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Abstract

Epidemiologic, genetic, and neurobiological studies suggest considerable overlap between
schizophrenia and mood disorders. Importantly, both disorders are associated with a broad range
of cognitive deficits as well as altered glutamatergic and GABAergic neurometabolism. We
conducted a systematic review of magnetic resonance spectroscopy (MRS) studies investigating
the relationship between glutamatergic and GABAergic neurometabolites and cognition in
schizophrenia spectrum disorders and mood disorders. A literature search in Pubmed of studies
published before April 15t 2019 was conducted and 37 studies were deemed eligible for
systematic review. We found that alterations in glutamatergic and GABAergic neurotransmission
have been identified relatively consistently in both schizophrenia and mood disorders. However,
because of the vast heterogeneity of published studies in terms of illness stage, medication
exposure, MRS acquisition parameters and data post-processing strategies, we still do not
understand the relationship between those neurotransmitters and cognitive dysfunction in mental
illness, which is a critical initial step for rational drug development. Our findings emphasize the
need for coordinated multi-center studies that characterize cognitive function and its biological
substrates in large and well-defined clinical populations, using harmonized imaging sequences and
analytical methods with the goal to elucidate the underlying pathophysiological mechanisms and
to inform future clinical trials.
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INTRODUCTION

Epidemiologic, genetic, and neurobiological studies suggest considerable overlap between
schizophrenia and mood disorders (International Schizophrenia et al., 2009). Importantly,
both disorders are associated with a broad range of cognitive deficits (Bora et al., 2010),
although important clinical differences also exist. It is well established that cognitive deficits
are already evident in first-episode psychosis (FEP) patients (Mesholam-Gately et al., 2009)
and in youth at high risk to develop psychosis (Bora et al., 2014). While there now is
evidence for the presence of cognitive impairment in first-episode bipolar disorder (Bora and
Pantelis, 2015), impairment is more severe in FEP than in first episode bipolar disorder.

In addition, there is also evidence for cognitive deficits in subjects at-risk to develop

bipolar disorder (Olvet et al., 2010). Cluster analysis studies based on cognitive performance
in schizophrenia (Hill et al., 2002) and in bipolar disorder (Burdick et al., 2014) have
demonstrated the presence of several clusters, including a cluster characterized by global
deficits, clusters characterized by more modest and specific deficits, and a cluster with
preserved cognition. Finally, cross-diagnostic samples (schizophrenia and bipolar disorder)
have demonstrated that patients with schizophrenia were more likely to be represented in the
global impairment cluster and less likely to be represented in the preserved cognition cluster
than bipolar subjects (Lewandowski et al., 2014).

Second generation antipsychotic medications improve cognition with small effect sizes that
are not clinically relevant (Hill et al., 2010; Thornton et al., 2006; Woodward et al., 2005). In
addition, the results of clinical trials of potential cognitive-enhancing drugs have been vastly
negative, despite the fact that these compounds were chosen based on pharmacological
models of cognitive impairment (Hurford et al., 2011). Brain imaging techniques, such

as functional MRI and diffusion weighted imaging, have been used to uncover neural
abnormalities underlying cognitive dysfunction. For example, a systematic review of resting-
state functional connectivity in schizophrenia suggests that cognitive dysfunction stems from
an alteration of the dynamic between task-positive and task-negative networks, as well as
diffuse abnormalities in cortico-subcortical regions (Sheffield and Barch, 2016). Importantly,
researchers have used MR Spectroscopy (MRS), a technique that allows for the /in vivo
measurement of neurometabolites, including the excitatory neurotransmitter glutamate and
inhibitory neurotransmitter -y-Aminobutyric acid (GABA), to investigate the correlates of
mental illness.

Abnormalities in the excitation/inhibition (E/I) balance because of N-methyl-D-aspartate
(NMDA\) receptor hypofunction on GABA interneurons are implicated in the
pathophysiology of schizophrenia (Javitt, 2012; Kraguljac et al., 2017; Moghaddam and
Javitt, 2012; Olney and Farber, 1995). In humans, NMDA receptor antagonists induce

a behavioral phenotype that mirrors the symptoms of schizophrenia (Lahti et al., 1995),
including cognitive impairments (Kraguljac et al., 2018; Lahti et al., 2001; Parwani et
al., 2005). Likewise, there is mounting evidence suggesting that glutamate and GABA
have a central role in mood disorders. Abnormal levels of glutamate collected in both
plasma and cerebrospinal fluid have been reported (Sanacora et al., 2012) and NMDA
antagonist agents, like ketamine, are now used for the fast relief of depressive symptoms.
Microdialysis research in humans (Buchanan et al., 2016) and rodents (Jett et al., 2017) has
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linked increased release of glutamate and GABA to improved cognition. MRS studies have
detected altered levels of these amino acid neurotransmitters, as well as alterations in the
relationship between these metabolites and cognitive function (Li et al., 2018; Maddock and
Buonocore, 2012).

