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Both animal and human studies indicate that individual variation in the neurometabolites gamma-aminobutyric acid and glutamate
is linked to cognitive function. Age-related differences in these neurometabolites could potentially explain lower cognitive ability in
older age. Working memory—the capacity to hold a limited amount of information online for a short period—has a central role in
cognition, and this ability is also impaired in older individuals. Here, we investigated the relationship between gamma-aminobutyric
acid (GABAT) levels and a composite measure of glutamate/glutamine (Glx) in the hippocampus and inferior frontal gyrus (IFG) and how
these neurochemical markers relate to working memory in younger and older adults. Across age groups, we found a significant positive
association between working memory accuracy and Glx in the IFG, as well as a significant negative association between GABA™ in this
region and proactive interference. Age-stratified analyses demonstrated significant positive associations between components of work-
ing memory and hippocampal/IFG GIx, as well as a significant negative association between IFG GABA™ and proactive interference in
older adults only. These results provide novel evidence for a specific involvement of excitatory Glx and working memory accuracy as well
as inhibitory GABA™ for control of proactive interference in working memory, and how these effects are differentially affected by age.
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Introduction

Working memory (WM) capacity—the ability to maintain and
manipulate limited information over short timespans—has a
central role in human cognition. Individual differences in WM
capacity have been proposed to underlie individual differences
in general cognitive abilities (Conway et al. 2003; Salthouse and
Pink 2008) and have been related to cognitive decline in aging
(Naveh-Benjamin and Cowan 2023). Numerous studies have
demonstrated age-related impairments in both WM capacity
and WM sub-processes, such as interference control (Lustig and
Jantz 2014; Ziaei et al. 2017; Samrani and Persson 2021), WM
manipulation (Nyberg et al. 2014), and updating (Van der Linden
etal. 1994; De Beni and Palladino 2004). Understanding the neural
mechanisms of WM would elevate our understanding of WM-
dependent cognitive and behavioral capabilities, as well as provide
insights into the pathophysiology and remediation of WM deficits
in pathological states.

Magnetic resonance spectroscopy (MRS) enables in vivo
quantification of metabolites. Of particular interest in previous
research has been the measurement of the neurotransmitters
glutamate and gamma-aminobutyric acid (GABA). Glutamate is
a key molecule in cellular metabolism and the major excitatory
neurotransmitter in the central nervous system. Several studies

have shown that glutamate is reduced in normal aging (Schubert
et al. 2004; Chang et al. 2009; Roalf et al. 2020), although
other studies have also failed to find age-related differences in
glutamate concentration in some examined regions (Zahr et al.
2008; Nikolova et al. 2017). GABA is the most abundant inhibitory
neurotransmitter in the brain and is critical for central nervous
system function (Buzsaki et al. 2007). Studies that include samples
of middle-aged and older adults typically show an age-related
reduction in GABA levels (Gao et al. 2013; Porges et al. 2017a).
Recently, it has been demonstrated that the trajectory of GABA
across the lifespan may have a nonlinear asymmetric association
with age; in childhood and adolescence, the relationship with age
is positive, with a gradual decrease starting from middle age into
older age (Porges et al. 2021). However, an age-related reduction in
GABA with advancing age has not been uniformly demonstrated
(Steel et al. 2020).

Both glutamate and GABA are neurochemicals that are criti-
cal for cognitive functions, and studies report associations with
general cognition in both younger (Yoon et al. 2016; Stanley et al.
2017; Li et al. 2022) and older (Zahr et al. 2008; Nikolova et al.
2017; Porges et al. 2017a) adults, although these relationships are
not uniformly demonstrated (Li et al. 2022). Within the mem-
ory domain, hippocampal (HC) glutamate has been associated
with faster associative learning in younger adults (Stanley et al.
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2017) and better word list recall in older, but not younger, adults
(Nikolova et al. 2017). Similarly, HC GABA concentration has been
linked to better associative learning in healthy younger (Spurny
etal. 2020) and older adults (Jiménez-Balado et al. 2021). Moreover,
HC GABA concentration has been linked to the ability to suppress
no longer relevant memory representations using the think/no-
think paradigm (Schmitz et al. 2017).

With regard to WM, animal work has demonstrated that block-
ing glutamate receptors impairs spatial WM (Morris et al. 1986),
and previous human studies have demonstrated a direct link
between glutamate concentration and WM using MRS (Rmus et al.
2023), or between WM performance and GABA/glutamate (Takei
etal. 2016) and GABA/Glutamate ratio (Marsman et al. 2017). It has
also been shown that GABA levels in the dorsolateral prefrontal
cortex are linked to WM performance in a sample of younger
adults (Yoon et al. 2016). More specifically, individuals with lower
GABA levels performed worse on trials with a higher WM load
(compared to trials with low load). Additionally, frontal GABA has
been associated with better WM in healthy younger adults, while
the reverse pattern was found in patients with schizophrenia
(Ragland et al. 2020).

A central aspect of WM is updating memory representations
into the focus of attention and simultaneously controlling inter-
ference from no longer relevant information (Samrani and Pers-
son 2022). Therefore, successful WM performance relies heavily
on the ability to resolve competition from different memory rep-
resentations. Thus, glutamate might be specifically critical for
successfully keeping target information in WM, while GABA might
be specifically involved in resolving interference from competing
and irrelevant information through its involvement in inhibitory
functions. Both the maintenance of WM representations and the
ability to resolve interference in WM are compromised in older
age (Fabiani et al. 2016; Samrani et al. 2017; Samrani and Persson
2021). One contributing factor to this age-related difference could
be alterations in neurochemicals such as glutamate and GABA,
but these neurobiological underpinnings of age differences in
component processes of WM have not yet been investigated.

In the current study, we investigate the contributions of frontal
and HC glutamate and GABA levels to different aspects of WM in
younger and older adults. We used a 2-back WM task designed
to measure the unique contributions of two components: target
maintenance and control of proactive interference (PI). These
two components are likely supported by distinct neurobiolog-
ical mechanisms with potentially differential GABA/Glutamate
dependencies. Participants were scanned with proton MRS (‘H
MRS) using the MEGA-PRESS sequence to estimate levels of Glx
(the combination of glutamate and glutamine) and GABA* (GABA
along with potential contributions from co-edited macromolecule
signals). Tissue-corrected levels of Glx and GABA™ were subse-
quently investigated in relation to performance on WM compo-
nent processes across all participants, along with analyses to
estimate whether these associations were moderated by age.

Materials and methods

Participants

The initial sample consisted of 50 younger and 38 older adults
from the local Orebro community in Sweden as part of the
Memory, Brain, and Aging project. All participants were native
Swedish speakers, right-handed, physically and psychologically
healthy, not taking vascular or psychotropic medication, had
normal or corrected-to-normal vision, and had no other magnetic
resonance imaging (MRI) contraindications. Six younger adults

and three older adults did not have complete MRS data, and
one older participant scored below 24 on the Montreal Cognitive
Assessment (MoCA) and was therefore excluded. An outlier anal-
ysis was performed using the interquartile range (IQR; quartile
3—quartile 1) rule of IQRx3 for detecting the presence of
outliers. The outlier analysis was performed for each age
group separately. In total, 3 older adults and 2 younger adults
were excluded, leaving a final sample of 42 younger adults
(mean age=23.3 years, range =20—28, female=23) and 31 older
adults (mean age=73.9 years, range =65-83, female=15) for the
analyses on relationships between WM performance and GABA
(Table 1). All included participants scored 24 or above on the
MoCA. All participants received 800 SEK (approximately $75) as
compensation for participation. The study was approved by the
Swedish Ethical Review Authority (dnr 2020-05299 and dnr 2022-
06576-02), and written consent was obtained from all participants.

