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Abstract

:

Behavioral flexibility and goal-directed behavior heavily depend on fronto-striatal networks. Within these circuits, gamma-aminobutyric acid (GABA) and glutamate play an important role in (motor) response inhibition, but it has remained largely unclear whether they are also relevant for cognitive inhibition. We hence investigated the functional role of these transmitters for cognitive inhibition during cognitive flexibility. Healthy young adults performed two paradigms assessing different aspects of cognitive flexibility. Magnetic resonance spectroscopy (MRS) was used to quantify GABA+ and total glutamate/glutamine (Glx) levels in the striatum and anterior cingulate cortex (ACC) referenced to N-acetylaspartate (NAA). We observed typical task switching and backward inhibition effects, but striatal and ACC concentrations of GABA+/NAA and Glx/NAA were not associated with cognitive flexibility in a functionally relevant manner. The assumption of null effects was underpinned by Bayesian testing. These findings suggest that behavioral and cognitive inhibition are functionally distinct faculties, that depend on (at least partly) different brain structures and neurotransmitter systems. While previous studies consistently demonstrated that motor response inhibition is modulated by ACC and striatal GABA levels, our results suggest that the functionally distinct cognitive inhibition required for successful switching is not, or at least to a much lesser degree, modulated by these factors.
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1. Introduction


The ability to flexibly select responses is a major prerequisite for successful goal-directed behavior [1,2]. From a functional neuroanatomical perspective, fronto-striatal networks have been suggested to play an important role in cognitive flexibility, which has also been corroborated by several lines of research [3,4,5,6,7,8,9]. However, the functional role of the neurobiochemical properties of these structures is less clear, even though it is of critical relevance from a neurobiological point of view:



The basal ganglia, and the striatum in particular, contribute to response selection and cognitive control processes [10,11]. It has been stated that this largely rests upon the microstructural anatomy of the basal ganglia and the neurotransmitters that are abundant in the striatum [12]. GABAergic medium spiny neurons (MSNs) constitute the majority of striatal cells [13] and create a dense inhibitory feedback network with neighboring MSNs, thus creating a so-called “winner-take-all” network [14]. For this striatal network, computational accounts and empirical data have suggested that particularly the GABAergic modulation is central for response selection [12,15,16,17,18,19]. It is assumed that competing actions become suppressed as a consequence of this strong GABAergic modulation, so the network converges to a single winner [20]. In other words, the striatal network is able to suppress action plans and response options that are no longer needed and thereby enable a fast selection of different responses. Aside from GABA (and other potentially relevant transmitters like monoamines [21,22,23,24], which we do not detail here), the glutamatergic system also plays a major role, because glutamatergic fronto-striatal synapses modulate processes in the GABAergic striatal network [13,14,25]. Specifically, striatal interneurons suppress the GABAergic MSN network state upon activation of fronto-striatal synapses and thereby establish a new network state [14,26]. Computational and empirical work has suggested that these glutamatergic mechanisms also profoundly modulate response selection and cognitive control processes [15,19,27,28,29,30].



The mechanisms outlined above suggest that for efficient response selection processes, both the GABAergic and glutamatergic system are important to be able to flexibly shift the striatal activity focus. Given that a strong glutamatergic input facilitates efficiently shifting striatal network states, it is reasonable to assume that high striatal concentrations of glutamate correlate with high cognitive flexibility. In contrast, the direction of a correlation between striatal GABA concentrations and cognitive flexibility is less clear: On the one hand, a strong GABAergic MSN network facilitates response selection [20], which may not only speed up the selection of responses, but potentially also make shifting/switching between responses faster. On the other hand, a strong GABAergic network is more stable and requires a considerable amount of glutamatergic input to be altered. Therefore, high striatal GABA levels may also impede cognitive flexibility by increasing the glutamatergic cost of switching.



The anterior cingulate cortex (ACC) is another brain structure that is involved in response selection and flexibility, and striatal functions cannot be understood without considering closely connected neocortical areas such as the ACC [31,32,33]. GABA concentrations are not only particularly high in the striatum [34], but also abundant in cingulate areas [35]. Similarly, empirical and computational evidence [36] suggests that the GABA system in the ACC is crucial for discriminating between specific inputs, allowing for efficient response execution. In line with this, anterior cingulate GABA concentrations have been shown to modulate selection and control mechanisms [37,38]. Therefore, we examined the relevance of the GABAergic and the glutamate system for cognitive flexibility processes in both the striatum and the ACC. Given that this method has repeatedly been used to investigate the functional association between amino acid neurotransmitters and cognition [28,29,30,37,38], we used magnetic resonance spectroscopy (MRS) to measure total GABA+ (GABA+ macromolecules) and Glx (glutamate + glutamine) concentrations in the striatum and the ACC of healthy human volunteers. These GABA+ and Glx concentrations were then correlated with performance in two tasks that examined different aspects of cognitive flexibility. Given that we did not have a directed hypothesis on striatal GABA effects (and thus considered both a positive and negative association between GABA levels and performance as potentially plausible), it should be noted that correlating the ratio of both neurotransmitters with performance constitutes an exploratory analysis.



A classical experimental approach to measure cognitive flexibility, and the ability to change between different responses in particular, is the task switching paradigm [2,39]. The key finding in these paradigms is that switching between different (usually cued) task rules increases processing/response times (as compared to task rule repetition) [39]. These switch costs likely reflect reconfiguration processes, interference from the previous trial, processes related to attentional shifts, goal retrieval from working memory, and the inhibition of irrelevant task sets [2]. We hypothesized that switch costs are correlated with both striatal and ACC concentrations of Glx and GABA+. Given that switching costs may further increase when task switches have to be prompted by information held in working memory [40], which also depends on fronto-striatal structures [41,42], we hypothesized that correlations between striatal and ACC concentrations of Glx and GABA+ are particularly pronounced when working memory processes are used to trigger task switches. Overall, task switching processes and possible modulatory effects of working memory are examined in the first experiment of this study.



Another important mechanism is the inhibitory control required to suppress the no-longer-relevant task set when switching from one task to another [43,44]. It can be examined with the “backward inhibition task” [44]. In this paradigm, task rules are switched each trial and the backward inhibition (BI) effect reflects the cost of reactivating a previously inhibited task set, thus reflecting the strength of the initial inhibition. As a consequence, responses are slower and less accurate when the task rule of the n-2 trial has to be reactivated in the nth trial (as opposed to when there are three different task rules in trials n, n-1, and n-2). Specifically, the backward inhibition (BI) effect measures the effect of the task set inhibition exerted during the n-1 trial on the n-2 trial. When inhibition is strong, costs to overcome this inhibition are high. Therefore, a strong BI effect impedes task performance as it diminishes the ability to perform a previously inhibited task when it becomes relevant again [45]. The BI paradigm is the second experiment of this study. As previous findings suggest that striatal GABA+ plays an important role in response inhibition [29,30], we hypothesized that striatal and ACC concentrations of GABA+ and Glx are correlated with the BI effect. Specifically, the BI effect should be smaller when striatal and ACC concentrations of GABA+ and Glx are high.



To summarize, the current study provides a thorough investigation of the role of striatal and ACC concentrations of GABA and glutamatergic processes for different facets of cognitive flexibility.




2. Materials and Methods


2.1. Study Design


2.1.1. Experimental Subjects and Ethical Approval


For this study, we recruited healthy young participants from the local university (TU Dresden) using the following inclusion and exclusion criteria: age between 18 and 32, normal or corrected-to-normal vision, no reported history of psychiatric or neurologic disease, no developmental disorders or disorders that might interfere with normal brain functioning, and no medication affecting the CNS. Participants provided written informed consent before starting the experiment and received EUR 40 as a reimbursement for their participation. The study was approved by the ethics committee of TU Dresden (under the running/project number EK420092015) and conducted in accordance with the declaration of Helsinki [46]. We recruited N = 60 participants, but as one participant failed to present for the MRS appointment, the initial sample consisted of N = 59 participants.