Here, we performed a systematic literature review of MRS studies investigating the
relationship between spectroscopic measurements of the major excitatory and inhibitory
metabolites glutamate, glutamine and GABA in schizophrenia spectrum disorders, bipolar
spectrum disorders and depression with the objective to summarize the progress made

in our pathophysiological understanding of the intricate relationships between altered
neurotransmission and cognitive deficits across the psychosis/ mood disorder spectrum.
We hypothesized that we would observe similar alterations in the relationship between the
glutamate and GABA and cognitive function in both subjects with schizophrenia and mood
disorder compared to healthy controls.

2. EXPERIMENTAL MATERIALS AND METHODS

2.1. Eligibility criteria

Studies were included if they presented original data published before April 2019 (last
search April 151 2019), examining the relationship between glutamate, glutamine or GABA
in patients with a psychosis spectrum disorder or mood disorder. Studies were not included
when the healthy control group was genetically related to the patient groups. Studies
published in languages other than English, postmortem studies, non-human studies, and
review articles were excluded. We only included trials with 10 or more subjects. Studies
expressively including subjects with comorbid substance use disorders, neurological or
genetic diseases, or intellectual disabilities were not considered. When a single study was
published in several papers, the article reporting the largest group was used.

2.2. Literature search

MRT and NVK performed a literature search in PubMed using the following key

words: (MRS OR spectroscopy) and (GABA OR glutamate OR gIx OR glutamine) AND
(schizophrenia OR schizoaffective OR psychosis OR bipolar OR depression OR mania)
AND (cognition OR memory OR attention OR executive function OR cognitive control
OR RBANS OR MATRICS). The reference lists of included studies, as well as relevant
meta-analyses were inspected for additional eligible publications.

2.3. Study selection

After removal of duplicate articles, NVK and MRT screened titles and abstracts retrieved
from the search and selected potentially eligible studies for full text review. Both authors
applied eligibility criteria, and a list of eligible full text articles was developed through
consensus. Full text articles were then downloaded or requested from the university library
and assessed for eligibility, relevant data was extracted and tabulated by MRT and double
checked by NVK and ACL.
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2.4. Data extraction

We extracted the following data from each study: name of first author, year of publication,
number of participants per diagnostic category, illness duration, mood state, use of
psychotropic medications, data acquisition parameters, magnetic field strength, spectroscopy
acquisition sequence, data processing parameters, metabolites investigated, main study
outcomes.

3. RESULTS

3.1. Study identification

Figure 1 describes outcomes at each level of our study identification process. Of the 131
potentially relevant articles, we included 37 studies in this systematic review.

3.2. Schizophrenia

3.2.1. Glutamate and cognition in schizophrenia—A total of 19 studies included
for systematic review had data on the role of glutamate and cognition in schizophrenia.

Six studies reported elevated glutamate metabolites in schizophrenia (Bustillo et al., 2017;
Cannon et al., 2015; Huang et al., 2017; Kegeles et al., 2012; Kraguljac et al., 2013).

A study with a large cohort found no association between white matter glutamate +
glutamine (GIx) and cognition (Bustillo et al., 2017); another study found prefrontal
glutamine/glutamate (GIn/Glu) to be negatively associated with cognition in the combined
group (schizophrenia and controls) (Shirayama et al., 2010); four studies did not find any
association between elevated GIx and cognition in either groups. Six studies failed to find

a difference in the glutamate levels (Bustillo et al., 2011; Purdon et al., 2008; Reid et al.,
2013; Reid et al., 2010; Rowland et al., 2009; Yoon et al., 2010). A study in siblings of
schizophrenia patients found frontal glutamate to be negatively associated with cognition in
high risk subjects; this association was not seen in controls (Purdon et al., 2008). A study in
a cohort of young and old patients found white matter GIx to be positively associated with
cognitive performance in patients, but not in controls (Bustillo et al., 2011). Another study
reported substantia nigra Glx to be positively associated with cognition in controls, but not
in schizophrenia patients (Reid et al., 2013). Three studies reported no association between
glutamate metabolites and cognition in either groups. Lastly, three studies reported reduced
glutamate metabolites; two studies found no association between anterior cingulate cortex
GIx and cognition in either groups (Rowland et al., 2013b; Rowland et al., 2016b). The
third study reported a negative association between anterior cingulate cortex glutamine and a
measure of immediate memory in controls, but not in schizophrenia (Reid et al., 2018). For a
summary of findings, see Table 1.