Cognitive testing

WM was measured using a verbal 2-back task that included
familiar lure items (Gray et al. 2003; Marklund and Persson 2012)
occurring either at 3, 5, 6, 7, 8, 9, or 10 trial(s) after first item
presentation (ie 3- to 10-back lures; Samrani et al. 2017). These
are referred to as 3B, 5B etc., up to 10B. The task was divided into
two equal blocks of 105 trials each, with a 1-min break between
blocks. The task consisted of (i) non-familiar words presented for
the first time (new trials), (ii) words presented for the second time
at the correct 2B position (target trials), (iii) words presented for
the second time at an incorrect position, one word after the target
position (3B; proximal lures), and (iv) words presented a third time,
three to ten trials from the target position (3B to 10B; distant lures).

Lure trials consisted of stimuli already presented 3 to 10 trials
earlier and required a “No” response, and new trials were non-
familiar trials that had never been presented previously, which
also required a “No” response. Target trials were 2B trials and
required a “Yes” response. For each presented word, participants
were instructed to press with the right index finger on an MRI-
compatible response box, which corresponds to “Yes” (“Yes, the
word I now see has been shown two words ago”) and the button
on the middle finger for “No” (“No, the word I now see has not
been shown two words ago”). Distant lures were all recycled from
either previous target trials or proximal lures with the aim to
lower the total amount of new trials, consequently the proportion
of “No” answers. In the current study, WM performance was based
on accuracy and reaction times (RTs) for target trials, and PI in
WM was measured using a combined RT and accuracy score for
proximal and distant trials.

Stimuli and trial conditions were presented in the same fixed
order for all participants and consisted of common Swedish nouns
with a maximum of two syllables. Stimuli were presented one at
a time for 2.5 s, with a varying inter-trial jittering (2, 2.66, 3.33, or
3.99s). There was an even distribution of the jitter timings, and the
timing from a new trial to the target position always added up to a
total inter-trial time of 5.99 s to avoid any differences in encoding
time between target items. Participants were instructed to answer
as quickly and accurately as possible. Relative difference scores
(PI scores) were calculated as the relative proportional difference
in RT and accuracy between non-familiar trials and familiar lure
trials (Samrani et al. 2017; Samrani et al. 2019). Interference
can thus be observed as the difference in % between lure trials
(high interference trials) and non-familiar trials (no interference
trials). A relative difference score should represent a more salient
measure of executive control, as it considers baseline individual
differences in the variables in question, such as processing speed.



Table 1. Demographic, cognitive, and spectroscopy measurements.
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Younger adults Older adults Sig. (p-values)
N 42 31
Age (range) 23.3 (20-28) 73.9 (65-83) <.001
Sex (F/M) 23/19 15/16 =079
Education [years]; (SD) 15 (1.9) 14.2 (3.32) =0.29
MoCA (std) 28.5 (0.91) 27.3(1.77) =.001
WM target accuracy (SD) 93.2 (8.41) 82.1(16.2) <.001
WM target RT (SD) 908 (161) 1154 (227) <.001
PIRT (SD) 236.3 (174.9) 275.9 (264.7) =0.88
PI accuracy (SD) 13.8 (11.9) 33.6 (19.3) <.001
PI combined (SD) —.26 (.54) 0.35 (0.91) =.003
IFG TISSUE - % GM (SD) 57.4 (3.6) 46.7 (4.3) <.001
IFG TISSUE - % WM (SD) 29.6 (4.9) 30.7 (6.5) =06
IFG TISSUE - % CSF (SD) 13 (4.4) 21.1 (4.9) <.001
IFG LINEWIDTH SD) 9.24 (1.91) 9.18 (1.2) =0.88
IFG SNR (SD) 69.6 (14.6) 64.8 (9.71) =0.12
HC TISSUE - % GM (SD) 50.3(2.7) 458 (3.1) <.001
HC TISSUE - % WM (SD) 427 (3.1) 395 (6.1) =.005
HC TISSUE - % CSF (SD) 6.9 (2.4) 14.6 (6.1) <.001
HC LINEWIDTH (SD) 15.5 (13.6) 14.3 (3.47) =0.65
HC SNR (SD) 39.7 (12.6) 33.5 (6.56) =0.016

SD =standard deviation; MoCA = Montreal Cognitive Assessment; RT =reaction time (in milliseconds); WM = working memory; PI=Proactive interference;
IFG =inferior frontal gyrus; HC = hippocampus; GM = gray matter; WM = white matter; CSF = cerebrospinal fluid; SNR =signal-to-noise ratio. Significant p-values

(p < .05) are indicated in bold.

Median RTs were used to reduce the influence of extreme values.
PI scores based on RTs and accuracy were positively correlated
and therefore combined by calculating the average of the two
difference scores.

Behavioral statistical analyses

Performance on target trials and the measure of PI, represent-
ing two different aspects of WM processing, were of particular
interest in the current study. RTs were calculated for correct
trials only. Median RTs were extracted for target trials, new trials,
and lure trials for each condition. The two scores representing
PI were normalized with z-score transformation and combined
by calculating the average of the two difference scores. Separate
scores for proximal lure trials (3B) and distant lure trials (5B to
10B trials) were calculated. PI scores for RT and accuracy were
positively correlated (proximal lures: r(73)=0.31, P=0.007; distant
lures: r(73)=0.39, P=0.001).

Magnetic resonance data acquisition

Data were collected on a 3 T GE Signa Premier scanner (General
Electric Healthcare, USA) with a 48-channel head coil. Participants
were instructed to keep their head and neck stable, stay awake,
close their eyes, and relax during the magnetic resonance (MR)
scans. The scanning protocol included acquisition of a 3D axial
Tq-weighted BRAIn VOlume imaging scan for voxel placement
(T1 450=ms, 1 mm? isotropic voxels, flip angle=24°). Two vol-
umes of interest (VOIs) were placed in the right inferior frontal
gyrus (25 x 35 x 25 mm; 21.875 ml) and right HC (30 x 40 x 20 mm;
24 ml; Fig. 2A). To achieve higher consistency, the voxel was
placed for all participants on their T1-weighted image by the
same team of operators, avoiding orbital, ventricular, and insular
areas. Voxel positioning and volume were chosen as a compro-
mise between the best achievable spectral linewidth and the
lowest level of spectral artifacts. The 'H spectrum optimized for
detecting GABA was acquired individually for this voxel using
the MEGA-PRESS sequence with the following parameters: echo
time/repetition time = 68/2000 ms, number of points =2048, spec-
tral width=2000 Hz, and number of raw averages=256 (scan

time, 9 min 20 s). Since the chemical structure of glutamate
results in multiple resonances that overlap with signals from
other brain metabolites, we quantified the combined glutamate
and glutamine signals (Glx).

MRS preprocessing and analysis

MRS data were analyzed using the Osprey software (https://
schorschinho.github.io/osprey/) version 2.5.0 (Oeltzschner et al.
2020), an open-source MRS analysis toolbox in MATLAB (R2022a).
We used Osprey’s Linear Combination Model to estimate GABA™
and Glx. The output GABA'T and Glx concentrations were
expressed in international units relative to water (GABA™ and
Glx/water), and the segmented structural (T1) image was used
along with a tissue-correction method to account for gray matter,
white matter, and cerebrospinal fluid composition of the VOI
(Fig. 1B). MRS data were excluded if they demonstrated significant
motion artifacts, insufficient water suppression, or major lipid
contamination.

MRS quality indices

MRS quality measures are shown in Table 1. We observed a
significant age-related reduction in signal-to-noise (SNR) ratio in
the HC (F(1,73)=6.15, P=0.015, np2 = 0.081), but not in the IFG. MRS
linewidth (full width at half maximum, FWHM) was comparable
between younger and older adults in both HC and IFG (HC:
F(1,73)=0.204, P=0.653, n,2=0.003; IFG: F(1,73)=0.020, P=0.88,
np? <0.001). Age differences in tissue composition within the
HC showed that older adults had less GM ((1,73)=41.9, P <0.001,
1p2=0.378, and WM ((1,73)=8.24, P=0.005, 1,2 =0.107) and more
CSF ((1,73)=52.8, P<0.001, np?=0.433) compared to younger
adults. For the IFG, older adults had less GM ((1,73) =127, P < 0.001,
1,2=0.65) and more CSF ((1,73)=51.6, P<0.001, ny2=0.428)
compared to younger adults. There was no age difference in IFG
WM ((1,73)=3.65, P=0.06, np2 =0.005).