2.1.2. Experimental Design and Procedures


Depending on personal bedtime preferences, each participant underwent MRS of the striatum and ACC within three hours after getting up in the morning (starting times varied from 08:00 to 13:00) in order to minimize potential circadian differences. The MRS data collection took about 90 min. As MRS is used to quantify the overall amount of neurotransmitters in a region of interest (and not their release), participants did not have to perform any task during MRS and were simply told to “relax and wait”. Afterward, they were taken to the EEG lab, where they filled in a sociodemographic questionnaire while the EEG cap was put on their heads. Lastly, they performed the two switching tasks reported below, as well as a Simon Nogo task [47] and a mental rotation task [48]. Please note that those other two tasks assess functionally different concepts and have therefore not yet been analyzed or published. Also, please note that we decided against analyzing the effect of neurotransmitter concentrations on the available EEG data, as we had not found any effects on the behavioral data and thus expected a heightened likelihood of false positives or functionally meaningless epiphenomena, had we done so.





2.2. MRS Data Acquisition and Quantification


All scanning was conducted using a 3T Prisma scanner (Siemens Healthineers, Erlangen, Germany) with a 32-channel (receive only) headcoil. All MRS acquisition protocols were identical to what we used in a previous study of our group [49]. Details of the procedure are provided in the Supplementary Materials. For each of these brain regions, separate voxels of interest (VOIs) were individually positioned. The VOI used for the ACC was 20 × 30 × 60 mm in size and placed over the midline. It covered large parts of the ACC and included only small fractions outside of the ACC (see Figure 1). Additionally, two separate 30 × 30 × 30 mm VOIs were used for the left and right striatum, respectively. Unlike the ACC VOI, the striatal VOIs also included considerable fractions of adjacent structures, but given that a sufficiently large voxel of 30 × 30 × 30 mm is needed to obtain a reliable quantification of GABA+ [50], this was inevitable. When placing the striatal VOIs, we attempted to include as much as possible of the anterior and dorsal striatum (which are most important for response selection) and the putamen (which also receives motor and sensory input). As the ventral striatum is mainly characterized by limbic inputs, it was not of primary interest in the current study and not included in the striatal VOIs [30,51,52]. As we did not expect any lateralization effects (i.e., differences between the left and right striatum), the data obtained from these two VOIs were later averaged. The positioning and overlap of all three VOIs are depicted in Figure 1.



For the statistical analyses of the obtained data, we used an internal metabolite reference signal, as recommended by Mikkelsen et al. [53]. GABA+ and Glx may be referenced to either tCr or NAA [50,53]. As a result of following this recommendation, the obtained measures used for statistical analyses are ratios (and hence do not have units). Both were obtained by using the corresponding “3T Siemens Edit-off Basis set” on the “edit off” spectra from the same MEGA-PRESS measurement. Yet, it is important that the reference metabolite does not have a systematic relationship with the neurotransmitter of interest and/or the other studied (in our case: behavioral) parameters [53]. In our dataset, only NAA did not significantly correlate with any of the investigated behavioral measures of both tasks (please see results section for details), so we referenced both GABA+ and Glx to NAA only. Lastly, we formed a relative measure by dividing GABA+/NAA by Glx/NAA to obtain a GABA+/Glx ratio. As GABA+ concentrations were lower than Glx concentrations in both assessed brain regions, we corrected for this by multiplying the individual GABA+ values with the factor by which the sample means of each transmitter differed in the respective region.



Different proportions of WM, GM, and CSF in the investigated VOIs could potentially also influence the metabolite levels. Therefore, we additionally quantified the fractions of these three types of tissue using the registration and segmentation functions in the Gannet toolkit (http://www.gabamrs.com/) [54]. As we found no proof of functionally relevant correlations between the fractions of GM/WM/CSF and the levels of GABA+, NAA, and GABA+/NAA in the ACC or in the striatum (please see results section for details), we refrained from controlling for these factors in our analyses.



Lastly, the MRS-derived transmitter and metabolite concentrations used for all analyses reported in the main manuscript were obtained using the recommended default of 0.15 for the DKNTMN parameter in LCModel [55]. Since this parameter allows for a quite flexible baseline curve and might thus account for a large proportion of variance in the obtained GABA+ levels/lead to an underestimation of the GABA+ values, we also explored the possibility of adjusting the DKNTMN parameter to render the baseline less flexible until this adjustment no longer improved the measuring error of GABA+. In our dataset, this was the case at a DKNTMN of 0.45. We then re-ran all MRS data analyses with the data obtained from LCModel using a DKNTMN of 0.45, essentially obtaining the same pattern of results (see Supplementary Materials). Against this background, we decided to focus on presenting and discussing the values we obtained using the default DKNTMN parameter of 0.15 in the following.




2.3. Experimental Tasks


This section provides an overview of the tasks used in this study. Further details are provided in the Supplementary Materials.



2.3.1. Task Switching Paradigm


In order to investigate the effects of working memory load on cognitive flexibility, we used a switching task similar to that of Gajewski et al. [40], which had already been used in other studies of our group, e.g., [56,57]. The task is illustrated in Figure 2.



The experiment consisted of two distinct blocks: During the cue-based block (the first 198 trials), the presented cues informed the participants which rule was in effect. The order of cues was randomized. In 50 percent of the trials, task rules had to be switched. As a consequence, the participants had to perform a reactive form of task switching in this block, which only required minimal working memory updating (i.e., the activation of the required task rule depending on the presented cue). During the memory-based block (the last 198 trials), participants had to memorize and update a fixed order of task rules in working memory as detailed in the legend to Figure 2, while a dummy cue was presented. Due to the fixed sequence of task rules in this block, two thirds of the trials were repeat trials and one third of the trials were switch trials. As a consequence, the participants had to perform a proactive form of task switching in this block, which required self-initiated working memory updating (i.e., the activation of the required task rule without any help/based on a fixed task rule order).



Accuracy and response times were recorded for behavioral data analyses. In order to minimize the effect of extreme outliers in single trial responses, only trials with RTs between 100 ms and 2000 ms were used to determine mean hit RTs and accuracy.




2.3.2. Backward Inhibition Paradigm


In order to investigate the effects of BI on cognitive flexibility, we used a BI paradigm that was originally introduced by Mayr and Keele [44], and later adapted by Koch et al. [58]. This paradigm was also previously used in other studies of our group (e.g., [59,60]). The task is illustrated in Figure 3.



Each possible combination of cues/task rules and target digits was shown equally often in each block. The order of trials within each block was randomized until it matched the following rules: There were no direct repetitions of either cue or target from trial n-1 to trial n, so two consecutive trials never contained the same cue and/or stimulus. Additionally, target stimuli could not be repeated upon the first recurrence of a given cue (e.g., if the target stimulus “2” was presented with a diamond cue in a given trial, the next trial that also presented the diamond cue could not also contain the stimulus “2”). Lastly, it was required that the 12 possible triplets formed by each trial and its two preceding trials (ABA; ADA; BAB; BDB; DAD; DBD; DBA; BDA; DAB; ADB; BAD; ABD) occurred equally often in each block (±1 triplet for two triplet conditions in each block, as each of the 8 blocks consisted of 32 trials/30 triplets and thus did not allow for each of the triplet conditions to appear exactly twice). Triplets with identical task rules in trial n and n-2 were classified as backward inhibition (BI) triplets. Triplets with non-identical task rules in trial n and n-2 were classified as baseline (BASE) triplets. We only included ABA/BAB as BI triplets and DBA/DAB as BASE triplets in our analyses, as previous research had indicated that those four triplets are most suitable in order to observe the BI effect [58,59].



The accuracy of all three trials of a triplet as well as the response times of the last trial of each included triplet were recorded for behavioral data analyses. In order to minimize the effect of extreme outliers in single trials responses, only triplets with RTs between 100 ms and 2500 ms in the last trial were used to determine mean hit RTs and accuracy. Lastly, it should also be noted that due to only rating triplets with three consecutive responses as correct, the chance level of correct responses was at 12.5% (not 50%) for this paradigm.





2.4. Statistics


In order to ensure that both paradigms yielded the expected task effects, we conducted separate repeated-measures ANOVAs for both accuracy and hit RT measures in both tasks. For the task switching paradigm, we used block (cue vs. memory) and condition (switch vs. repeat) as within-subject factors. Additionally, we calculated the switching effect (switch minus repeat) for both blocks separately and used these measures for post hoc tests as well as correlation analyses (see below). For the BI paradigm, we used condition (BI vs. BASE) as the within-subject factor. Additionally, we calculated the BI effect (BI minus BASE) and used this measure for correlation analyses (see below). Greenhouse–Geisser corrections were applied whenever necessary. Post hoc tests did not undergo Bonferroni correction. Descriptive data are given as the mean and standard error of the mean (SEM).