3.2.2. GABA and cognition in schizophrenia—Nine studies included for systematic
review evaluated the relationship between GABA levels and cognitive assessments in
schizophrenia. One of these studies reported increased prefrontal GABA, but found to

have no association with cognition in either groups (Kegeles et al., 2012). Four studies
reported reduced GABA,; one of them is a study in 28 medication-naive first episode
patients that found no association between GABA measured in the occipital cortex and
visual contrast sensitivity (Kelemen et al., 2013). A study at 7T reported medial prefrontal
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cortex GABA to be negatively associated with cognitive performance in patients, but not in
controls (Marsman et al., 2014). Another study found a positive association between anterior
cingulate cortex GABA and a measure of attention in the combined group (Rowland et

al., 2013b). Four studies did not find difference in GABA levels (Chen et al., 2014; Reid
etal., 2018; Rowland et al., 2016a; Rowland et al., 2016b). One of them, a study at 7T,
found negative association between anterior cingulate cortex GABA levels and cognition
in schizophrenia, but not in controls (Reid et al., 2018). A study in a group of young and
old patients reported a positive association between anterior cingulate cortex GABA and
working memory in patients (Rowland et al., 2016a), an another study found a positive
association between GABA and working memory and processing speed in patients, but not
in controls (Rowland et al., 2016b). For a summary of findings, see Table 2.

3.2.3. Combined MRS/ fMRI studies—A total of 8 combined MRS/ fMRI studies
were identified as eligible for systematic review. Glutamate and GABA are vital components
of the fMRI blood oxygen dependent response, because of their role in neuroenergetics. In
schizophrenia, only a few studies have evaluated the relationship between glutamate and
the blood oxygen level dependent (BOLD) response. We identified three studies in the

at risk mental state (ARMS) populations and five in schizophrenia populations reporting
associations between glutamate and the BOLD response (3 in chronic medicated patients,
one in medicated FEP and one in chronic unmedicated patients). In overlapping ARMS
populations compared to controls, Fusar-Poli (Fusar-Poli et al., 2011) reported opposite
associations between thalamic glutamate levels and prefrontal, hippocampal and superior
temporal activation during verbal fluency, while Valli (Valli et al., 2011) identified opposite
pattern of coupling between medial temporal glutamate and medial temporal activation
during episodic memory. ARMS patients followed for 18 months after scanning were
categorized into those achieving good versus poor functional outcomes; at baseline, those
who subsequently achieved poor outcome showed negative associations between thalamic
glutamate and prefrontal striatal activation, patterns that were not seen in the subjects
achieving good outcome and the controls (Allen et al., 2015). In healthy controls, a positive
correlation was found between hippocampal GIx and inferior frontal activation during a
memory task; this association was not seen in patients with schizophrenia (Hutcheson

et al., 2012). There were no significant differences in Glx levels between the groups.
Another study found an opposite relationship between anterior cingulate cortex glutamate
and the BOLD response in the inferior parietal cortex during a cognitive control task
(Stroop task) in schizophrenia compared to healthy controls (Falkenberg et al., 2014).
Likewise, Overbeek (Overbeek et al., 2019) and Cadena (Cadena et al., 2018) identified

an opposite relationship between anterior cingulate cortex glutamate (measured at 7 T

in medicated FEP) and anterior cingulate cortex GIx (measured at 3 T in unmedicated
schizophrenia patients) respectively, and the BOLD response in the posterior default mode
network during cognitive task (Stroop task) performance in schizophrenia compared to
healthy controls. Both Falkenberg (Falkenberg et al., 2014) and Overbeek (Overbeek et al.,
2019) obtained these results in the context of decreased anterior cingulate cortex glutamate
levels in patients, while in the Cadena’s study, anterior cingulate cortex Glx levels were
not significantly different between the groups. Finally, White (White et al., 2015) reported
a positive correlation between Glx in the substantia nigra and BOLD response during
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prediction error in healthy controls, but not in schizophrenia. Glx levels were significantly
elevated in the patients compared to controls. For a summary of findings, see Table 3.

