study reported GABA in methamphetamine dependence. Methamphetamine-
dependent users (n = 50) showed reduced GABA levels and altered GABA/glutamate and
glutamine ratio in the left DLPFC compared to HC (n = 20) [78]. They also found that
GABA level was negatively correlated with the duration of withdrawal, suggesting that
lower GABA is associated with longer withdrawal recovery time in methamphetamine
dependence [78].

3.6. Cannabis

One study involving adolescents with cannabis use disorder reported significantly
lower GABA levels (−22%, p = 0.03) in the ACC in the cannabis use disorder group (n = 13)
compared to 16 matched HC [20]. They also observed a trend of lower ACC GABA levels
in people with greater cannabis use, suggesting a dose-dependent relationship for chronic
cannabis exposure.

4. Technical Considerations of MRS in Addiction Studies

The addiction studies summarized in this review utilized one of two main GABA MRS
methods: 2D J-PRESS (n = 6) and modified J-editing sequence (e.g., MEGA-PRESS, n = 13),
with one exception using the short-echo semi-LASER sequence [77]. Specifically, ten studies
published after 2012 employed MEGA-PRESS, whereas the three studies prior to 2012
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used a similar J-editing and subtraction method [87]. Different magnetic field strengths
were used, ranging from 1.5 to 7 Tesla. Lower field strengths, such as 1.5 and 2.1 Tesla,
were used predominantly by earlier MRS studies. More recent studies employ higher
field strengths, which have improved signal-to-noise ratios, signal detection, and better
spatial resolution overall (i.e., smaller MRS voxels) [88]. The most common field strength
used clinically for addiction studies is 3 Tesla, which can yield reliable and reproducible
GABA measurements [21,58,89–91]. The regions investigated in the above addiction studies
include the occipital cortex, left putamen, ACC (anterior cingulate cortex), POC (parietal-
occipital cortex), DLPFC (dorsal lateral prefrontal cortex), TEMP (right temporal lobe),
dACC (dorsal anterior cingulate cortex), PFC (prefrontal cortex), medial PFC, pgACC
(pregenual anterior cingulate cortex), and OFC (right orbital frontal cortex). Voxel size of
the regions of interest (ROI) ranges from 9 to 27 mL. A summary of the imaging details
and study demographics can be found in Table 2. All studies reported used single voxel
placement and with either an 8, 12, 20, or 32 channel head coil, with 8 and 32 being the
most commonly used. In terms of quantitative methods, all studies prior to 2006 (n = 4)
reported absolute concentration in mmol/Kg, with creatine as an internal reference signal.
Since then, the majority of recent studies compared GABA in relative concentration as
institutional unit (i.u.) (n = 12), with four studies from 2012 to 2021 reporting GABA in
absolute concentration. Not all studies reported details on the quantification and processing
methods used.

5. Discussion

MRS is an emerging technique that has gained popularity in clinical addiction research
in the last two decades. It is evident that MRS is an invaluable tool in uncovering the
neurochemistry of addiction in living human brains. However, it is also clear that MRS
techniques have yet to reach their full potential and have significant room for improvements,
especially for quantifying GABA [23]. Indeed, major limitations exist both within the
addiction MRS studies reported to date and the MRS methodology itself.

First, most studies included here had small sample sizes that likely did not have
enough statistical power to reach clinical significance. It is likely that most are preliminary
studies, as MRS is just beginning to be adopted into study designs. Many studies also
did not have clear clinical characterization of the populations, with a large proportion of
participants reporting multiple substance use in varying amounts, leading to confounding
factors that most likely contributed to inconsistencies in the results. MRS scans are also
performed at various timepoints, and given the small pool of studies currently available, it
is difficult to determine whether the duration and intensity of exposure and the duration
and intensity of abstinence or withdrawal affected findings. A wide range of methodologies
were employed, including different scanner strengths, the use of different head coils, scan
parameters, different regions of interest, and their voxel size and placements. These
are likely due to the lack of evidence supported guidelines regarding the use of MRS
and the MEGA-PRESS sequence in humans at the time early studies were designed and
conducted. Specifically, the regions of interest investigated may significantly impact GABA
measurements for each substance use and likely contribute to inconsistencies in the trend of
reported GABA values. Based on the summary of findings as listed in Table 1, we are also
unable to determine whether there are region-dependent alterations in GABA concentration
across different substance dependencies. Evidently, while most studies suggest a reduction
of GABA across addiction and chronic substance exposure, there are contradictions to
be investigated.