To ensure that any correlations observed between the assessed transmitters and behavioral levels were indeed due to variations in the investigated transmitter (and not the reference metabolite), we started the MRS analyses by correlating absolute tCr and NAA concentrations (i.U.) and behavioral measures. To assess whether MRS-assessed transmitter levels correlated with the performance in the investigated tasks, we then performed linear correlation analyses as well as multiple linear regression analyses with the NAA-referenced MRS values as independent measures and each single behavioral measure as separate dependent variables.



Because non-significant results obtained in regular parametric testing (including linear correlation analyses) do not allow for reliable statements on whether or not the null hypothesis is more likely to be true than the alternative hypothesis, we additionally conducted Bayesian linear correlation analyses for non-significant results.





3. Results


3.1. Exclusion of Participants and Outlier Values


After collecting the data, we inspected the MRS data and excluded n = 4 participants from subsequent data analyses due to the lack of usable MRS data and deleted extreme outlier values/bad MRS data in n = 11 participants (but kept the other/non-outlier values of those n = 11 participants and still included them in the analyses reported below). We also inspected the behavioral performance data and excluded n = 2 participants from the task switching paradigm analyses due to extreme (low) outliers in accuracy rates and excluded n = 4 participants from the backward inhibition paradigm analyses due to the lack of participation, outlier (high) reaction times, or outlier (low) accuracy. Further details are provided in the Supplementary Materials.



3.1.1. Task Switching Paradigm: Sample Characterization


On average, the analyzed n = 54 participants (30 of them female) were 24.7 ± 0.5 years old (range 18–32).




3.1.2. Task Switching Paradigm: Behavioral Data


The ANOVA for accuracy revealed a significant effect of condition (F(1,53) = 4.961, p = 0.030, η2p = 0.086), η2p with more correct responses in repeat trials (95.74% ± 0.39) than in switch trials (95.09% ± 0.51). There was no significant main effect of block (F(1,53) = 3.983, p = 0.051, η2p = 0.070), or interaction between block and condition (F(1,53) = 1.578, p = 0.215, η2p = 0.029).



The ANOVA for RTs revealed a main effect of block (F(1,53) = 5.660, p = 0.021, η2p = 0.096), with lower RTs in the cue block (696 ms ± 18) than in the memory block (725 ms ± 20). There was also a main effect of condition (F(1,53) = 76.750, p < 0.001, η2p = 0.592), with faster RTs in repeat trials (679 ms ± 17) than in switch trials (742 ms ± 20). Moreover, there was a significant interaction between block and condition (F(1,53) = 24.533, p < 0.001, η2p = 0.316). Post hoc dependent-sample t-tests revealed that for switch trials, RTs were higher in the memory condition (771 ms ± 23) than in the cue condition (713 ms ± 20) (t(53) = 3.557, p < 0.001). There was no such significant block difference for repeat trials (t(53) = 0.151, p = 0.880). Further post hoc paired t-tests showed that while the switching effect (i.e., the condition effect) was significant in both blocks (all p < 0.001), the condition difference (switch minus repeat) was significantly greater in the memory block (91 ms ± 11) than in the cue block (35 ms ± 7) (t(53) = 4.953, p < 0.001).



Exploratory add-on analyses of the behavioral data with sex as an additional between-subjects factor did not reveal any significant effects of this factor (for details, please refer to the Supplementary Materials).




3.1.3. Task Switching Paradigm: MRS Measures


To ensure that any (potential) correlations observed between the assessed transmitters and behavioral levels was indeed due to variations in the transmitter of question (and not the reference metabolite), we started the MRS analyses by correlating absolute tCr and NAA concentrations derived from the MEGA-PRESS “edit off” spectrum with the behavioral measures. This revealed significant correlations of the absolute tCr values with some of the behavioral measures in the task switching paradigm: The ACC absolute tCr significantly correlated with the RT switching effect in the memory condition (i.e., memory/switch minus memory/repetition; r = 0.304, p = 0.029) and add-on Bayesian analyses provided anecdotal evidence in favor of the alternative hypothesis (BF01 = 0.852). All other correlations between absolute tCr and behavioral values were non-significant (all p ≥ 0.051; all BF01 ≥ 1.405). Given this weak evidence, we consider the observed correlation to most likely be incidental/a false positive. In order to avoid accidentally biasing the analyses, it is however important to not reference the transmitters of interest to tCr in this case. In contrast to this, NAA reference values did not significantly correlate with any behavioral measure in the task switching paradigm (all p ≥ 0.057) and all Bayesian analyses for the NAA correlations were more in favor of the null hypothesis than of the alternative hypothesis (all BF01 ≥ 1.511). Based on this, we decided to reference Glx and GABA+ to NAA for the following analyses.



We furthermore checked whether differences in the fractions of grey matter (GM), white matter (WM), and cerebrospinal fluid (CSF) in the voxels correlated with the NAA-referenced neurotransmitter levels or the GABA+/Glx ratio. Doing so, we found no significant correlations (all p ≥ 0.105). For all of these non-significant correlations, there was more evidence for the null hypothesis than for the alternative hypothesis (all BF01 ≥ 2.375). Given these results, it was not necessary to correct for differences in VOI composition.



To investigate whether MRS-assessed transmitter levels correlated with performance in the task switching paradigm, we ran linear correlation analyses. They revealed a significant correlation between GABA+/Glx in the ACC and hit RTs of switch trials in the memory block (r = −0.310; p = 0.034). Still, an add-on Bayesian analysis only provided small anecdotal evidence for the alternative hypothesis (BF01 = 0.937). Aside from this effect, there were no other significant correlations between any of the assessed behavioral parameters and GABA+/NAA or Glx/NAA or GABA+/Glx in either the ACC or striatum (all p ≥ 0.127). Of note, the add-on Bayesian analyses for all of the other correlations were also more in favor of the null hypothesis than the alternative hypothesis, even though evidence was sometimes only on an anecdotal level (all BF01 ≥ 2.763). To illustrate this, Figure 4 and Figure 5 depict the correlation between switch costs and the assessed neurotransmitters.



We further performed multiple linear regression analyses with all MRS values as independent and each single behavioral measure as separate dependent variables to further confirm our results of the correlation analyses.



We neither found the GABA+/NAA MRS measures (all p ≥ 0.262, adj. R2 ≤ 0.016), nor the Glx/NAA MRS measures (all p ≥ 0.137, adj. R2 ≤ 0.042), nor the GABA+/Glx ratio measures (all p ≥ 0.140, adj. R2 ≤ 0.045) to be significant predictors for any behavioral measure. Furthermore, additional Bayesian regression analyses indicated that there is at least strong evidence for the null hypothesis compared to the alternative hypothesis for the GABA+/NAA MRS measures (all BF01 ≥ 13.583), and at least substantial evidence for the Glx/NAA MRS measures (all BF01 ≥ 7.426) and for the GABA+/Glx ratio measures (all BF01 ≥ 7.011).




3.1.4. Mayr Switch Paradigm: Sample Characterization


The n = 51 participants (27 female) included in the analyses were 24.7 ± 0.5 years old (range 18–31).




3.1.5. Mayr Switch Paradigm: Behavioral Data


The ANOVA for accuracy revealed no significant effect of condition (F(1,50) = 2.575, p = 0.115, η2p = 0.049). However, the ANOVA for RTs revealed a significant main effect of condition (F(1,50) = 44.819, p < 0.001, η2p = 0.473). As RTs were longer in the backward inhibition (BI) condition (773 ms ± 19) than in the baseline (BASE) condition (735 ms ± 18), this condition difference provides evidence of the typical BI effect. Based on this finding, we decided to only use RTs for the subsequent correlation analyses relating task performance to the obtained MRS measures.



Exploratory add-on analyses of the behavioral data with sex as an additional between-subjects factor did not reveal any significant effects of this factor (for details, please refer to the Supplementary Materials).