3.3. Mood Disorders

3.3.1. Glutamate and cognition in mood disorders—Five studies examining
glutamatergic metabolites in mood disorders were included in this systematic review.
Three studies evaluated the relationship between glutamate metabolites (glu or gIx) and
cognition in mood disorders. In major depressive disorder, two studies reported unaltered
left hippocampal glutamate levels (Jayaweera et al., 2015; Shirayama et al., 2017), the
first was performed in chronically ill medicated patients, the second in medication-naive
first episode psychosis patients. Interestingly, both studies reported a correlation between
memory performance and hippocampal glutamate levels, the first found this relationship
only in healthy controls whereas the second study found it in both groups. The second
study also examined glutamate in the medial prefrontal cortex and amygdala. In addition
to reductions in glutamate levels in the medial prefrontal cortex in patients compared to
controls, they also found a negative relationship between performance on the Trail Making
Test and glutamate levels in both brain regions (Jayaweera et al., 2015). Another study
recruited a mixed group of patients diagnosed with either major depression or bipolar
disorder who met criteria for a depressive episode within the past three months. Here,
hippocampal glutamate levels were increased in patients, but no associations between
metabolite levels and memory performance were detected (Hermens et al., 2015).

Both studies examining the relationship between glutamatergic metabolites and cognition in
youth with severe mood dysregulation failed to detect relationships between these markers
(Dickstein et al., 2008; Wozniak et al., 2012), and only the study conducted at 4T reported
elevated glutamate levels in the anterior cingulate cortex (Wozniak et al., 2012). For a
summary of findings, see Table 4.

3.3.2. GABA and cognition in mood disorders—Finally, only one study examined
the GABA levels in mood disorder patients as they relate to cognitive performance. The
study found to have better cognitive performance in those with higher anterior cingulate
cortex GABA levels in depressed bipolar patients, but not in controls (Huber et al., 2018).

4. DISCUSSION

In schizophrenia and mood disorders, altered glutamatergic/GABA neurotransmission has
been identified relatively consistently. Here, we performed a systematic review of the
literature to determine whether there are associations between these neurotransmitters and
cognitive dysfunction in these disorders, and/or if there are alterations in these relationships
in patients compared to healthy controls. We report a numbers of studies evaluating these
associations; however, because of the vast heterogeneity in the cognitive domains studied,
in voxel location, stage of illness, medication status, magnet strength, sequence acquisitions
and data post processing strategies, it is difficult to draw definite conclusions.
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4.1. Glutamatergic metabolites in context of cognitive dysfunction

4.2. GABA

In schizophrenia, more studies reported a lack of association between glutamate and
cognition than studies that did; however many of those studies suffered from small sample
sizes. The study of Bustillo (Bustillo et al., 2014), which enrolled the largest number

of subjects (104 medicated, chronic schizophrenia patients), failed to find an association
between GIx measured in a supraventricular slab of white and gray matter and cognition in
either schizophrenia or healthy controls. Rowland (Rowland et al., 2016b) who enrolled

45 chronic schizophrenia patients did not find associations between medial prefrontal
cortex glutamate and cognition in either schizophrenia or healthy controls; however higher
glutamate was associated with more negative auditory mismatch negativity in schizophrenia,
but not in healthy controls. In a group of medication-naive FEP, no associations were found
between dorsolateral prefrontal cortex GIx and cognition. On the other hand, GIx measured
in the substantia nigra did correlate with cognition in controls, but not in schizophrenia
patients. In mood disorders, the only replicated finding thus far is an association between
hippocampal glutamate levels and memory performance on the Ray Auditory Verbal
Learning Test (RAVLT). One study found this relationship only in healthy controls but not
chronically ill medicated patients with major depression (Jayaweera et al., 2015), whereas
the second study found it in both healthy controls and medication-naive patients with a
first depressive episode (Wozniak et al., 2012), suggesting that exposure to psychotropic
medications or illness chronicity may alter the relationship between glutamate metabolism
and cognition in major depression.

in context of cognitive dysfunction

More studies evaluating GABA reported association between GABA and cognition. One
study (Rowland et al., 2016a) which enrolled a large sample (45 schizophrenia subjects)
reported a positive correlation between medial prefrontal cortex GABA and both working
memory and processing speed in schizophrenia, but not in healthy controls. On the other
hand, two studies, with relatively small sample sizes but carried out at 7T, which is
associated with a better signal to noise ratio and ability to separate MRS peaks, reported
a negative association between GABA and a measurement of 1Q and cognitive ability
using the Repeatable Battery for the Assessment of Neuropsychological Status (RBANS),
respectively. Similarly, the only mood disorder study meeting inclusion criteria in our study
also reported an association between GABA and cognitive performance on the Wisconsin
Card Sorting Test (WCST) (Huber et al., 2018).