Statistical analysis

Shapiro-Wilk testing and subsequent inspection of quantile-
quantile (Q-Q) plots indicated that concentration estimates of
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Fig. 1. Mean RTs and accuracy for lure trials in the 2-back task for each age group: younger adults and older adults. (A) Target accuracy, (B) target RT,
(C) mean interference effect (new negative trial vs. familiar 3-back lure trial) for proximal trials, and ((D) mean interference effect (new negative trial
vs. familiar 5- to 10-back lure trials) for distant trials. * < 0.05, ** < 0.005.

GABA*/Glx in both HC and IFG satisfied the assumption of a
normal distribution. For all associations between GABA™/Glx
and WM, we use residual scores controlling for age, sex,
and education. Age differences in behavioral outcomes and
GABA'/Glx concentration were tested using between-group
analysis of variance (ANOVAs). For behavioral analyses, we first
analyzed differences between trial types on RT and accuracy and
then separate between-group analyses on target RT and accuracy,
along with measures of proximal and distant PI (see section
Results). All statistical analyses were conducted using SPSS
software, and significance was defined at the P=0.05 level. Partial
eta squared (np?) was used to measure effect size. Moderation
(model 1) and mediation (model 4) analyses were performed
using the PROCESS macro implemented in SPSS. For moderation,
age was used as the moderator in the relationship between
GABA*/Glx and WM. Moderation analyses were performed only
when an association was significant in one of the age groups,
but not in the other. For the mediation analyses, age was defined
as the independent variable, WM (target accuracy and PI) as the
outcome variable, and IFG/HC GABA*/Glx as the mediator. Thus,
a total of 8 mediator models were tested.

Results

Behavioral results
Analyses across all participants

Accuracy: Across participants, accuracy for target trials (89.4%)
was not significantly different from non-familiar trials (91.6%;
F(1,73)=2.69, P=0.105, np? =0.036) and distant lure trials (89.8%;
F(1,73)=0.437, P=0.511, np? =0.006), but was higher compared to
familiar proximal trials (69%; F(1,73)=71.3, P <0.001, np% =0.498).
Accuracy for proximal lure trials was lower compared to both non-
familiar trials (F(1,73)=112, P<0.001, n,2=0.61) and distant lure
trials (F(1,73) =137, P <0.001, np? = 0.657). The difference between
non-familiar negative trials and distant lure trials was not signif-
icant (F(1,73)=1.36, P=0.247, n,>=0.019).

Response times: Across participants, RTs for target trials
(1024 ms) were shorter compared to both non-familiar negative
trials (1126 ms; F(1,73)=7.46, P=0.008, nPZ:OAO94), distant lure
trials (1185 ms; F(1,73)=25.2, P <0.001, np2 =0.259), and proximal
lure trials (1377 ms; F(1,73)=134, P <0.001, np?=0.651). RTs for
proximal lure trials were longer compared to both non-familiar
negative trials (F(1,73)=95.8, P<0.001, n,2=0.571), and distant
lure trials (F(1,73)=79.5, P<0.001, n1,2=0.525). In addition, RTs
for non-familiar negative trials were shorter compared to distant
lure trials (F(1,73)=10.7, P=0.002, 1,2 =0.13).

Between-group analyses

For target accuracy, older adults had worse performance
compared to younger adults (Fig. 1A; F(1,73)=11.8, P=0.001,
np? =0.144, and older adults also responded more slowly on target
trials (Fig. 1B; F(1,73)=28.8, P<0.001, np?>=0.292). Furthermore,
older adults were more affected by the manipulation of PI, as
indicated by a statistically higher PI for both proximal (Fig. 1C;
F(1,73)=6.02, P=0.017, np2:0.079) and distant trials (Fig. 1D;
F(1,73)=14.9, P <0.001, 1,2 =0.175).

MRS results

In line with previous studies (Steel et al. 2020), GABA* and Glx lev-
els were positively correlated, both with (HC: r(73)=0.31, P=0.01;
IFG: 1(73)=0.33, P=0.004) and without (HC: r(73)=0.3, P=0.012;
IFG: 1(73)=0.31, P=0.007) controlling for age, sex, and education.

Age differences in Glx and GABA between younger and
older individuals

A between-group ANOVA showed that there were no signifi-
cant differences between younger and older adults in tissue-
corrected Glx (Fig. 2B; HC: F(1,73) =0.25, P=0.619, n,% = 0.004; IFG::
F(1,73)=2.35, P=0.13, n,2=0.033) or GABA (HC: F(1,73)=1.57,
P=0.214, np2 =0.022; IFG:: F(1,73)=0.063, P=0.803, np2 =0.001)
measurements. Including individual variability in signal quality
(SNR, fit error, and FWHM) did not change these results.
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Associations between WM measurements and Glx/GABA
Since both distant and proximal lure trials had a similar age
effect, and in order to reduce the number of comparisons, we
collapsed between these two trial types in the analyses of asso-
ciations between WM and GABA/GIx. Bivariate correlations for all
variables are shown in Supplementary Tables S1-S3.

Analyses across all participants

Across all participants, we found a positive correlation between
WM accuracy for target trials and IFG Glx (Fig. 3A; 1(73)=0.355,
P=0.002). There was also a significant negative correlation
between PI and IFG GABA™* (Fig. 3B; 1(73) = —.24, P=0.043). Bivari-
ate correlations for all associations are shown in Supplementary
Table S1.

Age-stratified analyses

Bivariate correlations for all associations are shown in
Supplementary Tables S2 and S3. In older adults, there was
a significant positive correlation between WM accuracy for
target trials and IFG Glx (Fig. 3C; r(31)=0.455, P=0.01), while this
association was not significant for younger adults (r(42)=0.285,
P=0.061). A moderation analysis showed that age was not a
significant moderator in the relationship between WM accuracy
for target trials and IFG Glx (F=0.543, P=0.464, lower-level
confidence interval (LLCI) = —.073, upper-level confidence interval
(ULCI)=0.159). In older adults, there was a significant negative
association between PI and IFG GABA™ (Fig. 3D; r(31)=-.419,

P=0.019), and a significant positive correlation between PI and
HC Glx (Fig. 3E; r(31)=0.39, P=0.03). These correlations were not
significant in younger adults (IFG GABA*: r(42) =0.012,P=0.94; HC
Glx: 1(41)=0.154, P=0.324). Moderation analyses showed that age
was not a significant moderator in these relationships (PI—IFG
GABA™: F=2.61, P=0.111, LLCI=-.018, ULCI=0.002; PI—HC Glx:
F=2.11,P=0.151, LLCI=-.002, ULCI=0.014).

Mediation results

Mediation analyses were conducted to examine whether
GABA'/Glx concentrations were significant mediators of the
association between age and WM. However, these mediation
analyses were all no-significant, indicating that GABA'/Glx
concentrations did not mediate the relationship between age
and WM. The results from the mediation analyses are found in
Supplementary Table S4.

Discussion

In the current study, we aimed to assess the relationship between
component processes of WM and GABA* and Glx in younger
and older adults. While older adults performed worse on all
measures of WM, no age differences in tissue-corrected estimates
of GABA* and Glx were found. Across all participants, we found a
significant positive association between WM accuracy and Glx in
the IFG, as well as a significant negative association between IFG
GABA+ and PI. No other relationships between GABA*/Glx and
WM were found across all participants. Age-stratified analyses
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demonstrated a significant positive association between PI and
HC Glx, as well as a significant negative association between IFG
GABA™ and PI in older adults only. These results provide novel
evidence for the specific involvement of excitatory Glx in WM
accuracy and inhibitory GABA' in the control of PI in WM, and
how these effects are differentially affected by age.