3.1.6. Mayr Switch Paradigm: MRS Measures


To ensure that any (potential) correlations observed between the assessed transmitters and behavioral levels was indeed due to variations in the transmitter of question (and not the reference metabolite), we started the MRS analyses by correlating absolute tCr and NAA concentrations and behavioral measures. Those correlation analyses revealed only non-significant results (all p ≥ 0.088) and all Bayesian analyses were more in favor of the null hypothesis than of the alternative hypothesis (all BF01 ≥ 2.151), thus suggesting that there was no meaningful correlation between either tCR or NAA and performance. Against this background, we decided to use NAA-referenced values for further analyses in the BI paradigm as well, as this yields better comparability with the task switching paradigm.



We also correlated GABA+/NAA, Glx/NAA, and the GABA+/Glx ratio with behavioral RT measures. Doing so found no significant correlations between any of the assessed behavioral parameters and GABA+/NAA or Glx/NAA or GABA+/Glx in either the ACC or striatum (all p ≥ 0.118), and add-on Bayesian analyses provided evidence for the null hypothesis (all BF01 ≥ 2.630), even though it was only anecdotal in one case. To illustrate this, Figure 6 depicts the correlation between the BI effect and the assessed neurotransmitters.



We further performed multiple linear regression analyses with the MRS values as independent and each single behavioral measure as separate dependent variables to further confirm our results of the correlation analyses. We neither found the GABA+/NAA MRS measures (all p ≥ 0.433, adj. R2 ≤ 0.007), nor the Glx/NAA MRS measures (all p ≥ 0.297, adj. R2 ≤ −0.011), nor the GABA+/Glx ratio measures (all p ≥ 0.681, adj. R2 ≤ −0.030) to be significant predictors of any behavioral measure. Further Bayesian regression analyses were also more in favor of the null hypothesis than of the alternative hypothesis and indicated that there was at least strong evidence for the null hypothesis for the GABA+/NAA MRS measures (all BF01 ≥ 20.977) and the Glx/NAA MRS measures (all BF01 ≥ 15.040), and at least very strong evidence for the GABA+/Glx ratio measures (all BF01 ≥ 31.387).





3.2. Summary of Main Results


Taken together, we found typical task effects (i.e., evidence for the switching effect and the BI effect), but the data did not confirm our hypotheses that GABA+ levels, Glx levels, or their ratio in the ACC or striatum correlate with task switching performance, or with BI: correlation analyses did not reveal significant correlations of either transmitter, or their ratio, with any of the relevant behavioral measures, except for a single correlation between GABA+/Glx in the ACC and response times in switch trials in the memory block of the switching task. Yet, it needs to be noticed that this result was obtained without correcting for multiple testing and Bayesian analyses failed to provide convincing evidence for the alternative hypothesis being true. As GABA+ and Glx levels as well as their ratio also did not predict any of the behavioral measures in the subsequent multiple linear regression analyses, we deem it safe to state that we found no functionally relevant effects.





4. Discussion


The goal of the current study was to examine the role of the striatal and ACC concentrations of GABA and glutamate for different facets of cognitive flexibility. To this end, we performed MRS to examine structure-specific GABA+ and Glx levels, as well as their ratio. Behavioral data obtained from two cognitive flexibility tasks (a cue- vs. memory-based task switching paradigm as well as a BI paradigm) were correlated with the MRS data. For both paradigms, the behavioral data replicated well-known task-related effects, that is, higher switch costs for memory-based than for cue-based task switching (paradigm 1) and a clear BI effect (paradigm 2). We also found that the memory block of the task switching paradigm, which requires proactive switching, resulted in slower but more accurate responses than the cue block, which requires reactive switching. However, almost all of the examined behavioral parameters, including measures for the switching effect and the BI effect, were not correlated with striatal or ACC concentrations of GABA+ and Glx, or their ratio. Add-on Bayesian analysis further substantiated that the evidence for the null hypothesis (i.e., no correlation between GABA+, or Glx, or their ratio with behavioral performance) was greater than that for the alternative hypothesis in all but one case. Complementing this picture, the only correlation that turned out significant would not have survived corrections for multiple testing, could not be substantiated in add-on Bayesian testing, and was not confirmed by subsequent regression analyses. Taken together, these data suggest that in healthy young adults, GABA+ and Glx levels do not seem to affect task-switching performance and BI—at least not in a significant linear manner.



We focused our examination on the striatum as theoretical considerations and computational accounts had previously demonstrated striatal GABAergic and glutamatergic modulation to be central for response selection [12,12,14,15,16,17,18,19,26]. Similarly, the ACC’s GABA system had previously been shown to be crucial for discriminating between specific inputs, thereby allowing for efficient response execution [36]. Switch costs can emerge as a consequence of different processes [2]. Some findings suggest that processes of response execution or processes in the cascade of motor response preparation and execution might have a major impact on switch costs [61,62,63,64,65,66,67]. Still, there is an intense debate about the relative importance of “cognitive” and “motor” aspects for the emergence of switch costs [66]. If motor aspects were (most) relevant, neurotransmitter variations in functionally relevant neuroanatomical structures, that are well known to modulate motor response selection processes [28,29,38], should have been associated with switch costs. Given that this was clearly not the case for the striatum and the data obtained for the anterior cingulate cortex also did not sufficiently support this assumption, it may be concluded that motor re-programming processes are less important for switch costs than previously thought.



Based on our findings from the first paradigm (cue- vs. memory-based task switching), it can of course not be ruled out that the concentration of the GABAergic and glutamatergic system in other brain structures, that were not examined in the current study, may still be relevant. Nevertheless, this is unlikely to be the case for prefrontal areas as fronto-striatal networks have a funnel-like architecture with all prefrontal regions projecting to the basal ganglia [31,32]. In this context, the striatum represents a hub where information from the neocortex converges. The lack of association or modulatory effects suggest that GABA+ and Glx levels in fronto-striatal networks are irrelevant for processes of cognitive flexibility. Of note, previous studies that used a comparable MRS approach and reported an association between striatal GABA+ concentrations and cognitive control functions found these associations in experimental paradigms with a clear motor control component; i.e., a Go/Nogo response inhibition task [29,38] and a Simon task [28]. Therefore, the most likely theoretical implication of the current findings is that motor-related processes, which are known to depend on GABA levels in the investigated brain regions, seem to be less important for switch costs than other processes, which are not directly linked to motor response inhibition.



Corroborating this interpretation, the data from the BI experiment suggest that (non-motor) “inhibitory control” processes, although relevant for cognitive flexibility [2,44], are also not associated with striatal or ACC concentrations of GABA+, or with striatal concentrations of Glx. And while we found a single correlation between ACC concentrations of glutamate and the BI effect, this finding was nothing more than anecdotal and cannot in good conscience be claimed to provide any reliable evidence for a functional link. At first glance, this lack of effects may seem at odds with previous MRS studies showing the relevance of the striatal and ACC GABA systems for response inhibition [29,38]. Yet, “inhibitory control” is not a single unitary function. It comprises both “behavioral inhibition” and “cognitive inhibition”, which can be functionally dissociated [68]. Behavioral inhibition refers to (i) Response inhibition, which can further be subdivided into postponing, withholding, and cancelling a given action. Moreover, (ii) reversal learning and (iii) delayed gratification also fall under the term of behavioral inhibition [68]. In contrast to this, cognitive inhibition refers to the inhibition of unwanted memories, thoughts, perceptions, and emotions [68]. In the BI task, the “inhibition” component of the task refers to the suppression of task sets, i.e., the effect of the n-2 task set inhibition exerted during the n-1 trial on the n-2 trial [44,45]. It is hence possible that striatal and ACC concentrations of GABA and glutamate are only relevant for “behavioral inhibition” (as assessed in motor tasks like the NoGo paradigm), but do not play a major role in ”cognitive inhibition” (as assessed in cognitive flexibility tasks).