Several factors can be considered when attempting to explain the dysregulation ob-
served in these studies. There may be changes associated with GABA synthesis, signaling,
and termination that alter the availability of both GABA and its precursor, glutamate.
Indeed, balanced excitatory and inhibitory activity is crucial for normal brain function-
ing [92]. There could be changes to GABA receptor subunit expression following long term
drug exposure, leading to certain subunits being expressed more than others, possibly in a
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region-dependent manner, which could affect and further alter the rate of GABA receptor
desensitization. On a systemic level, neuronal changes could lead to altered GABAergic
neurocircuitries, leading to disturbances in stress, emotion, memory, attention, and reward
processing, which then manifest as addictive behaviors [24].

Future studies focusing on better characterizing patient populations and eliminating
polysubstance use as a confounding factor could significantly aid in the reliability of
current findings, given that we now know that exposure to each substance, whether acute
or chronic, as well as mental health conditions, all likely contribute to significant changes
in GABA measurements.

Inconsistencies reported may also be a product of methodological limitations [93]. As
a relatively new technique, MRS is still being optimized for clinical use [94]. While MRI
scanners are considered widely available, performing MRS requires technicians who are
specially trained to identify ROI and evaluate consistencies of voxel placements, which
may not be immediately achievable across institutions. There are also concerns regarding
the reliability and reproducibility of MRS, especially in the use of special editing sequences
for measuring GABA [95]. Quantitative methodologies used in earlier studies have been
highly variable, where studies utilized in-house software for post-scan processing before
standardized resources were made available. A low signal-to-noise ratio achievable within
a reasonable scan time is an inherent concern for MRS, which can limit accuracy in quanti-
fying GABA, given that it occurs at a much lower concentration than other metabolites [95].
The use of smaller voxel to measure GABA in smaller brain regions can also be challenging
when using common 1.5 or 3 Tesla scanners, thereby limiting the regions that can be inves-
tigated. Current MRS technique also cannot differentiate between intracellular cytosolic
GABA, vesicular GABA pools, and transient synaptic GABA. Therefore, it remains difficult
to elucidate the origin of the changes observed, which ultimately limits our interpretation
of the findings.

Fortunately, techniques are being fine-tuned and guidelines are constantly incor-
porating new insights on the stability of MRS methodologies [10,21,45,46,56–59,93–98].
Resources and software for processing GABA MRS acquisitions have been made available
in recent years to improve standardized post-scan processing [99–101]. The use of higher
field strength MRI or optimization of acquisition sequence can significantly improve the
application of MRS. For instance, higher field strength could enable GABA quantification
in smaller brain regions such as the nucleus accumbens, where smaller voxels can benefit
from the increased signal-to-noise ratio. Recent findings have also confirmed the reliability
and reproducibility of measuring GABA at 3 Tesla in the insula, ACC, DLPFC, Broca’s
area, cerebellar cortex, dentate nucleus, posterior cingulate cortex (PCC), and the occipi-
tal lobe, hereby supporting the use of MRS to quantify GABA at a relatively lower field
strength in clinical populations [21,58,85,100,102–107]. Notably, GABA measurements are
also often reported as GABA plus macromolecules, or GABA+, because the J-difference
editing technique required to obtain GABA measurements also co-edits the resonance of
unspecific macromolecules, resulting in an overlapping macromolecule peak at 3.0 ppm. It
was found that 40–60% of the edited GABA peak may come from macromolecules [22,60].
However, preliminary studies suggest that changes to macromolecules likely do not at-
tribute to changes in reported GABA measurements and macromolecules appears to be
evenly distributed throughout the brain [22,85,108,109]. However, it is unknown whether
there are inter-individual variabilities of the macromolecule contribution and distribution,
specifically in substance use disorders [110]. This remains to be investigated. Overall, we
can expect to see considerable advances in clinical MRS with improved methods of macro-
molecule suppression, partial volume correction, spectral editing, and better hardware and
analysis techniques. While the continuous implementation of improved methodologies
may imply high heterogeneity and variation in outcome measures, it is nonetheless use-
ful both for informing future clinical addiction studies and future MRS guidelines. It is
therefore imperative for future MRS studies to consider reporting detailed methodology, at
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least to the extent suggested by current guidelines, in order to aid in characterizing and
optimizing future MRS applications [98].