Contrary to many previous studies (Marenco et al. 2018; Roalf
et al. 2020; Porges et al. 2021), we did not find a significant age
difference in IFG or HC GABA™/GIx. This may not be too surprising,
however, given that many recent studies have demonstrated that
age differences in neurochemical concentration are largely driven
by tissue composition within the VOI (Porges et al. 2017b; Maes
etal. 2018). It has been repeatedly demonstrated that measures of
metabolites using MRS are heavily influenced by the composition
of white and gray matter as well as CSF within the VOI (Harris et al.
2015; Porges et al. 2017b), with a higher distribution of GABA in
gray matter compared to white matter. Since tissue composition

differs between younger and older adults, age differences can
largely be accounted for by differences in tissue composition.
Therefore, reduced GABA™/Glx concentrations during both patho-
logical and normal aging are most likely linked to gray matter
atrophy and demyelination, and correcting for tissue composition
would effectively remove the main source of this age difference.
Consistent with much previous evidence (Salthouse and
Babcock 1991; Braver and West 2008), older adults both responded
more slowly and performed at a lower level compared to
younger adults on WM target trials. Across both age groups,
target accuracy was positively correlated with IFG Glx, which
corroborates previous findings of glutamate concentration in the
parietal cortex (Zacharopoulos and Kadosh Cohen 2021) and
the dorsolateral prefrontal cortex (Oh et al. 2024) in younger
adults. Additionally, it was recently found that glutamate in the
medial frontal gyrus was negatively associated with WM (ie more
glutamate was related to less WM decay) across both younger and



older adults. Taken together, these results are in line with the view
of WM as dependent on persistent activation of neural firing in
collectively tuned neurons within recurrent excitatory networks
in the prefrontal (and parietal) cortices (Goldman-Rakic 1995;
Andersen and Buneo 2002). Within these networks, glutamatergic
signaling more generally, and N-methyl-D-aspartate (NMDA)
receptor activation more specifically, is suggested to underlie
successful maintenance of activity over the WM delay period
(Durstewitz et al. 2000; Van Vugt et al. 2020).

A relationship between GABA and higher-level cognition—
including WM and executive control—has been demonstrated
previously (Li et al. 2022). While no study to date has examined
proactive control directly, our results are well in line with previous
observations of inhibitory GABA as critical for controlling access
to task-relevant information while simultaneously avoiding
interference from nonrelevant information. For example, using
the think/no-think paradigm, it has been reported that HC,
but not frontal, GABA concentration predicts inhibitory control
over unwanted thoughts (Schmitz et al. 2017). In addition, in
the dorsolateral prefrontal cortex, GABA concentration has
been linked to WM load capacity (Yoon et al. 2016). This
study extends previous findings by showing that the ability
to control interference in WM is assoclated with inhibitory
neurochemical properties within the IFG, a region known to be
involved in interference control. Moreover, this association was
found only in older adults. The finding of stronger brain-wWM
associations in older adults is consistent with many previous
studies across multiple brain structural and functional brain
modalities (Plaschke et al. 2020; Andersson et al. 2022; Andersson
et al. 2023). While no age differences were found in GABA in this
region, these findings suggest that older adults are more reliant
on excitatory and inhibitory neurotransmission for optimal WM
performance, and that these associations only emerge in older
age when these neural resources begin to become limited.

There are multiple ways in which GABA* can influence WM
functions. It has been shown that GABAergic neurotransmission
can modulate pyramidal neuron activity into synchronized
gamma oscillations (Whittington and Traub 2003; Cardin
et al. 2009). Gamma oscillations are fundamental to higher-
order cognition, including WM (Meltzer et al. 2008), and there
is a link between cortical GABA concentration and gamma
oscillations in humans (Chen et al. 2014). Moreover, findings
from a recent multimodal imaging study (Kujala et al. 2024)
suggest that GABAergic inhibition is critical for shaping both
gamma oscillations and brain activation in cortical regions and
its relationship to individual differences in WM performance.
Another way in which GABA might influence—which also is
relevant for our differential finding in younger and older adults—
is through the well-established link between GABAergic and
cholinergic systems. Since the cholinergic system is altered in
normal and pathological aging (Schliebs and Arendt 2011) and is
central for learning and memory (Deutsch 1971), both systems
might—independently, or through their interaction—contribute
to WM performance.

While associations between GABA™/Glx differed between
younger and older adults, formal moderation models did not
support that these relationships were statistically different
between the groups. Therefore, the interpretation of group
differences in these associations should be interpreted cautiously.
Moreover, mediation analyses were unable to confirm that GABA™
or Glx mediated the observed relationships between age and
WM component processes. While our sample size is on par with
many other MRS studies, mediation analysis typically requires
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very large samples to ensure reasonable power levels (Fritz and
Mackinnon 2007). Relying on a noisy proxy measurement such
as GABAT or Glx is also potentially affecting the interpretation
of mediation analyses (Westfall and Yarkoni 2016) and has an
additional limitation that it cannot capture the hypothesized
mediating factor directly. An alternative explanation, therefore,
could be that age really is a causal factor of both metabolic
changes in glutamate and, separately, cognitive decline in WM
component processes. The current study cannot conclusively
separate between these possibilities.

One limitation of the current study is the potential contribution
of macromolecules to the MRS signal. Given that macromolecules
have been shown to increase with aging (Hofmann et al. 2001;
Marjanska et al. 2018), the effect of age on GABA™ and Glx might
be underestimated in the present study. Another limitation is
that while MRS allows for quantification of brain metabolism
noninvasively, it remains unclear how to interpret the resulting
signals regarding its underlying cellular mechanisms. For exam-
ple, it is not known if it reflects the entire pool of GABA/Glx
available for measurement (ie intracellular, extracellular, and
metabolic) or if it reflects mostly extracellular extrasynaptic lev-
els not directly related to synaptic transmission (Stokes et al.
2014; Lea-Carnall et al. 2023). A final limitation is that we did not
obtain GABA/Glx measurements from a control region without a
proposed involvement in WM. While we hypothesize somewhat
differential involvement, both in terms of region specificity (IFG
vs. HC) and neurotransmitter specificity (GABA vs. Glx) in WM
performance and WM interference control, the lack of control
regions makes interpretation of these regions as critical for WM
less specific.

Here, we demonstrate that inferior frontal Glx is positively
related to WM target accuracy across both younger and older
individuals. This suggests that maintaining representations in
WM critically depends on excitatory signaling sustained by the
glutamatergic system. Furthermore, frontal GABA* was related
to less PI in WM across both age groups, and this association
was more pronounced in older adults. This provides evidence for
the inhibitory role of GABA in the control of WM. In addition, in
older adults only, HC Glx was associated with more PI, possibly
indicating that excitatory Glx signaling strengthens WM represen-
tation, making them more resilient to interference control. Taken
together, these findings suggest a potential age-modulatory role
of Glx and GABA™ in HC and frontal regulation of WM.

Acknowledgments

We acknowledge the contribution of the staff at CEBIO and all
participants.

Author contributions

Pernilla Andersson (Data curation, Methodology, Project admin-
istration, Investigation, Methodology, Writing—review & editing),
Xin Li (Methodology, Writing—review & editing, Visualization),
and Jonas Persson (Conceptualization, Funding acquisition,
Methodology, Formal analysis, Project administration, Resources,
Supervision, Writing—review & editing, Investigation, Writing—
original draft).

Supplementary material

Supplementary material is available at Cerebral Cortex online.


https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhaf105#supplementary-data

8 | Andersson et al.

Funding

This research was funded by a grant from the Swedish Research
Council (grant number 2018-01609) to JP.

Conflict of interest statement: None declared.

References

Andersen RA, Buneo CA. 2002. Intentional maps in posterior parietal
cortex. Annu Rev Neurosci. 25:189-220. https://doi.org/10.1146/
annurev.neuro.25.112701.142922.

Andersson P, Li X, Persson J. 2022. The association between control
of interference and white-matter integrity: a cross-sectional and
longitudinal investigation. Neurobiol Aging. 114:49-60. https://doi.
0rg/10.1016/j.neurobiolaging.2022.03.002.