Lastly, it should be noted that the lack of findings in our study mainly refutes the hypothesis that overall concentrations of GABA+ and Glx in the striatum or ACC determine switch costs to a relevant degree. As the method of MRS neither allows for distinguishing between free and vesicular GABA, nor allows for assessing differences in active signaling during task performance (e.g., inter-individual differences in tonic vs. phasic firing patterns, the amount of transmitter release or reuptake, or postsynaptic receptor density), it is still conceivable that differences in any of these factors might be associated with switch costs in the absence of differences in absolute transmitter concentrations. Likewise, it is well possible that other neurotransmitter systems, including different monoamines and especially the dopamine and serotonin system [24,69,70], might play a much more important role than the assessed amino acid transmitters. For example, prefrontal serotonin levels are known to modulate prefrontal input into the striatum [21,24], while dopamine is known to modulate GABAergic signaling in both the striatum [71,72] and the ACC [73,74]. While further research on this nexus is still needed, it has become apparent that dopamine plays a key role in inhibitory aspects of behavioral control and for set shifting, while serotonin appears to be indispensable for cognitive flexibility and noradrenaline is key to attention shifting [24]. While such dopaminergic modulation has been demonstrated to alter the release of GABA and/or the sensitivity of postsynaptic neurons to these transmitters [74,75], it is unlikely to up- or down-regulate the overall levels of GABA or glutamate in these brain areas, and should therefore not be reflected by changes in the assessed MRS-measures, as well. While it is unfortunately impossible to quantify dopamine levels using MRS, it would be interesting to try to investigate the combined effects of functional differences in the storage and release of amino acid and monoaminergic neurotransmitters on both motor and cognitive inhibition in future studies.



Lastly, it is important to discuss evident limitations. As explained in the Methods section, the striatal VOI also included considerable fractions of adjacent structures, but given that a sufficiently large voxel of 30 × 30 × 30 mm is needed to obtain a reliable quantification of GABA+ [50], this was inevitable. Furthermore, it needs to be noted that MRS quantifies the total GABA or glutamate levels together with macromolecules (GABA+) and glutamine (Glx), which may also vary and thus increase the overall variance. Also, MRS cannot selectively identify functional extracellular or synaptic concentrations. This means that changes in transmitter release during task performance cannot be assessed. So, even though the MRS cannot be assessed “online” (i.e., during task performance), due to the duration of the measurement, it should still provide an insight into the current state during task performance, as the MRS was assessed in close temporal proximity. It is hence possible that the quantification of synaptic concentrations or receptor densities with different methods (e.g., PET) might have yielded different results. Concerning the task design, it would likely be advisable to control for the number of repeat vs. switch trials in the cue vs. memory block in the task switching paradigm in order to be able to exclude potential differences as factors contributing to the observed block differences. Given that the ratio of GABA+ to glutamate (as well as fronto-striatal connectivity) is known to change with age, especially from childhood and adolescence to adulthood [76], it would furthermore be interesting to investigate whether our findings also hold true in healthy underaged samples. Furthermore, it needs to be noted that the vast majority of our participants were students/had higher education. Given that task switching abilities have been identified as a predictor of academic success (with better task switching being associated with better academic performance later in life) [77], our sample might have been characterized by above-average task switching performance and, as a consequence, have been less varied than in a more representative population sample.




5. Conclusions


In summary, the study shows that striatal/ACC concentrations of GABA+ and Glx do not seem to modulate cognitive flexibility as examined by two different experimental paradigms, assessing cue- vs. working-memory-based task switching and BI. These findings have major implications for cognitive theory and neurobiology, because they suggest that behavioral and cognitive inhibition are not only functionally distinct faculties, but also depend on (at least partly) different brain structures and neurotransmitter systems. While motor response inhibition has been previously demonstrated to be modulated by ACC and striatal GABA levels, our findings suggest that the cognitive inhibition required for successful switching is not, or at least to a much lesser degree. Further combined fMRI, MRS, and PET studies will be needed to investigate the functional and neurobiochemical differences between response inhibition and cognitive inhibition in order to better understand the dissociation between those behaviorally/cognitively related, yet neurobiologically different, functions.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/brainsci13081192/s1, Figure S1: Overlay of the spectra of all included participants for all three VOIs. Upper graph: ACC VOI. Middle graph: left striatum VOI. Lower graph: right striatum VOI. The grey bar in each graph. Figure S2: ACC model fit. Representative LCModel fit of MEGA-PRESS for the ACC in a single exemplary participant. Upper graph black curve: Residual curve (depicting the difference between the fitted and the measured curves). Lower graph red curve: Fitted curve. Lower graph black curve: Measured curve. Lower graph grey curve: Baseline curve. Right panel: Positioning of the voxel of interest in the exemplary participant. Figure S3: Striatal model fit. Representative LCModel fit of MEGA-PRESS for the striatum in a single exemplary participant. Upper graph black curve: Residual curve (depicting the difference between the fitted and the measured curves). Lower graph red curve: Fitted curve. Lower graph black curve: Measured curve. Lower graph grey curve: Baseline curve. Right panel: Positioning of the voxel of interest in the exemplary participant highlights the GABA peak(s). References [78,79,80,81] were cited in the Supplementary Materials.





Author Contributions


Conceptualization, A.-K.S., C.B., A.W. and B.B.Q.; methodology, A.-K.S., A.W. and P.K.; formal analysis, A.-K.S., A.W., P.K., M.-S.P., W.B., N.Z. and A.H.K.; investigation, A.-K.S., A.W., W.B. and N.Z.; data curation, A.-K.S., A.W., P.K., M.-S.P., W.B., N.Z. and A.H.K.; writing—original draft preparation, A.-K.S., A.W., P.K., M.-S.P. and A.H.K.; writing—review and editing, all authors; visualization, A.-K.S., A.W., P.K., M.-S.P. and A.H.K.; supervision, A.-K.S., C.B. and B.B.Q.; project administration, A.-K.S. and C.B.; funding acquisition, A.-K.S., C.B. and B.B.Q. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by a grant from the Deutsche Forschungsgemeinschaft (DFG) SFB 940 B08 and TRR 265 B07 to A.-K.S. and C.B., BE4045/34-1 to C.B., and by a grant from the Schweizerischer Nationalfonds zur Förderung der wissenschaftlichen Forschung 3200330L_179415/1 to B.B.Q.




Institutional Review Board Statement


The study was conducted in accordance with the Declaration of Helsinki and approved by the Ethics Committee of the TU Dresden (EK420092015; approved 14 January 2016).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


The datasets used and/or analyzed during the current study are available from the corresponding author on reasonable request.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.




References


	



Diamond, A. Executive Functions. Annu. Rev. Psychol. 2013, 64, 135–168. [Google Scholar] [CrossRef]

	



Kiesel, A.; Steinhauser, M.; Wendt, M.; Falkenstein, M.; Jost, K.; Philipp, A.M.; Koch, I. Control and Interference in Task Switching—A Review. Psychol. Bull. 2010, 136, 849–874. [Google Scholar] [CrossRef]

	



Kehagia, A.A.; Barker, R.A.; Robbins, T.W. Revisiting the Effects of Parkinson’s Disease and Frontal Lobe Lesions on Task Switching: The Role of Rule Reconfiguration. J. Neuropsychol. 2014, 8, 53–74. [Google Scholar] [CrossRef]

	



Langley, C.; Gregory, S.; Osborne-Crowley, K.; O’Callaghan, C.; Zeun, P.; Lowe, J.; Johnson, E.B.; Papoutsi, M.; Scahill, R.I.; Rees, G.; et al. Fronto-Striatal Circuits for Cognitive Flexibility in Far from Onset Huntington’s Disease: Evidence from the Young Adult Study. J. Neurol. Neurosurg. Psychiatry 2020, 92, 143–149. [Google Scholar] [CrossRef]

	



Marquardt, K.; Josey, M.; Kenton, J.A.; Cavanagh, J.F.; Holmes, A.; Brigman, J.L. Impaired Cognitive Flexibility Following NMDAR-GluN2B Deletion Is Associated with Altered Orbitofrontal-Striatal Function. Neuroscience 2019, 404, 338–352. [Google Scholar] [CrossRef]

	



Petruo, V.A.; Zeißig, S.; Schmelz, R.; Hampe, J.; Beste, C. Specific Neurophysiological Mechanisms Underlie Cognitive Inflexibility in Inflammatory Bowel Disease. Sci. Rep. 2017, 7, 13943. [Google Scholar] [CrossRef]

	



Trempler, I.; Schiffer, A.-M.; El-Sourani, N.; Ahlheim, C.; Fink, G.R.; Schubotz, R.I. Frontostriatal Contribution to the Interplay of Flexibility and Stability in Serial Prediction. J. Cogn. Neurosci. 2017, 29, 298–309. [Google Scholar] [CrossRef]

	