In recent years, an increasing number of clinical trials have also employed MRS to help
understand GABA’s relationship with treatment efficacy of currently approved or off-label
treatments for addictions [47]. This approach could be used to monitor GABA changes
in relation to dose-dependent treatment response and to help identify potential patient
subgroups in clinical trials. A recent cognitive behavioral therapy (CBT) treatment study
reported that adolescents with internet and phone addictions had higher GABA levels in
the ACC compared to healthy adolescents prior to starting CBT treatment, and that GABA
levels became comparable to healthy adolescents following 9 weeks of CBT [111]. This is
opposite from the trend typically seen in other substance use disorders, and it is possible
that there are differences in the mechanisms involved in behavioral addiction. Transcranial
direct current stimulation has recently been tested in individuals with gambling disorders
(n = 16) [112]. In a sham-controlled, crossover, randomized study, one study found elevated
GABA levels in the DLPFC, but not the striatum during active stimulation, suggesting
that non-invasive techniques may be of therapeutic interest, given that elevated GABA
is generally associated with less impulsivity and better executive function [112]. Indeed,
GABA increase has already been associated with good treatment efficacy in depression
and epilepsy [113,114]. An AUD treatment trial revealed that changes to GABA levels
are closely related to days of abstinence, and that those with more relapses respond more
significantly to gabapentin administration, which is a GABA analog medication known to
increase brain GABA levels. This study found that gabapentin was associated with greater
increases in GABA levels for those with difficulty staying abstinent. Current evidence sug-
gests that gabapentin is moderately effective in reducing symptoms of alcohol withdrawal
and craving, though it is not effective in treating AUD [15]. Given this, monitoring GABA
levels during addiction treatment could shed light on treatment variabilities [16]. Baclofen,
a GABAB receptor agonist, has also been a drug of interest for the treatment of AUD [38,40],
though evidence is inconclusive. Systematic reviews pointed to the importance of iden-
tifying potential moderators and mediators of baclofen’s effects on alcohol use to help
explain the variations in responses to baclofen in AUD populations. Monitoring brain
GABA in different AUD populations might in fact help elucidate these inconsistencies. A
recent study reported that lower GABA is associated with the severity of alcoholic liver
disease in AUD patients [115]. Clinical trials also suggest baclofen may be more effective
in promoting alcohol abstinence specifically in AUD patients with alcoholic liver disease
compared to AUD individuals with no alcoholic liver disease [39,41,42]. This suggests that
there may be a close relationship between GABA concentration and the treatment efficacy
of baclofen in the subgroup of AUD patients with alcoholic liver disease, regardless of
baclofen’s efficacy for treating AUD in general. Overall, recent studies demonstrate that
MRS can measure changes in GABA levels following interventions, and the difference
in the degree of neurochemical changes may help explain why individuals respond to
treatments differently.

6. Conclusions

While the use of MRS in addiction research is still in its infancy, it is promising, in-
valuable, and the only non-invasive technique that can quantify metabolite concentrations
in vivo. It is also more widely accessible and more cost effective to employ than other imag-
ing techniques. MRS research on the mechanisms underlying reward and addiction could
help us understand why certain individuals are at lower risk of substance dependence or
addiction, and why certain individuals with addiction can recover while others experience
multiple relapses. Huge gaps remain in characterizing GABA in different substance use
disorders and more studies are needed to understand GABA’s relationship with addiction.
Future addiction imaging research should consider incorporating GABA quantification
into study designs, especially in protocols that already utilize MR imaging. For AUD,
longitudinal studies that closely monitor before and during abstinence could help resolve
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the contradictory evidence reported to date. Taking the latest GABA reporting consen-
sus into consideration will also significantly improve the reliability and reproducibility
of MRS addiction studies and promote a more standardized approach moving forward.
Different regions of interest can also be explored, including the insula, which has been
found to play a major role in drug craving and mediating other addiction phenotypes, such
as executive functioning [116–119]. Ultimately, by understanding how medications and
addictions change the GABAergic system and how changes modulate behaviors, we can
develop a clearer picture of the underlying neuropathology of addiction and contribute to
the development of novel addiction therapies.
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12. Frankowska, M.; Przegaliński, E.; Filip, M. Targeting the GABAB Receptor for the Treatment of Substance Use Disorder. In
GABAB Receptor; Springer International Publishing: Berlin/Heidelberg, Germany, 2016; pp. 263–286. [CrossRef]