Andersson P, Samrani G, Andersson M, Persson J. 2023. Hippocam-
pal subfield volumes contribute to working memory interfer-
ence control in aging: evidence from longitudinal associations
over 5 years. Neuroimage: Rep. 3:100189. https://doi.org/10.1016/
j.ynirp.2023.100189.

Braver TS, West RL. 2008. Working memory, executive processes,
and aging. In: Handbook of aging and cognition Craik FI, Salthouse
TL (eds), 3rd edn. New York, NY, Lawrence Erlbaum Associates,
pp 311-372.

Buzsaki G, Kaila K, Raichle M. 2007. Inhibition and brain work. Neuron.
56:771-783. https://doi.org/10.1016/j.neuron.2007.11.008.

Cardin JA et al. 2009. Driving fast-spiking cells induces gamma
rhythm and controls sensory responses. Nature. 459:663-667.
https://doi.org/10.1038/nature08002.

Chang L, Jiang CS, Ernst T. 2009. Effects of age and sex on brain glu-
tamate and other metabolites. Magn Reson Imaging. 27:142-145.
https://doi.org/10.1016/1.m1.2008.06.002.

Chen CM et al. 2014. GABA level, gamma oscillation, and working
memory performance in schizophrenia. NeuroImage: Clinical. 4:
531-539. https://doi.org/10.1016/j.nicl.2014.03.007.

Conway AR, Kane MJ, Engle RW. 2003. Working memory capacity
and its relation to general intelligence. Trends Cogn Sci. 7:547-552.
https://doi.org/10.1016/j.tics.2003.10.005.

De Beni R, Palladino P. 2004. Decline in working memory updat-
ing through ageing: intrusion error analyses. Memory. 12:75-89.
https://doi.org/10.1080/09658210244000568.

Deutsch JA. 1971. The cholinergic synapse and the site of
memory. Science. 174:788-794. https://doi.org/10.1126/science.
174.4011.788.

Durstewitz D, Seamans JK, Sejnowski TJ. 2000. Dopamine-mediated
stabilization of delay-period activity in a network model
of prefrontal cortex. J Neurophysiol. 83:1733-1750. https://doi.
0rg/10.1152/jn.2000.83.3.1733.

Fabiani M, Zimmerman B, Gratton G. 2016. Working memory and
aging: A review. In: Mechanisms of sensory working memory: attention
and performance Jolicoeur P, Lefebvre C, Martinez-Trujillo J (eds).
Elsevier Academic Press, pp 121-138.

Fritz MS, Mackinnon DP. 2007. Required sample size to detect the
mediated effect. Psychol Sci. 18:233-239. https://doi.org/10.1111/
j.1467-9280.2007.01882.x.

Gao F et al. 2013. Edited magnetic resonance spectroscopy detects
an age-related decline in brain GABA levels. NeuroImage. 78:75-82.
https://doi.org/10.1016/j.neuroimage.2013.04.012.

Goldman-Rakic PS. 1995. Cellular basis of working memory. Neuron.
14:477-485. https://doi.org/10.1016/0896-6273(95)90304-6.

Gray JR, Chabris CF, Braver TS. 2003. Neural mechanisms of gen-
eral fluid intelligence. Nature Neuroscience. 6:316-22. https://doi.
0rg/10.1038/nn1014.

Harris AD, Puts NA, Edden RA. 2015. Tissue correction for
GABA-edited MRS: considerations of voxel composition, tissue
segmentation, and tissue relaxations. ] Magn Reson Imaging. 42:
1431-1440. https://doi.org/10.1002/jmri.24903.

Hofmann L, Slotboom J, Boesch C, Kreis R. 2001. Characteriza-
tion of the macromolecule baseline in localized 1H-MR spec-
tra of human brain. Magn Reson Med. 46:855-863. https://doi.
0rg/10.1002/mrm.1269.

Jiménez-Balado ] et al. 2021. Reduced hippocampal GABA+ is
associated with poorer episodic memory in healthy older
women: a pilot study. Front Behav Neurosci. 15:695416. https://doi.
0rg/10.3389/fnbeh.2021.695416.

KujalaJ et al. 2024. GABAergic inhibition shapes behavior and neural
dynamics in human visual working memory. Cereb Cortex. 34.
https://doi.org/10.1093/cercor/bhad522.

Lea-Carnall CA, El-Deredy W, Stagg CJ, Williams SR, Trujillo-Barreto
NJ. 2023. A mean-field model of glutamate and GABA synaptic
dynamics for functional MRS. Neurolmage. 266:119813. https://
doi.org/10.1016/j.neuroimage.2022.119813.

LiH etal. 2022. The role of MRS-assessed GABA in human behavioral
performance. Prog Neurobiol. 212:102247. https://doi.org/10.1016/
j.pneurobio.2022.102247.

Lustig C, Jantz T. 2014. Questions of age difference in interference
control: when and how, not if? Brain Res. 1612:59-69. https://doi.
org/10.1016/j.brainres.2014.10.024.

Maes C et al. 2018. Age-related differences in GABA levels are driven
by bulk tissue changes. Hum Brain Mapp. 39:3652-3662. https://
doi.org/10.1002/hbm.24201.

Marenco S et al. 2018. Role of gamma-amino-butyric acid in the
dorsal anterior cingulate in age-associated changes in cognition.
Neuropsychopharmacology. 43:2285-2291. https://doi.org/10.1038/
$41386-018-0134-5.

Marjanska M et al. 2018. Altered macromolecular pattern and con-
tent in the aging human brain. NMR Biomed. 31. https://doi.
0rg/10.1002/nbm.3865.

Marklund P, Persson J. 2012. Context-dependent switching between
proactive and reactive working memory control mechanisms in
the right inferior frontal gyrus. Neuroimage. 63:1552-60. https://
doi.org/10.1016/j.neuroimage.2012.08.016.

Marsman A et al. 2017. Intelligence and brain efficiency: investi-
gating the association between working memory performance,
glutamate, and GABA. Front Psychiatry. 8. https://doi.org/10.3389/
fpsyt.2017.00154.

Meltzer JA et al. 2008. Effects of working memory load on oscillatory
power in human intracranial EEG. Cereb Cortex. 18:1843-1855.
https://doi.org/10.1093/cercor/bhm?213.

Morris RG, Anderson E, Lynch GS, Baudry M. 1986. Selective impair-
ment of learning and blockade of long-term potentiation by
an N-methyl-D-aspartate receptor antagonist, AP5. Nature. 319:
774-776. https://doi.org/10.1038/319774a0.

Naveh-Benjamin M, Cowan N. 2023. The roles of attention, executive
function and knowledge in cognitive ageing of working mem-
ory. Nature Reviews Psychology. 2:151-165. https://doi.org/10.1038/
$44159-023-00149-0.

Nikolova S, Stark SM, Stark CEL. 2017. 3T hippocampal glutamate-
glutamine complex reflects verbal memory decline in
aging. Neurobiol Aging. 54:103-111. https://doi.org/10.1016/j.
neurobiolaging.2017.01.026.

Nyberg L et al. 2014. Age-related and genetic modulation of
frontal cortex efficiency. ] Cogn Neurosci. 26:746-754. https://doi.
org/10.1162/jocn_a_00521.

