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Dorsolateral Prefrontal Cortex GABA Concentration in
Humans Predicts Working Memory Load Processing

Capacity

Jong H. Yoon,' Anthony Grandelis,” and ““Richard J. Maddock?
"Department of Psychiatry and Behavioral Science, Stanford University, Palo Alto, California 94304, and 2Department of Psychiatry and Imaging Research
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The discovery of neural mechanisms of working memory (WM) would significantly enhance our understanding of complex human
behaviors and guide treatment development for WM-related impairments found in neuropsychiatric conditions and aging. Although the
dorsolateral prefrontal cortex (DLPFC) has long been considered critical for WM, we still know little about the neural elements and
pathways within the DLPFC that support WM in humans. In this study, we tested whether an individual’s DLPFC gamma-aminobutryic
acid (GABA) content predicts individual differences in WM task performance using a novel behavioral approach. Twenty-three healthy
adults completed a task that measured the unique contribution of major WM components (memory load, maintenance, and distraction
resistance) to performance. This was done to address the possibility that components have differing GABA dependencies and the failure
to parse WM into components would lead to missing true associations with GABA. The subjects then had their DLPFC GABA content
measured by single-voxel proton magnetic spectroscopy. We found that individuals with lower DLPFC GABA showed greater perfor-
mance degradation with higher load, accounting for 31% of variance, p . recteay = 0-015. This relationship was component, neurochem-
ical, and brain region specific. DLPFC GABA content did not predict performance sensitivity to other components tested; DLPFC
glutamate + glutamine and visual cortical GABA content did not predict load sensitivity. These results confirm the involvement of DLPFC
GABA in WM load processing in humans and implicate factors controlling DLPFC GABA content in the neural mechanisms of WM and its
impairments.
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This study demonstrated for the first time that the amount of gamma-aminobutryic acid (GABA), the major inhibitory neu-
rotransmitter of the brain, in an individual’s prefrontal cortex predicts working memory (WM) task performance. Given that WM
is required for many of the most characteristic cognitive and behavioral capabilities in humans, this finding could have a signif-
icant impact on our understanding of the neural basis of complex human behavior. Furthermore, this finding suggests that efforts
to preserve or increase brain GABA levels could be fruitful in remediating WM-related deficits associated with neuropsychiatric

conditions. /

ignificance Statement

can be efficiently manipulated, transformed, or used to guide goal-
directed behavior. As such, WM is a cornerstone of human cognitive
and behavioral capabilities, underlying some of our most character-
istic and important behaviors such as multitasking and planning,
Individual differences in diverse cognitive abilities, including general

Introduction

Working memory (WM) can be defined as the temporary mainte-
nance of information in a consciously accessible form, in which it
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intelligence (Conway et al., 2003) and academic performance (Allo-
way and Alloway, 2010), are derived in part from individual differ-
ences in WM capacity. Conversely, WM impairments characterize a
host of neuropsychiatric conditions, including schizophrenia
(Goldman-Rakic, 1994) and cognitive decline associated with aging
(Salthouse, 1990). Elucidating the neural mechanisms of WM would
advance our understanding of WM-dependent cognitive and behav-
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Figure 1.

in each of the five conditions and planned contrasts between conditions.

ioral capabilities, as well as provide clues to the pathophysiology and
remediation of WM deficits in pathological states.