13. Kumar, K.; Sharma, S.; Kumar, P.; Deshmukh, R. Therapeutic potential of GABA(B) receptor ligands in drug addiction, anxiety,
depression and other CNS disorders. Pharm. Biochem. Behav. 2013, 110, 174–184. [CrossRef]

14. Le Foll, B.; Wertheim, C.E.; Goldberg, S.R. Effects of baclofen on conditioned rewarding and discriminative stimulus effects of
nicotine in rats. Neurosci. Lett. 2008, 443, 236–240. [CrossRef]

http://doi.org/10.1152/physrev.00014.2018
http://www.ncbi.nlm.nih.gov/pubmed/31507244
http://doi.org/10.1016/S2215-0366(16)00104-8
http://doi.org/10.1007/s00213-019-05344-7
http://doi.org/10.1016/j.pscychresns.2021.111329
http://doi.org/10.1007/s11065-015-9295-8
http://www.ncbi.nlm.nih.gov/pubmed/26264407
http://doi.org/10.1016/j.pbb.2020.173090
http://doi.org/10.1016/j.neubiorev.2015.11.010
http://www.ncbi.nlm.nih.gov/pubmed/26657968
http://doi.org/10.1016/j.pnmrs.2011.06.001
http://www.ncbi.nlm.nih.gov/pubmed/22293397
http://doi.org/10.1101/2021.11.24.21266827
http://doi.org/10.1016/j.neuropharm.2014.06.016
http://www.ncbi.nlm.nih.gov/pubmed/24971600
http://doi.org/10.1007/978-3-319-46044-4_14
http://doi.org/10.1016/j.pbb.2013.07.003
http://doi.org/10.1016/j.neulet.2008.07.074


Brain Sci. 2022, 12, 918 19 of 23

15. Muncie, H.L., Jr.; Yasinian, Y.; Oge, L. Outpatient management of alcohol withdrawal syndrome. Am. Fam. Physician 2013, 88,
589–595.

16. Prisciandaro, J.J.; Hoffman, M.; Brown, T.R.; Voronin, K.; Book, S.; Bristol, E.; Anton, R.F. Effects of Gabapentin on Dorsal Anterior
Cingulate Cortex GABA and Glutamate Levels and Their Associations With Abstinence in Alcohol Use Disorder: A Randomized
Clinical Trial. Am. J. Psychiatry 2021, 178, 829–837. [CrossRef]

17. Prisciandaro, J.J.; Mellick, W.; Squeglia, L.M.; Hix, S.; Arnold, L.; Tolliver, B.K. Results from a randomized, double-blind,
placebo-controlled, crossover, multimodal-MRI pilot study of gabapentin for co-occurring bipolar and cannabis use disorders.
Addict. Biol. 2022, 27, e13085. [CrossRef]

18. Prisciandaro, J.J.; Schacht, J.P.; Prescot, A.P.; Renshaw, P.F.; Brown, T.R.; Anton, R.F. Brain Glutamate, GABA, and Glutamine
Levels and Associations with Recent Drinking in Treatment-Naïve Individuals with Alcohol Use Disorder Versus Light Drinkers.
Alcohol. Clin. Exp. Res. 2019, 43, 221–226. [CrossRef]

19. Schür, R.R.; Draisma, L.W.; Wijnen, J.P.; Boks, M.P.; Koevoets, M.G.; Joëls, M.; Klomp, D.W.; Kahn, R.S.; Vinkers, C.H. Brain GABA
levels across psychiatric disorders: A systematic literature review and meta-analysis of 1H-MRS studies. Hum. Brain Mapp. 2016,
37, 3337–3352. [CrossRef]

20. Prescot, A.P.; Renshaw, P.F.; Yurgelun-Todd, D.A. γ-Amino butyric acid and glutamate abnormalities in adolescent chronic
marijuana smokers. Drug Alcohol Depend. 2013, 129, 232–239. [CrossRef]

21. Shyu, C.; Elsaid, S.; Truong, P.; Chavez, S.; Le Foll, B. MR Spectroscopy of the Insula: Within- and between-Session Reproducibility
of MEGA-PRESS Measurements of GABA+ and Other Metabolites. Brain Sci. 2021, 11, 1538. [CrossRef]