4.3. Multimodal neuroimaging studies and cognitive dysfunction

Combining MRS with fMRI can shed light into how differences in glutamate/GABA could
influence the way the brain implement cognitive processes in a more fine-grained way than
behavioral measures. Indeed, the majority of combined MRS/fMRI studies discussed in
this paper either have found coupling between glutamate/GABA and BOLD response in
controls but not in patients (or the reverse), or have found opposite patterns of coupling
between groups. What is not clear is whether these alterations are driven by differences

in glutamate/GABA levels, as these different and opposite patterns are seen in the context
of altered glutamate levels or not differences. Nevertheless, like the study of Rowland that
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combined MRS with EEG (Rowland et al., 2013a), combining MRS with fMRI appears

to improve our capacity to detect abnormal patterns of cognitive processes. Interestingly,
three studies performed with different patient populations and on different scanners report a
similar pattern of opposite coupling in schizophrenia compared to controls between anterior
cingulate cortex glutamate and the BOLD response in regions of the posterior default mode
network during an inhibitory control task (Cadena et al., 2018; Falkenberg et al., 2014;
Overbeek et al., 2019). These findings are in agreement with a recent review of combined
MRS/ fMRI studies in controls reporting evidence that glutamate was correlated with the
BOLD response within the measured voxels, but also with regions distant from the voxel
(Duncan et al., 2014). Thus, in schizophrenia, the relationship between anterior cingulate
cortex glutamate and the BOLD response in distant brain regions is impaired. One might
speculate that the overall regional ratio of excitation over inhibition, modulated by a number
of neurotransmitters including glutamate and GABA, might tune the neuronal projections
and thus affect the BOLD signal in distant regions. Unfortunately, it remains unclear how
these neurometabolites affect brain cognitive processes in mood disorders due to the paucity
of combined MRS/ fMRI studies conducted.

4.4. Limitations

This work needs to be seen in context of several limitations. We did not perform analyses
investigating possible confounds of antipsychotic medication exposure or illness chronicity
on the relationships between cognition and neurometabolite levels, because only a limited
number of studies were conducted in drug naive patients experiencing their first episode of
psychosis or a mood disorder. Additionally, in those with a more chronic illness, medication
exposure was, perhaps not surprisingly, heterogeneous ranging from antidepressants to mood
stabilizers to antipsychotic drugs or combinations thereof. We also chose not to perform
meta-analyses to quantify findings as distinct brain regions have differing relevance for
diverse cognitive domains and metabolite alterations are not uniform across brain regions.
Unfortunately, with the number of studies published in individual cognitive domains in
different brain regions we did not have the statistical power accurately capture this diversity.
Finally, it is not possible to equate the glutamate, glutamine and GABA metabolite peaks
captured with MRS to neurotransmission.

4.5. Conclusions

In schizophrenia and mood disorders, alterations in glutamatergic and GABAergic
neurometabolism have been identified relatively consistently. However, because of the vast
heterogeneity of published studies, we still do not understand the relationship between
those neurotransmitters and cognitive dysfunction in mental illness, which is a critical
initial step for rational drug development. As suggested by our study, it is possible that
higher field magnet (7T) is better suited for this kind of research. Our findings emphasize
the need for coordinated multi-center studies that characterize cognitive function and its
relationship with glutamate and GABA in large and well-defined clinical populations,
using harmonized imaging sequences and analytical methods. As an important first step, an
international consortium of 24 research sites was created to establish a framework for future
methodological standardization of GABA-edited MRS acquisition (Mikkelsen et al., 2017).
In addition, there are a number of new imaging techniques that could help with this type
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of research, such as functional MRS (fMRS), where changes in glutamate and GABA are
measured during task performance, 13Carbon spectroscopy which allows the determination
of the in vivo rates of the glutamate-glutamine cycle (Moreno et al., 2001), and glutamate
chemical exchange saturation transfer (GIUCEST) (Cai et al., 2012; Cai et al., 2013), a MRS
technique which allows for the measurement of glutamate across many brain regions.
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