The dorsolateral prefrontal cortex (DLPFC) is one of the most
consistently implicated brain regions for WM (Cabeza and Nyberg,
2000). Although this mapping to the DLPFC is a useful starting
point, a fundamental challenge for elucidating neural mechanisms is
to determine the specific neural elements and processes within the
DLPEC that are involved in WM. Among the neurochemicals
thought to mediate DLPFC function and cognition, GABA has been
the focus of considerable interest. GABAergic neurotransmission is
thought to modulate and organize pyramidal neuron activity into
synchronized gamma oscillations (Whittington and Traub, 2003;
Cardin et al.,, 2009). Gamma oscillations are now recognized as a
fundamental mechanism supporting information processing and
cognition. Gamma activity has been implicated in higher-order cog-
nition requiring WM and cognitive control (Tallon-Baudry et al.,
1998; Howard et al., 2003; Meltzer et al., 2008) and intracranial re-
cordings have localized load-dependent increases in gamma power
to the DLPFC in humans (Howard et al., 2003; Meltzer et al., 2008).
In schizophrenia, the loss of DLPFC GAD67 (Akbarian et al., 1995;
Guidotti et al., 2000; Volk et al., 2000; Hashimoto et al., 2008), the
major synthetic enzyme for GABA, in interneurons is hypothesized
to result in reductions in GABA synthesis, GABAergic neurotrans-
mission, and gamma-band activity, as well as WM deficits (Lewis
and Gonzalez-Burgos, 2006). Evidence from human studies suggests
a link between gamma oscillations and cortical GABA content
(Muthukumaraswamy et al., 2009; Chen et al., 2014).

Although this model provides a compelling and detailed neu-
robiological framework for the study of WM, direct evidence
linking DLPFC GABA and WM in humans has been sparse. Mag-
netic resonance spectroscopy (MRS) is a neuroimaging modality
that can quantify the concentration of specific neurochemicals in
the brain, including GABA. MRS can be combined with WM
tasks to test for a quantitative association between individual
differences in DLPFC GABA content and task performance.
Finding a positive association would suggest that an individual’s
available pool of DLPFC GABA indexes the functional capacity of
GABAergic interneurons and constrains WM performance. This
demonstration would also validate in vivo GABA MRS measures

Probe (1 sec)

50% match
delay period in Distractor trials probability

WM paradigm. The general trial structure shared by all trial types and examples of face stimuli are displayed. A trial
starts with the presentation of face cue, which had to be maintained across a delay period to make a match discrimination with the
probe face presented at the end of the delay period. This paradigm was designed to allow for the manipulation of specific WM
components and the measurement of their effect on task performance. For example, the number of cue faces varied between 1and
2facesand the delay period varied between either 10r 9 s so that we could measure the effect of longer maintenance requirements
and memory load on task performance, respectively. In conditions involving distraction, a single face was presented in the middle
of the delay period for 1s. The effect of manipulating WM subcomponents was quantified by contrasting task performance (%
correct accuracy) between conditions that differed only in the subcomponent of interest. See text for details on task manipulations

J. Neurosci., November 16, 2016 + 36(46):11788-11794 « 11789

as a brain-based biomarker with potential
utility for future clinical studies and fur-
ther studies of GABA’s role in WM in
humans.

Here, we used a novel behavioral ap-
proach to test the hypothesis that individ-
- uals’ GABA levels within the DLPFC
predict their WM performance. WM is a
multifaceted construct composed of mul-
tiple component processes (Goldman-
Rakic, 1996; Baddeley, 2003), which are
likely supported by distinct neurobiologi-
cal mechanisms with possibly variable
GABA dependencies. Global measures of
WM performance reflect the combined
effects of these components, which could
obscure links with GABA. Fractionating
WM into component processes may facil-
itate the detection of its associations with
GABA. Therefore, we used a WM para-
digm designed to measure the unique
contribution of three WM components
(memory load, maintenance, and distrac-
tion resistance) to task performance. A
sample of healthy adults completed this WM paradigm and un-
derwent single-voxel proton MRS to estimate their DLPFC
GABA content. We then tested whether individuals’ DLPFC
GABA levels predicted their performance sensitivity to changes in
these three WM component processes.