22. Aufhaus, E.; Weber-Fahr, W.; Sack, M.; Tunc-Skarka, N.; Oberthuer, G.; Hoerst, M.; Meyer-Lindenberg, A.; Boettcher, U.; Ende, G.
Absence of changes in GABA concentrations with age and gender in the human anterior cingulate cortex: A MEGA-PRESS study
with symmetric editing pulse frequencies for macromolecule suppression. Magn. Reson. Med. 2013, 69, 317–320. [CrossRef]

23. Licata, S.C.; Renshaw, P.F. Neurochemistry of drug action: Insights from Proton Magnetic Resonance Spectroscopic Imaging And
Their Relevance to Addiction. Ann. N. Y. Acad. Sci. 2010, 1187, 148–171. [CrossRef]

24. Owens, D.F.; Kriegstein, A.R. Is there more to GABA than synaptic inhibition? Nat. Rev. Neurosci. 2002, 3, 715–727. [CrossRef]
25. Kleppner, S.R.; Tobin, A.J. GABA. In Encyclopedia of the Human Brain; Ramachandran, V.S., Ed.; Academic Press: New York, NY,

USA, 2002; pp. 353–367. [CrossRef]
26. Loi, B.; Maccioni, P.; Lobina, C.; Carai, M.A.; Gessa, G.L.; Thomas, A.W.; Malherbe, P.; Colombo, G. Reduction of alcohol intake by

the positive allosteric modulator of the GABAB receptor, rac-BHFF, in alcohol-preferring rats. Alcohol 2013, 47, 69–73. [CrossRef]
27. Maccioni, P.; Pes, D.; Orrù, A.; Froestl, W.; Gessa, G.L.; Carai, M.A.; Colombo, G. Reducing effect of the positive allosteric

modulator of the GABAB receptor, GS39783, on alcohol self-administration in alcohol-preferring rats. Psychopharmacology 2007,
193, 171–178. [CrossRef]

28. Liang, J.-H.; Chen, F.; Krstew, E.; Cowen, M.S.; Carroll, F.Y.; Crawford, D.; Beart, P.M.; Lawrence, A.J. The GABAB receptor
allosteric modulator CGP7930, like baclofen, reduces operant self-administration of ethanol in alcohol-preferring rats. Neurophar-
macology 2006, 50, 632–639. [CrossRef]

29. Maccioni, P.; Fantini, N.; Froestl, W.; Carai, M.A.; Gessa, G.L.; Colombo, G. Specific reduction of alcohol’s motivational properties
by the positive allosteric modulator of the GABAB receptor, GS39783—comparison with the effect of the GABAB receptor direct
agonist, baclofen. Alcohol. Clin. Exp. Res. 2008, 32, 1558–1564. [CrossRef]

30. Gao, H.; Xiang, Y.; Sun, N.; Zhu, H.; Wang, Y.; Liu, M.; Ma, Y.; Lei, H. Metabolic changes in rat prefrontal cortex and hippocampus
induced by chronic morphine treatment studied ex vivo by high resolution 1H NMR spectroscopy. Neurochem. Int. 2007, 50,
386–394. [CrossRef]

31. Fuchs, R.A.; Evans, K.A.; Ledford, C.C.; Parker, M.P.; Case, J.M.; Mehta, R.H.; See, R.E. The role of the dorsomedial prefrontal
cortex, basolateral amygdala, and dorsal hippocampus in contextual reinstatement of cocaine seeking in rats. Neuropsychopharma-
cology 2005, 30, 296–309. [CrossRef]

32. Sziráki, I.; Sershen, H.; Hashim, A.; Lajtha, A. Receptors in the ventral tegmental area mediating nicotine-induced dopamine
release in the nucleus accumbens. Neurochem. Res. 2002, 27, 253–261. [CrossRef]

33. Abreu-Villaça, Y.; Manhães, A.C.; Krahe, T.E.; Filgueiras, C.C.; Ribeiro-Carvalho, A. Tobacco and alcohol use during adolescence:
Interactive mechanisms in animal models. Biochem. Pharmacol. 2017, 144, 1–17. [CrossRef]