Oeltzschner G et al. 2020. Osprey: open-source processing, recon-
struction & estimation of magnetic resonance spectroscopy


https://doi.org/10.1146/annurev.neuro.25.112701.142922
https://doi.org/10.1146/annurev.neuro.25.112701.142922
https://doi.org/10.1146/annurev.neuro.25.112701.142922
https://doi.org/10.1146/annurev.neuro.25.112701.142922
https://doi.org/10.1146/annurev.neuro.25.112701.142922
https://doi.org/10.1016/j.neurobiolaging.2022.03.002
https://doi.org/10.1016/j.neurobiolaging.2022.03.002
https://doi.org/10.1016/j.neurobiolaging.2022.03.002
https://doi.org/10.1016/j.neurobiolaging.2022.03.002
https://doi.org/10.1016/j.neurobiolaging.2022.03.002
https://doi.org/10.1016/j.ynirp.2023.100189
https://doi.org/10.1016/j.ynirp.2023.100189
https://doi.org/10.1016/j.ynirp.2023.100189
https://doi.org/10.1016/j.ynirp.2023.100189
https://doi.org/10.1016/j.ynirp.2023.100189
https://doi.org/10.1016/j.neuron.2007.11.008
https://doi.org/10.1016/j.neuron.2007.11.008
https://doi.org/10.1016/j.neuron.2007.11.008
https://doi.org/10.1016/j.neuron.2007.11.008
https://doi.org/10.1016/j.neuron.2007.11.008
https://doi.org/10.1038/nature08002
https://doi.org/10.1038/nature08002
https://doi.org/10.1038/nature08002
https://doi.org/10.1038/nature08002
https://doi.org/10.1016/j.mri.2008.06.002
https://doi.org/10.1016/j.mri.2008.06.002
https://doi.org/10.1016/j.mri.2008.06.002
https://doi.org/10.1016/j.mri.2008.06.002
https://doi.org/10.1016/j.mri.2008.06.002
https://doi.org/10.1016/j.nicl.2014.03.007
https://doi.org/10.1016/j.nicl.2014.03.007
https://doi.org/10.1016/j.nicl.2014.03.007
https://doi.org/10.1016/j.nicl.2014.03.007
https://doi.org/10.1016/j.nicl.2014.03.007
https://doi.org/10.1016/j.tics.2003.10.005
https://doi.org/10.1016/j.tics.2003.10.005
https://doi.org/10.1016/j.tics.2003.10.005
https://doi.org/10.1016/j.tics.2003.10.005
https://doi.org/10.1016/j.tics.2003.10.005
https://doi.org/10.1080/09658210244000568
https://doi.org/10.1080/09658210244000568
https://doi.org/10.1080/09658210244000568
https://doi.org/10.1126/science.174.4011.788
https://doi.org/10.1152/jn.2000.83.3.1733
https://doi.org/10.1152/jn.2000.83.3.1733
https://doi.org/10.1152/jn.2000.83.3.1733
https://doi.org/10.1152/jn.2000.83.3.1733
https://doi.org/10.1111/j.1467-9280.2007.01882.x
https://doi.org/10.1111/j.1467-9280.2007.01882.x
https://doi.org/10.1111/j.1467-9280.2007.01882.x
https://doi.org/10.1111/j.1467-9280.2007.01882.x
https://doi.org/10.1111/j.1467-9280.2007.01882.x
https://doi.org/10.1016/j.neuroimage.2013.04.012
https://doi.org/10.1016/j.neuroimage.2013.04.012
https://doi.org/10.1016/j.neuroimage.2013.04.012
https://doi.org/10.1016/j.neuroimage.2013.04.012
https://doi.org/10.1016/j.neuroimage.2013.04.012
https://doi.org/10.1016/0896-6273(95)90304-6
https://doi.org/10.1016/0896-6273(95)90304-6
https://doi.org/10.1016/0896-6273(95)90304-6
https://doi.org/10.1016/0896-6273(95)90304-6
https://doi.org/10.1016/0896-6273(95)90304-6
https://doi.org/10.1038/nn1014
https://doi.org/10.1038/nn1014
https://doi.org/10.1038/nn1014
https://doi.org/10.1038/nn1014
https://doi.org/10.1002/jmri.24903
https://doi.org/10.1002/jmri.24903
https://doi.org/10.1002/jmri.24903
https://doi.org/10.1002/jmri.24903
https://doi.org/10.1002/mrm.1269
https://doi.org/10.1002/mrm.1269
https://doi.org/10.1002/mrm.1269
https://doi.org/10.1002/mrm.1269
https://doi.org/10.3389/fnbeh.2021.695416
https://doi.org/10.3389/fnbeh.2021.695416
https://doi.org/10.3389/fnbeh.2021.695416
https://doi.org/10.3389/fnbeh.2021.695416
https://doi.org/10.1093/cercor/bhad522
https://doi.org/10.1093/cercor/bhad522
https://doi.org/10.1093/cercor/bhad522
https://doi.org/10.1093/cercor/bhad522
https://doi.org/10.1093/cercor/bhad522
https://doi.org/10.1016/j.neuroimage.2022.119813
https://doi.org/10.1016/j.neuroimage.2022.119813
https://doi.org/10.1016/j.neuroimage.2022.119813
https://doi.org/10.1016/j.neuroimage.2022.119813
https://doi.org/10.1016/j.neuroimage.2022.119813
https://doi.org/10.1016/j.pneurobio.2022.102247
https://doi.org/10.1016/j.pneurobio.2022.102247
https://doi.org/10.1016/j.pneurobio.2022.102247
https://doi.org/10.1016/j.pneurobio.2022.102247
https://doi.org/10.1016/j.pneurobio.2022.102247
https://doi.org/10.1016/j.brainres.2014.10.024
https://doi.org/10.1016/j.brainres.2014.10.024
https://doi.org/10.1016/j.brainres.2014.10.024
https://doi.org/10.1016/j.brainres.2014.10.024
https://doi.org/10.1016/j.brainres.2014.10.024
https://doi.org/10.1002/hbm.24201
https://doi.org/10.1002/hbm.24201
https://doi.org/10.1002/hbm.24201
https://doi.org/10.1002/hbm.24201
https://doi.org/10.1038/s41386-018-0134-5
https://doi.org/10.1038/s41386-018-0134-5
https://doi.org/10.1038/s41386-018-0134-5
https://doi.org/10.1038/s41386-018-0134-5
https://doi.org/10.1002/nbm.3865
https://doi.org/10.1002/nbm.3865
https://doi.org/10.1002/nbm.3865
https://doi.org/10.1002/nbm.3865
https://doi.org/10.1016/j.neuroimage.2012.08.016
https://doi.org/10.1016/j.neuroimage.2012.08.016
https://doi.org/10.1016/j.neuroimage.2012.08.016
https://doi.org/10.1016/j.neuroimage.2012.08.016
https://doi.org/10.1016/j.neuroimage.2012.08.016
https://doi.org/10.3389/fpsyt.2017.00154
https://doi.org/10.3389/fpsyt.2017.00154
https://doi.org/10.3389/fpsyt.2017.00154
https://doi.org/10.3389/fpsyt.2017.00154
https://doi.org/10.1093/cercor/bhm213
https://doi.org/10.1093/cercor/bhm213
https://doi.org/10.1093/cercor/bhm213
https://doi.org/10.1093/cercor/bhm213
https://doi.org/10.1093/cercor/bhm213
https://doi.org/10.1038/319774a0
https://doi.org/10.1038/319774a0
https://doi.org/10.1038/319774a0
https://doi.org/10.1038/319774a0
https://doi.org/10.1038/s44159-023-00149-0
https://doi.org/10.1038/s44159-023-00149-0
https://doi.org/10.1038/s44159-023-00149-0
https://doi.org/10.1038/s44159-023-00149-0
https://doi.org/10.1016/j.neurobiolaging.2017.01.026
https://doi.org/10.1016/j.neurobiolaging.2017.01.026
https://doi.org/10.1016/j.neurobiolaging.2017.01.026
https://doi.org/10.1016/j.neurobiolaging.2017.01.026
https://doi.org/10.1016/j.neurobiolaging.2017.01.026
https://doi.org/10.1162/jocn_a_00521
https://doi.org/10.1162/jocn_a_00521
https://doi.org/10.1162/jocn_a_00521
https://doi.org/10.1162/jocn_a_00521
https://doi.org/10.1162/jocn_a_00521

data. J Neurosci Methods. 343:108827. https://doi.org/10.1016/j.
jneumeth.2020.108827.

Oh H et al. 2024. A preliminary study of dynamic neurochemical
changes in the dorsolateral prefrontal cortex during working
memory. Eur J Neurosci. 59:2075-2086. https://doi.org/10.1111/
ejn.16280.

Plaschke RN et al. 2020. Age differences in predicting working mem-
ory performance from network-based functional connectivity.
Cortex. 132:441-459. https://doi.org/10.1016/j.cortex.2020.08.012.