. @
" 9)

Materials and Methods

Subjects. Twenty-three healthy young adults completed this study. The
mean age of the sample was 22.4 years (SD = 3.3) and 70% were men.
Exclusion criteria were as follows: intelligence quotient of <70, drug or
alcohol dependence or abuse within 3 months of testing, a positive urine
drug screen on the day of testing, medical or neurological illness affecting
brain function, history of significant head trauma, lifetime diagnosis of a
major Axis I disorder, or a first-degree relative with a psychotic disorder.
We also applied an a priori specified task performance criterion to ex-
clude subjects with motivation or attention difficulties. Subjects had to
attain >90% accuracy on the baseline condition of the WM paradigm for
inclusion (Fig. 1). The baseline condition was relatively simple, with
minimal WM or cognitive demands. Therefore, we expected only sub-
jects with substantial motivation or attention problems to achieve sub-
threshold performance. Two subjects enrolled in the study failed to
achieve threshold performance and were excluded. The demographics of
the final sample were as follows: 17 males, 6 females; mean age 22.4 years
old (SD 3.0 years, range 19-32). This study was approved by the Institu-
tional Review Board at the University of California—Davis and all subjects
provided written informed consent for all procedures.

Spectroscopy methods. We conducted single-voxel proton MRS on the
Siemens MAGNETOM Tim Trio 3T MRI system using the Siemens 32-
channel head coil. We used a Siemens Works-in-Progress (WIP) se-
quence (Heberlein and Brown, 2009) to measure GABA. It provides
water-suppressed single-voxel spectroscopy with J-difference spectral
editing that enables the GABA resonance at 2.99 ppm to be distinguished
from the overlapping creatine (Cr) singlet, as well as removing other
overlapping signals (Mescher et al., 1996; Mescher et al., 1998; Henry et
al., 2001). This is achieved through the subtraction of two independently
acquired spectra that have GABA J-coupled resonances of opposite po-
larity at ~2.99 ppm. MRS spectra were acquired using the following
parameters: 1500 ms TR; 68 ms TE; 852 ms acquisition duration; 16 step
EXOR phase cycling; 1024 data points; 1200 Hz receiver bandwidth; 1.9
ppm edit pulse on resonance frequency; 7.5 ppm edit pulse off resonance
frequency; —1.7 ppm delta frequency; 45 Hz edit pulse bandwidth. In
each scan, acquisitions in which the spectral editing pulse was applied on
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Figure 2.
of the three WM components, A, A, and A, Error bars indicate SEM.

resonance were interleaved with those in which the pulse was applied off
resonance for a total of 256 acquisitions in each of three consecutive 6.4
min scans in the 2 brain regions studied (DLPFC and visual cortex). The
water frequency was adjusted before each 6.4 min scan. GABA content
measured by this method includes signal from macromolecules and ho-
mocarnosine that coedit with GABA.

To sample the DLPFC, a 30 X 15 X 35 mm voxel in the x, y, z dimensions
was placed within the boundaries formed by the left middle frontal gyrus
voxel, the precentral sulcus, the superior-lateral extent of the cerebrum, and
the superior frontal sulcus (Fig. 1). To test for the specificity of our DLPFC
findings, we also obtained MRS measurements from early visual cortex. We
centered a 35 X 30 X 25 mm voxel on the calcarine sulci bilaterally, with the
voxel’s posterior border 7 mm anterior to the dura. We used different voxel
dimensions in sampling the DLPFC and visual cortex brain regions to max-
imize sampling of gray matter in each region. Anatomical landmarks were
visualized on a 3D high-resolution T1-weighted structural image obtained
just before GABA spectroscopy scans.

Using jJMRUI software, all pairs of on- and off-resonance spectra were
phase aligned with reference to water, zero filled from 1024 to 4096,
apodized with a 4 Hz Gaussian filter, and frequency aligned to Cr at 3.02
ppm. Peak integration was used to quantify total GABA (2.99 * 0.12
ppm) and combined glutamine plus glutamate (Glx) (3.76 = 0.11 ppm)
in the difference spectra and Cr (3.02 = 0.09 ppm) in the summed
spectra, as described previously (Yoon et al., 2010). One of the authors
(RJ.M.), blinded to WM performance, visually inspected the spectra
from each 6.4 min acquisition to identify and exclude any scans with
obvious artifact (Yoon et al., 2010). The ratio of total GABA/total Cr
signal averaged across all scans in each brain region was used for hypoth-
esis testing. Normalizing to Cr reduces intersubject variance attributable
to differences in global signal strength and CSF fraction within the voxel
and has been shown to yield reliable GABA concentration estimates
(Bogner et al., 2010).