34. Li, X.; Semenova, S.; D’Souza, M.S.; Stoker, A.K.; Markou, A. Involvement of glutamatergic and GABAergic systems in nicotine
dependence: Implications for novel pharmacotherapies for smoking cessation. Neuropharmacology 2014, 76, 554–565. [CrossRef]
[PubMed]

35. Kalivas, P.W.; Volkow, N.D. The neural basis of addiction: A pathology of motivation and choice. Am. J. Psychiatry 2005, 162,
1403–1413. [CrossRef] [PubMed]

36. Maccioni, P.; Bienkowski, P.; Carai, M.A.; Gessa, G.L.; Colombo, G. Baclofen attenuates cue-induced reinstatement of alcohol-
seeking behavior in Sardinian alcohol-preferring (sP) rats. Drug Alcohol Depend. 2008, 95, 284–287. [CrossRef] [PubMed]

37. Slattery, D.A.; Markou, A.; Froestl, W.; Cryan, J.F. The GABAB receptor-positive modulator GS39783 and the GABAB receptor
agonist baclofen attenuate the reward-facilitating effects of cocaine: Intracranial self-stimulation studies in the rat. Neuropsy-
chopharmacology 2005, 30, 2065–2072. [CrossRef] [PubMed]

38. Minozzi, S.; Saulle, R.; Rosner, S. Baclofen for alcohol use disorder. Cochrane Database Syst. Rev. 2018, 11, CD012557. [CrossRef]
[PubMed]

http://doi.org/10.1176/appi.ajp.2021.20121757
http://doi.org/10.1111/adb.13085
http://doi.org/10.1111/acer.13931
http://doi.org/10.1002/hbm.23244
http://doi.org/10.1016/j.drugalcdep.2013.02.028
http://doi.org/10.3390/brainsci11111538
http://doi.org/10.1002/mrm.24257
http://doi.org/10.1111/j.1749-6632.2009.05143.x
http://doi.org/10.1038/nrn919
http://doi.org/10.1016/B0-12-227210-2/00150-3
http://doi.org/10.1016/j.alcohol.2012.11.002
http://doi.org/10.1007/s00213-007-0776-1
http://doi.org/10.1016/j.neuropharm.2005.11.011
http://doi.org/10.1111/j.1530-0277.2008.00725.x
http://doi.org/10.1016/j.neuint.2006.09.012
http://doi.org/10.1038/sj.npp.1300579
http://doi.org/10.1023/A:1014844823534
http://doi.org/10.1016/j.bcp.2017.06.113
http://doi.org/10.1016/j.neuropharm.2013.05.042
http://www.ncbi.nlm.nih.gov/pubmed/23752091
http://doi.org/10.1176/appi.ajp.162.8.1403
http://www.ncbi.nlm.nih.gov/pubmed/16055761
http://doi.org/10.1016/j.drugalcdep.2008.02.006
http://www.ncbi.nlm.nih.gov/pubmed/18374518
http://doi.org/10.1038/sj.npp.1300734
http://www.ncbi.nlm.nih.gov/pubmed/15841108
http://doi.org/10.1002/14651858.CD012557.pub2
http://www.ncbi.nlm.nih.gov/pubmed/30484285


Brain Sci. 2022, 12, 918 20 of 23

39. Addolorato, G.; Leggio, L.; Ferrulli, A.; Cardone, S.; Vonghia, L.; Mirijello, A.; Abenavoli, L.; D’Angelo, C.; Caputo, F.; Zambon,
A.; et al. Effectiveness and safety of baclofen for maintenance of alcohol abstinence in alcohol-dependent patients with liver
cirrhosis: Randomised, double-blind controlled study. Lancet 2007, 370, 1915–1922. [CrossRef]

40. De Beaurepaire, R.; Sinclair, J.M.A.; Heydtmann, M.; Addolorato, G.; Aubin, H.J.; Beraha, E.M.; Caputo, F.; Chick, J.D.; de La
Selle, P.; Franchitto, N.; et al. The Use of Baclofen as a Treatment for Alcohol Use Disorder: A Clinical Practice Perspective. Front.
Psychiatry 2018, 9, 708. [CrossRef]

41. Morley, K.C.; Baillie, A.; Fraser, I.; Furneaux-Bate, A.; Dore, G.; Roberts, M.; Abdalla, A.; Phung, N.; Haber, P.S. Baclofen in the
treatment of alcohol dependence with or without liver disease: Multisite, randomised, double-blind, placebo-controlled trial. Br.
J. Psychiatry 2018, 212, 362–369. [CrossRef]