Porges EC et al. 2017a. Frontal gamma-aminobutyric acid con-
centrations are associated with cognitive performance in
older adults. Biol Psychiatry. 2:38-44. https://doi.org/10.1016/j.
bpsc.2016.06.004.

Porges EC et al. 2017b. Impact of tissue correction strategy on
GABA-edited MRS findings. NeuroImage. 162:249-256. https://doi.
org/10.1016/j.neuroimage.2017.08.073.

Porges EC, Jensen G, Foster B, Edden RA, Puts NA. 2021. The trajectory
of cortical GABA across the lifespan, an individual participant
data meta-analysis of edited MRS studies. elife. 10. https://doi.
org/10.7554/eLife.62575.

Ragland JD et al. 2020. Disrupted GABAergic facilitation of working
memory performance in people with schizophrenia. NeuroImage:
Clinical. 25:102127. https://doi.org/10.1016/j.nicl.2019.102127.

Rmus M et al. 2023. Age-related differences in prefrontal gluta-
mate are associated with increased working memory decay that
gives the appearance of learning deficits. elife. 12. https://doi.
org/10.7554/eLife.85243.

Roalf DR et al. 2020. A quantitative meta-analysis of brain gluta-
mate metabolites in aging. Neurobiol Aging. 95:240-249. https://
doi.org/10.1016/j.neurobiolaging.2020.07.015.

Salthouse TA, Babcock RL. 1991. Decomposing adult age differ-
ences in working memory. Dev Psychol. 27:763-776. https://doi.
0rg/10.1037/0012-1649.27.5.763.

Salthouse TA, Pink JE. 2008. Why is working memory related to fluid
intelligence? Psychon Bull Rev. 15:364-371. https://doi.org/10.3758/
PBR.15.2.364.

Samrani G, Persson J. 2021. Proactive interference in working mem-
ory is related to adult age and cognitive factors: cross-sectional
and longitudinal evidence from the Betula study. Aging Neu-
ropsychol Cognit. 28:108-127. https://doi.org/10.1080/13825585.
2020.1713982.

Samrani G, Persson J. 2022. Automatic and effortful control
of interference in working memory can be distinguished by
unique behavioral and functional brain representations. Neu-
rolmage. 253:119098. https://doi.org/10.1016/j.neuroimage.2022.
119098.

Samrani G, Backman L, Persson J. 2017. Age-differences in the tem-
poral properties of proactive interference in working memory.
Psychol Aging. 32:722-731. https://doi.org/10.1037/pag0000204.

Samrani G, Backman L, Persson J. 2019. Interference control in work-
ing memory is associated with ventrolateral prefrontal cortex
volume. J Cogn Neurosci. 31:1491-1505. https://doi.org/10.1162/
jocn_a_01430.

Schliebs R, Arendt T. 2011. The cholinergic system in aging and
neuronal degeneration. Behav Brain Res. 221:555-563. https://doi.
0rg/10.1016/j.bbr.2010.11.058.

Cerebral Cortex, 2025, Vol. 35,Issue5 | 9

Schmitz TW, Correia MM, Ferreira CS, Prescot AP, Anderson
MC. 2017. Hippocampal GABA enables inhibitory control over
unwanted thoughts. Nat Commun. 8:1311. https://doi.org/10.1038/
541467-017-00956-z.

Schubert F, Gallinat J, Seifert F, Rinneberg H. 2004. Glutamate con-
centrations in human brain using single voxel proton magnetic
resonance spectroscopy at 3 tesla. Neurolmage. 21:1762-1771.
https://doi.org/10.1016/j.neuroimage.2003.11.014.

Spurny B et al. 2020. Hippocampal GABA levels correlate
with retrieval performance in an associative learning
paradigm. Neurolmage. 204:116244. https://doi.org/10.1016/j.
neuroimage.2019.116244.

Stanley JA et al. 2017. Functional dynamics of hippocampal glu-
tamate during associative learning assessed with in vivo 1H
functional magnetic resonance spectroscopy. Neurolmage. 153:
189-197. https://doi.org/10.1016/j.neuroimage.2017.03.051.

Steel A, Mikkelsen M, Edden RAE, Robertson CE. 2020. Regional bal-
ance between glutamate+glutamine and GABA+ in the resting
human brain. Neurolmage. 220:117112. https://doi.org/10.1016/j.
neuroimage.2020.117112.

Stokes PR et al. 2014. Acute increases in synaptic GABA detectable in
the living human brain: a [**C]JR015-4513 PET study. NeuroImage.
99:158-165. https://doi.org/10.1016/j.neuroimage.2014.05.035.

Takei Y et al. 2016. The inhibition/excitation ratio related to task-
induced oscillatory modulations during a working memory task:
a multtimodal-imaging study using MEG and MRS. NeuroImage.
128:302-315. https://doi.org/10.1016/j.neuroimage.2015.12.057.

Van der Linden M, Brédart S, Beerten A. 1994. Age-related differences
in updating working memory. Br ] Psychol. 85:145-152. https://doi.
0rg/10.1111/j.2044-8295.1994.tb02514 .

Van Vugt B, van Kerkoerle T, Vartak D, Roelfsema PR. 2020. The
contribution of ampa and nmda receptors to persistent firing in
the dorsolateral prefrontal cortex in working memory. J Neurosci.
40:2458-2470. https://doi.org/10.1523/J]NEUROSCI.2121-19.2020.

Westfall ], Yarkoni T. 2016. Controlling for confounding constructs
is harder than you think. PLoS One. 11:0152719. https://doi.
org/10.1371/journal.pone.0152719.

Whittington MA, Traub RD. 2003. Interneuron diversity series:
inhibitory interneurons and network oscillations in vitro. Trends
Neurosci. 26:676-682. https://doi.org/10.1016/j.tins.2003.09.016.

Yoon JH, Grandelis A, Maddock R]. 2016. Dorsolateral prefrontal
cortex GABA concentration in humans predicts working memory
load processing capacity. ] Neurosci. 36:11788-11794. https://doi.
org/10.1523/JNEUROSCI.1970-16.2016.

Zacharopoulos G, Kadosh Cohen R.2021. Predicting working memory
capacity based on glutamatergic concentration and its modula-
tion of functional connectivity. Neuroscience. 457:12-19. https://
doi.org/10.1016/j.neuroscience.2020.10.037.

Zahr NM, Mayer D, Pfefferbaum A, Sullivan EV. 2008. Low striatal glu-
tamate levels underlie cognitive decline in the elderly: evidence
from in vivo molecular spectroscopy. Cereb Cortex. 18:2241-2250.
https://doi.org/10.1093/cercor/bhm?250.

Ziaei M, Salami A, Persson J. 2017. Age-related alterations in func-
tional connectivity patterns during working memory encod-
ing of emotional items. Neuropsychologia. 94:1-12. https://doi.
org/10.1016/j.neuropsychologia.2016.11.012.