Vaghi, M.M.; Vértes, P.E.; Kitzbichler, M.G.; Apergis-Schoute, A.M.; van der Flier, F.E.; Fineberg, N.A.; Sule, A.; Zaman, R.; Voon, V.; Kundu, P.; et al. Specific Frontostriatal Circuits for Impaired Cognitive Flexibility and Goal-Directed Planning in Obsessive-Compulsive Disorder: Evidence from Resting-State Functional Connectivity. Biol. Psychiatry 2017, 81, 708–717. [Google Scholar] [CrossRef]

	



Van Schouwenburg, M.R.; Onnink, A.M.H.; ter Huurne, N.; Kan, C.C.; Zwiers, M.P.; Hoogman, M.; Franke, B.; Buitelaar, J.K.; Cools, R. Cognitive Flexibility Depends on White Matter Microstructure of the Basal Ganglia. Neuropsychologia 2014, 53, 171–177. [Google Scholar] [CrossRef]

	



Redgrave, P.; Vautrelle, N.; Reynolds, J.N.J. Functional Properties of the Basal Ganglia’s Re-Entrant Loop Architecture: Selection and Reinforcement. Neuroscience 2011, 198, 138–151. [Google Scholar] [CrossRef]

	



Redgrave, P.; Rodriguez, M.; Smith, Y.; Rodriguez-Oroz, M.C.; Lehericy, S.; Bergman, H.; Agid, Y.; DeLong, M.R.; Obeso, J.A. Goal-Directed and Habitual Control in the Basal Ganglia: Implications for Parkinson’s Disease. Nat. Rev. Neurosci. 2010, 11, 760–772. [Google Scholar] [CrossRef]

	



Redgrave, P.; Prescott, T.J.; Gurney, K. The Basal Ganglia: A Vertebrate Solution to the Selection Problem? Neuroscience 1999, 89, 1009–1023. [Google Scholar] [CrossRef]

	



Bolam, J.P.; Hanley, J.J.; Booth, P.A.; Bevan, M.D. Synaptic Organisation of the Basal Ganglia. J. Anat. 2000, 196 Pt 4, 527–542. [Google Scholar] [CrossRef]

	



Plenz, D. When Inhibition Goes Incognito: Feedback Interaction between Spiny Projection Neurons in Striatal Function. Trends Neurosci. 2003, 26, 436–443. [Google Scholar] [CrossRef]

	



Beste, C.; Humphries, M.; Saft, C. Striatal Disorders Dissociate Mechanisms of Enhanced and Impaired Response Selection—Evidence from Cognitive Neurophysiology and Computational Modelling. NeuroImage Clin. 2014, 4, 623–634. [Google Scholar] [CrossRef]

	



Gurney, K.; Prescott, T.J.; Redgrave, P. A Computational Model of Action Selection in the Basal Ganglia. II. Analysis and Simulation of Behaviour. Biol. Cybern. 2001, 84, 411–423. [Google Scholar] [CrossRef]

	



Gurney, K.; Prescott, T.J.; Wickens, J.R.; Redgrave, P. Computational Models of the Basal Ganglia: From Robots to Membranes. Trends Neurosci. 2004, 27, 453–459. [Google Scholar] [CrossRef]

	



Humphries, M.D.; Stewart, R.D.; Gurney, K.N. A Physiologically Plausible Model of Action Selection and Oscillatory Activity in the Basal Ganglia. J. Neurosci. 2006, 26, 12921–12942. [Google Scholar] [CrossRef]

	



Tomkins, A.; Vasilaki, E.; Beste, C.; Gurney, K.; Humphries, M.D. Transient and Steady-State Selection in the Striatal Microcircuit. Front. Comput. Neurosci. 2014, 7, 192. [Google Scholar] [CrossRef]

	



Bar-Gad, I.; Morris, G.; Bergman, H. Information Processing, Dimensionality Reduction and Reinforcement Learning in the Basal Ganglia. Prog. Neurobiol. 2003, 71, 439–473. [Google Scholar] [CrossRef]

	



Clarke, H.F.; Dalley, J.W.; Crofts, H.S.; Robbins, T.W.; Roberts, A.C. Cognitive Inflexibility after Prefrontal Serotonin Depletion. Science 2004, 304, 878–880. [Google Scholar] [CrossRef]

	



Lapiz, M.D.S.; Morilak, D.A. Noradrenergic Modulation of Cognitive Function in Rat Medial Prefrontal Cortex as Measured by Attentional Set Shifting Capability. Neuroscience 2006, 137, 1039–1049. [Google Scholar] [CrossRef]

	



Crofts, H.S.; Dalley, J.W.; Collins, P.; Van Denderen, J.C.; Everitt, B.J.; Robbins, T.W.; Roberts, A.C. Differential Effects of 6-OHDA Lesions of the Frontal Cortex and Caudate Nucleus on the Ability to Acquire an Attentional Set. Cereb. Cortex 2001, 11, 1015–1026. [Google Scholar] [CrossRef]

	



Kehagia, A.A.; Murray, G.K.; Robbins, T.W. Learning and Cognitive Flexibility: Frontostriatal Function and Monoaminergic Modulation. Curr. Opin. Neurobiol. 2010, 20, 199–204. [Google Scholar] [CrossRef]

	



Tepper, J.M.; Bolam, J.P. Functional Diversity and Specificity of Neostriatal Interneurons. Curr. Opin. Neurobiol. 2004, 14, 685–692. [Google Scholar] [CrossRef]

	



Calabresi, P.; Centonze, D.; Gubellini, P.; Marfia, G.A.; Pisani, A.; Sancesario, G.; Bernardi, G. Synaptic Transmission in the Striatum: From Plasticity to Neurodegeneration. Prog. Neurobiol. 2000, 61, 231–265. [Google Scholar] [CrossRef]

	



Beste, C.; Saft, C.; Güntürkün, O.; Falkenstein, M. Increased Cognitive Functioning in Symptomatic Huntington’s Disease as Revealed by Behavioral and Event-Related Potential Indices of Auditory Sensory Memory and Attention. J. Neurosci. 2008, 28, 11695–11702. [Google Scholar] [CrossRef]

	



Haag, L.; Quetscher, C.; Dharmadhikari, S.; Dydak, U.; Schmidt-Wilcke, T.; Beste, C. Interrelation of Resting State Functional Connectivity, Striatal GABA Levels, and Cognitive Control Processes. Hum. Brain Mapp. 2015, 36, 4383–4393. [Google Scholar] [CrossRef]

	



Quetscher, C.; Yildiz, A.; Dharmadhikari, S.; Glaubitz, B.; Schmidt-Wilcke, T.; Dydak, U.; Beste, C. Striatal GABA-MRS Predicts Response Inhibition Performance and Its Cortical Electrophysiological Correlates. Brain Struct. Funct. 2015, 220, 3555–3564. [Google Scholar] [CrossRef]

	



Yildiz, A.; Quetscher, C.; Dharmadhikari, S.; Chmielewski, W.; Glaubitz, B.; Schmidt-Wilcke, T.; Edden, R.; Dydak, U.; Beste, C. Feeling Safe in the Plane: Neural Mechanisms Underlying Superior Action Control in Airplane Pilot Trainees--a Combined EEG/MRS Study. Hum. Brain Mapp. 2014, 35, 5040–5051. [Google Scholar] [CrossRef]

	



Chudasama, Y.; Robbins, T.W. Functions of Frontostriatal Systems in Cognition: Comparative Neuropsychopharmacological Studies in Rats, Monkeys and Humans. Biol. Psychol. 2006, 73, 19–38. [Google Scholar] [CrossRef] [PubMed]

	



Middleton, F.A.; Strick, P.L. Basal Ganglia Output and Cognition: Evidence from Anatomical, Behavioral, and Clinical Studies. Brain Cogn. 2000, 42, 183–200. [Google Scholar] [CrossRef]

	



Parvizi, J. Corticocentric Myopia: Old Bias in New Cognitive Sciences. Trends Cogn. Sci. 2009, 13, 354–359. [Google Scholar] [CrossRef] [PubMed]

	



Bernácer, J.; Prensa, L.; Giménez-Amaya, J.M. Distribution of GABAergic Interneurons and Dopaminergic Cells in the Functional Territories of the Human Striatum. PLoS ONE 2012, 7, e30504. [Google Scholar] [CrossRef] [PubMed]

	



Whissell, P.D.; Cajanding, J.D.; Fogel, N.; Kim, J.C. Comparative Density of CCK- and PV-GABA Cells within the Cortex and Hippocampus. Front. Neuroanat. 2015, 9, 124. [Google Scholar] [CrossRef] [PubMed]