42. Morley, K.C.; Lagopoulos, J.; Logge, W.; Chitty, K.; Baillie, A.; Haber, P.S. Neurometabolite Levels in Alcohol Use Disorder Patients
During Baclofen Treatment and Prediction of Relapse to Heavy Drinking. Front. Psychiatry 2018, 9, 412. [CrossRef]

43. Cosgrove, K.P.; Esterlis, I.; Mason, G.F.; Bois, F.; O’Malley, S.S.; Krystal, J.H. Neuroimaging insights into the role of cortical
GABA systems and the influence of nicotine on the recovery from alcohol dependence. Neuropharmacology 2011, 60, 1318–1325.
[CrossRef]

44. Adinoff, B.; Kramer, G.L.; Petty, F. Levels of gamma-aminobutyric acid in cerebrospinal fluid and plasma during alcohol
withdrawal. Psychiatry Res. 1995, 59, 137–144. [CrossRef]

45. Mullins, P.G.; McGonigle, D.J.; O’Gorman, R.L.; Puts, N.A.; Vidyasagar, R.; Evans, C.J.; Edden, R.A. Current practice in the use of
MEGA-PRESS spectroscopy for the detection of GABA. Neuroimage 2014, 86, 43–52. [CrossRef]

46. Lukas, S.E. New perspectives on using brain imaging to study CNS stimulants. Neuropharmacology 2014, 87, 104–114. [CrossRef]
47. Mason, G.F.; Krystal, J.H. MR spectroscopy: Its potential role for drug development for the treatment of psychiatric diseases.

NMR Biomed. 2006, 19, 690–701. [CrossRef]
48. Tapper, S.; Goransson, N.; Lundberg, P.; Tisell, A.; Zsigmond, P. A pilot study of essential tremor: Cerebellar GABA+/Glx ratio is

correlated with tremor severity. Cerebellum Ataxias 2020, 7, 8. [CrossRef]
49. Yanez Lopez, M.; Price, A.N.; Puts, N.A.J.; Hughes, E.J.; Edden, R.A.E.; McAlonan, G.M.; Arichi, T.; De Vita, E. Simultaneous

quantification of GABA, Glx and GSH in the neonatal human brain using magnetic resonance spectroscopy. NeuroImage 2021,
233, 117930. [CrossRef]

50. Bishop, J.H.; Faerman, A.; Geoly, A.; Khan, N.; Tischler, C.; Amin, H.; Maron-Katz, A.; Azeez, A.; Yeomans, D.C.; Hurd, R.; et al.
Altered Neurotransmitter Ratio in the Prefrontal Cortex is Associated with Pain in Fibromyalgia Syndrome. medRxiv 2021.
[CrossRef]

51. Basu, S.K.; Pradhan, S.; du Plessis, A.J.; Ben-Ari, Y.; Limperopoulos, C. GABA and glutamate in the preterm neonatal brain:
In-vivo measurement by magnetic resonance spectroscopy. NeuroImage 2021, 238, 118215. [CrossRef]

52. Chang, L.; Cloak, C.C.; Ernst, T. Magnetic resonance spectroscopy studies of GABA in neuropsychiatric disorders. J. Clin.
Psychiatry 2003, 64, 7–14.

53. Martin, P.R.; Gibbs, S.J.; Nimmerrichter, A.A.; Riddle, W.R.; Welch, L.W.; Willcott, M.R. Brain proton magnetic resonance
spectroscopy studies in recently abstinent alcoholics. Alcohol. Clin. Exp. Res. 1995, 19, 1078–1082. [CrossRef]

54. Johnson, B.A. Recent Advances in the Development of Treatments for Alcohol and Cocaine Dependence. CNS Drugs 2005, 19,
873–896. [CrossRef]

55. Barker, P.B.; Lin, D.D.M. In vivo proton MR spectroscopy of the human brain. Prog. Nucl. Magn. Reson. Spectrosc. 2006, 49, 99–128.
[CrossRef]

56. Bai, X.; Harris, A.D.; Gong, T.; Puts, N.A.; Wang, G.; Schär, M.; Barker, P.B.; Edden, R.A. Voxel placement precision for
GABA-edited magnetic resonance spectroscopy. Open J. Radiol. 2017, 7, 35. [CrossRef]
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