© The Author(s) 2025. Published by Oxford University Press. This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and

reproduction in any medium, provided the original work is properly cited
Cerebral Cortex, 2025, 35, bhaf105

https://doi.org/10.1093/cercor/bhaf105

Original Article


https://doi.org/10.1016/j.jneumeth.2020.108827
https://doi.org/10.1016/j.jneumeth.2020.108827
https://doi.org/10.1016/j.jneumeth.2020.108827
https://doi.org/10.1016/j.jneumeth.2020.108827
https://doi.org/10.1016/j.jneumeth.2020.108827
https://doi.org/10.1111/ejn.16280
https://doi.org/10.1111/ejn.16280
https://doi.org/10.1111/ejn.16280
https://doi.org/10.1111/ejn.16280
https://doi.org/10.1016/j.cortex.2020.08.012
https://doi.org/10.1016/j.cortex.2020.08.012
https://doi.org/10.1016/j.cortex.2020.08.012
https://doi.org/10.1016/j.cortex.2020.08.012
https://doi.org/10.1016/j.cortex.2020.08.012
https://doi.org/10.1016/j.bpsc.2016.06.004
https://doi.org/10.1016/j.bpsc.2016.06.004
https://doi.org/10.1016/j.bpsc.2016.06.004
https://doi.org/10.1016/j.bpsc.2016.06.004
https://doi.org/10.1016/j.bpsc.2016.06.004
https://doi.org/10.1016/j.neuroimage.2017.08.073
https://doi.org/10.1016/j.neuroimage.2017.08.073
https://doi.org/10.1016/j.neuroimage.2017.08.073
https://doi.org/10.1016/j.neuroimage.2017.08.073
https://doi.org/10.1016/j.neuroimage.2017.08.073
https://doi.org/10.7554/eLife.62575
https://doi.org/10.7554/eLife.62575
https://doi.org/10.7554/eLife.62575
https://doi.org/10.7554/eLife.62575
https://doi.org/10.1016/j.nicl.2019.102127
https://doi.org/10.1016/j.nicl.2019.102127
https://doi.org/10.1016/j.nicl.2019.102127
https://doi.org/10.1016/j.nicl.2019.102127
https://doi.org/10.1016/j.nicl.2019.102127
https://doi.org/10.7554/eLife.85243
https://doi.org/10.7554/eLife.85243
https://doi.org/10.7554/eLife.85243
https://doi.org/10.7554/eLife.85243
https://doi.org/10.1016/j.neurobiolaging.2020.07.015
https://doi.org/10.1016/j.neurobiolaging.2020.07.015
https://doi.org/10.1016/j.neurobiolaging.2020.07.015
https://doi.org/10.1016/j.neurobiolaging.2020.07.015
https://doi.org/10.1016/j.neurobiolaging.2020.07.015
https://doi.org/10.1037/0012-1649.27.5.763
https://doi.org/10.1037/0012-1649.27.5.763
https://doi.org/10.1037/0012-1649.27.5.763
https://doi.org/10.3758/PBR.15.2.364
https://doi.org/10.3758/PBR.15.2.364
https://doi.org/10.3758/PBR.15.2.364
https://doi.org/10.3758/PBR.15.2.364
https://doi.org/10.1080/13825585.2020.1713982
https://doi.org/10.1016/j.neuroimage.2022.119098
https://doi.org/10.1037/pag0000204
https://doi.org/10.1037/pag0000204
https://doi.org/10.1037/pag0000204
https://doi.org/10.1037/pag0000204
https://doi.org/10.1162/jocn_a_01430
https://doi.org/10.1162/jocn_a_01430
https://doi.org/10.1162/jocn_a_01430
https://doi.org/10.1162/jocn_a_01430
https://doi.org/10.1162/jocn_a_01430
https://doi.org/10.1016/j.bbr.2010.11.058
https://doi.org/10.1016/j.bbr.2010.11.058
https://doi.org/10.1016/j.bbr.2010.11.058
https://doi.org/10.1016/j.bbr.2010.11.058
https://doi.org/10.1016/j.bbr.2010.11.058
https://doi.org/10.1038/s41467-017-00956-z
https://doi.org/10.1038/s41467-017-00956-z
https://doi.org/10.1038/s41467-017-00956-z
https://doi.org/10.1038/s41467-017-00956-z
https://doi.org/10.1038/s41467-017-00956-z
https://doi.org/10.1016/j.neuroimage.2003.11.014
https://doi.org/10.1016/j.neuroimage.2003.11.014
https://doi.org/10.1016/j.neuroimage.2003.11.014
https://doi.org/10.1016/j.neuroimage.2003.11.014
https://doi.org/10.1016/j.neuroimage.2003.11.014
https://doi.org/10.1016/j.neuroimage.2019.116244
https://doi.org/10.1016/j.neuroimage.2019.116244
https://doi.org/10.1016/j.neuroimage.2019.116244
https://doi.org/10.1016/j.neuroimage.2019.116244
https://doi.org/10.1016/j.neuroimage.2019.116244
https://doi.org/10.1016/j.neuroimage.2017.03.051
https://doi.org/10.1016/j.neuroimage.2017.03.051
https://doi.org/10.1016/j.neuroimage.2017.03.051
https://doi.org/10.1016/j.neuroimage.2017.03.051
https://doi.org/10.1016/j.neuroimage.2017.03.051
https://doi.org/10.1016/j.neuroimage.2020.117112
https://doi.org/10.1016/j.neuroimage.2020.117112
https://doi.org/10.1016/j.neuroimage.2020.117112
https://doi.org/10.1016/j.neuroimage.2020.117112
https://doi.org/10.1016/j.neuroimage.2020.117112
https://doi.org/10.1016/j.neuroimage.2014.05.035
https://doi.org/10.1016/j.neuroimage.2014.05.035
https://doi.org/10.1016/j.neuroimage.2014.05.035
https://doi.org/10.1016/j.neuroimage.2014.05.035
https://doi.org/10.1016/j.neuroimage.2014.05.035
https://doi.org/10.1016/j.neuroimage.2015.12.057
https://doi.org/10.1016/j.neuroimage.2015.12.057
https://doi.org/10.1016/j.neuroimage.2015.12.057
https://doi.org/10.1016/j.neuroimage.2015.12.057
https://doi.org/10.1016/j.neuroimage.2015.12.057
https://doi.org/10.1111/j.2044-8295.1994.tb02514.x
https://doi.org/10.1111/j.2044-8295.1994.tb02514.x
https://doi.org/10.1111/j.2044-8295.1994.tb02514.x
https://doi.org/10.1111/j.2044-8295.1994.tb02514.x
https://doi.org/10.1111/j.2044-8295.1994.tb02514.x
https://doi.org/10.1111/j.2044-8295.1994.tb02514.x
https://doi.org/10.1523/JNEUROSCI.2121-19.2020
https://doi.org/10.1523/JNEUROSCI.2121-19.2020
https://doi.org/10.1523/JNEUROSCI.2121-19.2020
https://doi.org/10.1523/JNEUROSCI.2121-19.2020
https://doi.org/10.1371/journal.pone.0152719
https://doi.org/10.1371/journal.pone.0152719
https://doi.org/10.1371/journal.pone.0152719
https://doi.org/10.1371/journal.pone.0152719
https://doi.org/10.1371/journal.pone.0152719
https://doi.org/10.1016/j.tins.2003.09.016
https://doi.org/10.1016/j.tins.2003.09.016
https://doi.org/10.1016/j.tins.2003.09.016
https://doi.org/10.1016/j.tins.2003.09.016
https://doi.org/10.1016/j.tins.2003.09.016
https://doi.org/10.1523/JNEUROSCI.1970-16.2016
https://doi.org/10.1523/JNEUROSCI.1970-16.2016
https://doi.org/10.1523/JNEUROSCI.1970-16.2016
https://doi.org/10.1523/JNEUROSCI.1970-16.2016
https://doi.org/10.1016/j.neuroscience.2020.10.037
https://doi.org/10.1016/j.neuroscience.2020.10.037
https://doi.org/10.1016/j.neuroscience.2020.10.037
https://doi.org/10.1016/j.neuroscience.2020.10.037
https://doi.org/10.1016/j.neuroscience.2020.10.037
https://doi.org/10.1093/cercor/bhm250
https://doi.org/10.1093/cercor/bhm250
https://doi.org/10.1093/cercor/bhm250
https://doi.org/10.1093/cercor/bhm250
https://doi.org/10.1093/cercor/bhm250
https://doi.org/10.1016/j.neuropsychologia.2016.11.012
https://doi.org/10.1016/j.neuropsychologia.2016.11.012
https://doi.org/10.1016/j.neuropsychologia.2016.11.012
https://doi.org/10.1016/j.neuropsychologia.2016.11.012
https://doi.org/10.1016/j.neuropsychologia.2016.11.012
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1093/cercor/bhaf105

	 Hippocampal and prefrontal GABA and glutamate concentration contribute to component processes of working memory in aging
	Introduction
	Materials and methods
	Results
	Discussion
	Acknowledgments
	Author contributions
	Supplementary material
	Funding