	



Adams, N.E.; Sherfey, J.S.; Kopell, N.J.; Whittington, M.A.; LeBeau, F.E.N. Hetereogeneity in Neuronal Intrinsic Properties: A Possible Mechanism for Hub-Like Properties of the Rat Anterior Cingulate Cortex during Network Activity. eNeuro 2017, 4. [Google Scholar] [CrossRef]

	



Levar, N.; Van Doesum, T.J.; Denys, D.; Van Wingen, G.A. Anterior Cingulate GABA and Glutamate Concentrations Are Associated with Resting-State Network Connectivity. Sci. Rep. 2019, 9, 2116. [Google Scholar] [CrossRef]

	



Silveri, M.M.; Sneider, J.T.; Crowley, D.J.; Covell, M.J.; Acharya, D.; Rosso, I.M.; Jensen, J.E. Frontal Lobe γ-Aminobutyric Acid Levels during Adolescence: Associations with Impulsivity and Response Inhibition. Biol. Psychiatry 2013, 74, 296–304. [Google Scholar] [CrossRef]

	



Monsell, S. Task Switching. Trends Cogn. Sci. 2003, 7, 134–140. [Google Scholar] [CrossRef]

	



Gajewski, P.D.; Hengstler, J.G.; Golka, K.; Falkenstein, M.; Beste, C. The Met-Allele of the BDNF Val66Met Polymorphism Enhances Task Switching in Elderly. Neurobiol. Aging 2011, 32, 2327.e7–2327.e19. [Google Scholar] [CrossRef]

	



D’Esposito, M.; Postle, B.R. The Cognitive Neuroscience of Working Memory. Annu. Rev. Psychol. 2015, 66, 115–142. [Google Scholar] [CrossRef] [PubMed]

	



Panegyres, P.K. The Contribution of the Study of Neurodegenerative Disorders to the Understanding of Human Memory. QJM 2004, 97, 555–567. [Google Scholar] [CrossRef] [PubMed]

	



Dajani, D.R.; Uddin, L.Q. Demystifying Cognitive Flexibility: Implications for Clinical and Developmental Neuroscience. Trends Neurosci. 2015, 38, 571–578. [Google Scholar] [CrossRef] [PubMed]

	



Mayr, U.; Keele, S.W. Changing Internal Constraints on Action: The Role of Backward Inhibition. J. Exp. Psychol. Gen. 2000, 129, 4–26. [Google Scholar] [CrossRef]

	



Allport, A.; Styles, E.A.; Hsieh, S. Shifting Intentional Set: Exploring the Dynamic Control of Task. In Attention and Performance XV: Conscious and Nonconscious Information Processing; Umiltà, C., Moscovitch, M., Eds.; MIT Press: Cambridge, MA, USA, 1994; pp. 421–452. [Google Scholar]

	



World Medical Association. World Medical Association Declaration of Helsinki: Ethical Principles for Medical Research Involving Human Subjects. JAMA 2013, 310, 2191–2194. [Google Scholar] [CrossRef]

	



Chmielewski, W.X.; Beste, C. Testing Interactive Effects of Automatic and Conflict Control Processes during Response Inhibition—A System Neurophysiological Study. Neuroimage 2017, 146, 1149–1156. [Google Scholar] [CrossRef]

	



Heil, M. The Functional Significance of ERP Effects during Mental Rotation. Psychophysiology 2002, 39, 535–545. [Google Scholar] [CrossRef]

	



Bensmann, W.; Zink, N.; Werner, A.; Beste, C.; Stock, A.-K. Acute Alcohol Effects on Response Inhibition Depend on Response Automatization, but Not on GABA or Glutamate Levels in the ACC and Striatum. J. Clin. Med. 2020, 9, 481. [Google Scholar] [CrossRef]

	



Mikkelsen, M.; Barker, P.B.; Bhattacharyya, P.K.; Brix, M.K.; Buur, P.F.; Cecil, K.M.; Chan, K.L.; Chen, D.Y.-T.; Craven, A.R.; Cuypers, K.; et al. Big GABA: Edited MR Spectroscopy at 24 Research Sites. Neuroimage 2017, 159, 32–45. [Google Scholar] [CrossRef]

	



Gerfen, C.R.; Bolam, J.P. The Neuroanatomical Organization of the Basal Ganglia. In Handbook of Basal Ganglia Structure and Function; Steiner, H., Tseng, K.-Y., Eds.; Elsevier/Academic Press: Amsterdam, The Netherlands, 2010; pp. 3–28. [Google Scholar]

	



Iversen, L.L. Dopamine Handbook; Oxford University Press: Oxford, UK, 2010; ISBN 978-0-19-537303-5. [Google Scholar]

	



Mikkelsen, M.; Rimbault, D.L.; Barker, P.B.; Bhattacharyya, P.K.; Brix, M.K.; Buur, P.F.; Cecil, K.M.; Chan, K.L.; Chen, D.Y.-T.; Craven, A.R.; et al. Big GABA II: Water-Referenced Edited MR Spectroscopy at 25 Research Sites. Neuroimage 2019, 191, 537–548. [Google Scholar] [CrossRef]

	



Edden, R.A.E.; Puts, N.A.J.; Harris, A.D.; Barker, P.B.; Evans, C.J. Gannet: A Batch-Processing Tool for the Quantitative Analysis of Gamma-Aminobutyric Acid–Edited MR Spectroscopy Spectra. J. Magn. Reson. Imaging 2014, 40, 1445–1452. [Google Scholar] [CrossRef] [PubMed]

	



Marjańska, M.; Terpstra, M. Influence of Fitting Approaches in LCModel on MRS Quantification Focusing on Age-Specific Macromolecules and the Spline Baseline. NMR Biomed. 2021, 34, e4197. [Google Scholar] [CrossRef] [PubMed]

	



Wolff, N.; Gussek, P.; Stock, A.-K.; Beste, C. Effects of High-Dose Ethanol Intoxication and Hangover on Cognitive Flexibility. Addict. Biol. 2018, 23, 503–514. [Google Scholar] [CrossRef] [PubMed]

	



Wolff, N.; Mückschel, M.; Ziemssen, T.; Beste, C. The Role of Phasic Norepinephrine Modulations during Task Switching: Evidence for Specific Effects in Parietal Areas. Brain Struct. Funct. 2017, 223, 925–940. [Google Scholar] [CrossRef]

	



Koch, I.; Gade, M.; Philipp, A.M. Inhibition of Response Mode in Task Switching. Exp. Psychol. 2004, 51, 52–58. [Google Scholar] [CrossRef]

	



Zhang, R.; Stock, A.-K.; Fischer, R.; Beste, C. The System Neurophysiological Basis of Backward Inhibition. Brain Struct. Funct. 2016, 221, 4575–4587. [Google Scholar] [CrossRef]

	



Zink, N.; Bensmann, W.; Arning, L.; Stock, A.-K.; Beste, C. CHRM2 Genotype Affects Inhibitory Control Mechanisms During Cognitive Flexibility. Mol. Neurobiol. 2019, 56, 6134–6141. [Google Scholar] [CrossRef]

	



Koch, I.; Philipp, A.M. Effects of Response Selection on the Task Repetition Benefit in Task Switching. Mem. Cogn. 2005, 33, 624–634. [Google Scholar] [CrossRef]

	



Philipp, A.M.; Jolicoeur, P.; Falkenstein, M.; Koch, I. Response Selection and Response Execution in Task Switching: Evidence from a Go-Signal Paradigm. J. Exp. Psychol. Learn. Mem. Cogn. 2007, 33, 1062. [Google Scholar] [CrossRef]

	



Schuch, S.; Koch, I. The Role of Response Selection for Inhibition of Task Sets in Task Shifting. J. Exp. Psychol. Hum. Percept. Perform. 2003, 29, 92–105. [Google Scholar] [CrossRef]

	



Steinhauser, M.; Hübner, R. Response-Based Strengthening in Task Shifting: Evidence from Shift Effects Produced by Errors. J. Exp. Psychol. Hum. Percept. Perform. 2006, 32, 517. [Google Scholar] [CrossRef] [PubMed]

	