WM paradigm. We designed a WM paradigm (Fig. 1) and analytic plan
that quantified the unique contribution of specific WM components to
task performance so that associations between GABA levels and WM
components could be tested. Because we did not have strong a priori
predictions of which WM component would be linked with GABA, we
examined three of the most commonly studied components of WM:
memory load (L), maintenance (M), and distraction resistance (D). Our
WM paradigm allowed us to manipulate levels of difficulty for these
components and measure their effects on task performance. For exam-
ple, to quantify the effect of load on performance, we designed two con-
ditions with identical task demands, except for the memory load (e.g.,
one vs two cue items). Performance sensitivity to memory load was esti-
mated for each individual by calculating the change in task accuracy
across the high- and low-load conditions. Individuals’ change scores
were then correlated with their DLPFC GABA concentrations.

We used a delayed response WM task for this experiment because it
readily allowed for the separation and manipulation of the three WM
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Task performance results. A, Group means of percentage task accuracy for the five conditions in the WM paradigm. B, Group means of the change in task accuracy with manipulation

components of interest. All trials of the experiment had the following
general structure. The trial started when a cue face(s) was presented for
2 s, which was followed by a delay period. At the end of the delay period,
a single probe face was presented, prompting the subject to make an
identity match discrimination between the probe and cue stimuli.
Matches occurred with 50% probability. Subjects completed the follow-
ing five trial types/conditions in which we manipulated specific task
components while retaining the overall cue—delay—probe structure: (1)
baseline: 1 cue face, short delay (1 s), probe; (2) Facel: 1 cue face, long
delay (9 s), probe; (3) Face2: 2 cue faces, long delay, probe; (4) Distrac-
torl: 1 cue face, long delay with distractor face presented for 1 s in the
middle of the delay, probe; and (5) Distractor2: 2 cue faces, long delay
with distractor, probe. In all trials, one face was presented in the probe
phase. Twenty-eight trials for each condition were presented. To quan-
tify task performance sensitivity to the manipulation of specific WM
components, we calculated the following change in task accuracy for each
of the components as follows: (1) A; = % accuracy Facel — % accuracy
Face2; (2) Ay; = % accuracy Baseline — % accuracy Facel; Ap = [(%
accuracy Facel — % accuracy Distractorl) + (% accuracy Face2 — %
accuracy Distractor2)]/2.

An additional advantage of relating GABA to individual WM compo-
nents is the greater specificity of inferences on neural mechanisms that
could be made with positive findings. The set of neural processes under-
lying WM components is more restricted and better defined compared
with those for overall WM. Therefore, a link between GABA and a spe-
cific WM component could point to GABA involvement in more limited
and specified set of neural processes. The use of between-condition dif-
ferences in task performance accuracy also controlled for variability in
nonspecific factors that could be strong determinants in individual dif-
ferences in task performance. These determinants, if not controlled,
could obscure our ability to detect true associations between GABA levels
of WM task performance.

Statistical analysis. We tested our hypothesis with Pearson’s correla-
tions between DLPFC GABA content and A, Ay, and A,. In determin-
ing statistical significance, we used two-tailed tests and corrected for
multiple comparisons with a Bonferroni factor of 3. Corrected p-values
are indicated as p .o rectea)- FOT €xample, P orrecied) = 0.015 is equivalent
to an uncorrected p = 0.005. There were instances in which Bonferroni
correction resulted in nonsensical values; for example, when the uncor-
rected p-values were >0.33, corrected p-values were > 1.0. In these in-
stances, we set the p-values to 1.000.