Steinhauser, M.; Hübner, R. How Task Errors Affect Subsequent Behavior: Evidence from Distributional Analyses of Task-Switching Effects. Mem. Cogn. 2008, 36, 979–990. [Google Scholar] [CrossRef]

	



Vandierendonck, A.; Liefooghe, B.; Verbruggen, F. Task Switching: Interplay of Reconfiguration and Interference Control. Psychol. Bull. 2010, 136, 601. [Google Scholar] [CrossRef] [PubMed]

	



Verbruggen, F.; Liefooghe, B.; Szmalec, A.; Vandierendonck, A. Inhibiting Responses When Switching: Does It Matter? Exp. Psychol. 2005, 52, 125–130. [Google Scholar] [CrossRef] [PubMed]

	



Bari, A.; Robbins, T.W. Inhibition and Impulsivity: Behavioral and Neural Basis of Response Control. Prog. Neurobiol. 2013, 108, 44–79. [Google Scholar] [CrossRef] [PubMed]

	



Arnsten, A.F.T. Catecholamine Influences on Dorsolateral Prefrontal Cortical Networks. Biol. Psychiatry 2011, 69, e89–e99. [Google Scholar] [CrossRef]

	



Robbins, T.W.; Arnsten, A.F.T. The Neuropsychopharmacology of Fronto-Executive Function: Monoaminergic Modulation. Annu. Rev. Neurosci. 2009, 32, 267–287. [Google Scholar] [CrossRef]

	



Gerfen, C.R.; Surmeier, D.J. Modulation of Striatal Projection Systems by Dopamine. Annu. Rev. Neurosci. 2011, 34, 441–466. [Google Scholar] [CrossRef]

	



Surmeier, D.J.; Carrillo-Reid, L.; Bargas, J. Dopaminergic Modulation of Striatal Neurons, Circuits, and Assemblies. Neuroscience 2011, 198, 3–18. [Google Scholar] [CrossRef]

	



Chen, T.; Wang, Y.; Zhang, J.; Wang, Z.; Xu, J.; Li, Y.; Yang, Z.; Liu, D. Abnormal Concentration of GABA and Glutamate in The Prefrontal Cortex in Schizophrenia—An in Vivo 1H-MRS Study. Shanghai Arch. Psychiatry 2017, 29, 277–286. [Google Scholar] [CrossRef]

	



Satoh, H.; Suzuki, H.; Saitow, F. Downregulation of Dopamine D1-like Receptor Pathways of GABAergic Interneurons in the Anterior Cingulate Cortex of Spontaneously Hypertensive Rats. Neuroscience 2018, 394, 267–285. [Google Scholar] [CrossRef] [PubMed]

	



Lalchandani, R.R.; van der Goes, M.-S.; Partridge, J.G.; Vicini, S. Dopamine D2 Receptors Regulate Collateral Inhibition between Striatal Medium Spiny Neurons. J. Neurosci. 2013, 33, 14075–14086. [Google Scholar] [CrossRef]

	



Ghisleni, C.; Bollmann, S.; Poil, S.-S.; Brandeis, D.; Martin, E.; Michels, L.; O’Gorman, R.L.; Klaver, P. Subcortical Glutamate Mediates the Reduction of Short-Range Functional Connectivity with Age in a Developmental Cohort. J. Neurosci. 2015, 35, 8433–8441. [Google Scholar] [CrossRef] [PubMed]

	



Kaufmann, S.; Glass, Ä.; Kropp, P.; Müller-Hilke, B. Semantic Fluency Including Task Switching Predicts Academic Success in Medical School. PLoS ONE 2020, 15, e0244456. [Google Scholar] [CrossRef]

	



Marjańska, M.; Lehéricy, S.; Valabrègue, R.; Popa, T.; Worbe, Y.; Russo, M.; Auerbach, E.J.; Grabli, D.; Bonnet, C.; Gallea, C.; et al. Brain Dynamic Neurochemical Changes in Dystonic Patients: A Magnetic Resonance Spectroscopy Study. Mov. Disord. 2013, 28, 201–209. [Google Scholar] [CrossRef] [PubMed]

	



Tremblay, S.; Beaulé, V.; Proulx, S.; Lafleur, L.-P.; Doyon, J.; Marjańska, M.; Théoret, H. The Use of Magnetic Resonance Spectroscopy as a Tool for the Measurement of Bi-Hemispheric Transcranial Electric Stimulation Effects on Primary Motor Cortex Metabolism. J. Vis. Exp. 2014. [Google Scholar] [CrossRef]

	



Provencher, S.W. Estimation of Metabolite Concentrations from Localized in Vivo Proton NMR Spectra. Magn. Reason. Med. 1993, 30, 672–679. [Google Scholar] [CrossRef]

	



Kreis, R.; Bolliger, C.S. The Need for Updates of Spin System Parameters, Illustrated for the Case of γ-Aminobutyric Acid. NMR Biomed. 2012, 25, 1401–1403. [Google Scholar] [CrossRef]








[image: Brainsci 13 01192 g001] 





Figure 1. VOI placement and overlap. Illustration of the volume of interest (VOI) placements in the striatum, and the ACC of all participants whose data were included in the analyses of at least one experimental paradigm. The heat maps represent the average positioning, with warmer colors denoting more overlap between the individual positioning (i.e., zero participants overlapping is denoted by dark purple while the overlap of all included participants is denoted by reddish orange; compare color bar). 
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Figure 2. Task switching paradigm. Each trial started with the presentation of a cue in the center of the screen. In the cue block, it indicated which rule was in effect: The odd/even task (left button press for odd numbers, right button press for even numbers), the smaller/larger rule (left button press for smaller than 5, right button press for larger than five), or the font size rule (left button press for small fonts, right button press for large fonts). In the memory block, a dummy cue was shown in all trials and the order of task rules had to be updated in working memory: 3 × NUM, 3 × GER, 3 × SG. A period of 1300 ms after cue stimulus onset, the target stimulus (any number from 1 to 9, except 5) was presented above the cue stimulus until a response was given, or until 2500 ms had elapsed. A period of 500 ms after target offset, a yellow 1000 ms feedback sign was presented (“+” in case of correct responses and “−“ in case of incorrect responses). The inter-trial interval was always 300 ms long. 
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Figure 3. Backward inhibition paradigm. Each trial started with the presentation of a cue in the center of the screen. This cue indicated which rule was in effect: A square cue indicated the odd/even task (left button press for odd numbers, right button press for even numbers). A diamond cue indicated the smaller/larger rule (left button press for smaller than 5, right button press for larger than five). A triangle cue indicated the double press rule (simultaneous button press within the first 1000 ms after target onset). A period of 100 ms after cue stimulus onset, the target stimulus (any number from 1 to 9, except 5) was presented within the cue stimulus frame until a response was given. In double press trials (but not in case of the other two task rules), a speedup sign (“Schneller!”, translating to “Faster!”) was shown above the cue frame in case no response was given within the 1000 ms after target onset. During the inter-trial interval of 2000 ms, a 500 ms feedback sign was presented in case of incorrect responses (“Falsch!”, translating to “Wrong!”). No feedback was shown in correct trials. In the inter-trial interval (ITI) a fixation cross “+” is shown. 
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Figure 4. Correlation plots for the task switching paradigm (striatum). Exemplary correlation plots illustrating the lack of significant correlations between striatal neurotransmitter levels and behavior. The x-axis denotes the switch costs on hit RTs in ms (i.e., SWITCH minus REPEAT). The Y-axis denotes the neurotransmitter levels. 
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Figure 5. Correlation plots for the task switching paradigm (anterior cingulate cortex, ACC). Exemplary correlation plots illustrating the lack of significant correlations between anterior cingulate neurotransmitter levels and behavior. The x-axis denotes the switch costs on hit RTs in ms (i.e., SWITCH minus REPEAT). The y-axis denotes the neurotransmitter levels. 
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Figure 6. Correlation plots for the backward inhibition paradigm. Exemplary correlation plots illustrating the correlations between neurotransmitter levels and behavior. The x-axis denotes the BI effect on hit RTs in ms (i.e., BI minus BASE). The y-axis denotes the neurotransmitter levels. The transmitter levels in the striatum are illustrated in the left column and those in the ACC are illustrated in the right column. The grey asterisk in the middle right graph denotes the only obtained significance. It should however be noted that this significance would not survive corrections for multiple testing and was not substantiated by the other analyses. 
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