Results

Task performance results

The means of subjects’ performance across the experimental ma-
nipulations of WM components are displayed in Figure 2A. Task
accuracy decreased in a monotonic fashion across conditions
from nearly 100% accuracy in the baseline condition to the most
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GABA spectroscopy. A, Example of the voxel position within the left middle frontal gyrus in a representative subject. The irregular shape of the in-plane section (green lines) of the voxel

is the result of having to rotate the voxel obliquely in reference to the slice plane of the structural images. SFS, Superior frontal sulcus; PCS, precentral sulcus. B, Group-averaged edited spectra from
the middle frontal gyrus show the characteristic pseudo-doublet peak of the GABA line graph at ~3.0 ppm and the doublet peak of GIx at ~3.7 ppm.
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GABA MRS results

The voxel location within the DLPFC from a
representative subject and group-averaged ed-
ited spectra are shown in Figure 3. No scans
were excluded due to motion or other artifact.
Due to technical difficulties, we were unable to
acquire all three scans in each brain region for
some subjects. For the DLPFC, only two scans
were acquired in two subjects and one scan
in one subject. For the visual cortex, only
two scans were acquired in two subjects.
Mean DLPFC GABA/Cr and GIx/Cr levels
in our sample were 0.146 (SD = 0.016) and
0.131 (SD = 0.015), respectively (Fig. 4).
Mean visual cortex GABA/Cr and Glx/Cr
levels were 0.146 (SD = 0.013) and 0.128
(SD = 0.014), respectively.

Correlation between task performance
and GABA/Cr content

The correlation between DLPFC GABA/Cr
and A was significant (r = —0.564, p.o-
rected) = 0015, n = 23) DLPFC GABA/CI'
. correlation with Ay (r = 0.464, p( o rrected) =

0.00 0.00

b Visual Cortex GABA/Cr

Figure4.

difficult condition, Distractor2. The mean accuracies for all con-
ditions in the order of highest to lowest accuracy, with SD pro-
vided in parentheses, were as follows: baseline = 99.6% (1.9);
Facel = 93.6% (6.1); Distractor]l = 86.1% (7.2); Face2 = 81.6%
(9.6); and Distractor2 = 76.0% (9.3). In the planned compari-
sons between conditions, we observed the following percentage
change in task accuracy in response to WM component manip-
ulations (Fig. 2B): A; = 12.0 (SD = 8.6), A, = 6.6 (SD = 5.7),
and Ap, 6.0 (SD = 5.2).

DLPFC GIx/Cr

Specificity of subjects’ DLPFC GABA content correlation with task performance sensitivity to memory load. Scatter plot
of individual subject’s DLPFC GABA content (x-axis) plotted against A, ( y-axis), change in task accuracy across levels of memory
load (4); visual cortex GABA content plotted against A, (B); and DLPFC Glx plotted against A, (C).

0.078, n = 23) and with Ap, (r = 0.003, p -
rected) = 1.000, n = 23) were nonsignificant.
The level of correlation between DLPFC
GABA/Cr and A, was significantly different
from that of DLPFC GABA/Crand Ay, (z=
2.870, p = 0.004) and DLPFC GABA/Cr
and Ap (z = 5.103, p < 0.001). We next
examined the neurochemical and regional
specificity of our findings. The correlation
between DLPFC Glx/Cr and A; was nonsignificant (r = 0.157, p =
0.475, n = 23) and differed significantly from the correlation be-
tween DLPFC GABA/Cr and A; (z = 3.564, p < 0.001). The corre-
lation between visual cortical GABA/Cr and A; was nonsignificant
(r=—0.112, p = 0.611, n = 23) and differed significantly from the
correlation between DLPFC GABA/Cr and A; (z = 2.353, p =
0.019). Excluding subjects with fewer than three acquisitions in
DLPFC or visual cortex did not change this pattern of findings.

0.17
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Discussion

We observed a significant association between subjects’ DLPFC
GABA content and WM load processing. Subjects with lower
GABA showed greater degradation of performance in trials with
higher memory load. Conversely, subjects with higher GABA
showed less performance degradation with higher load. This as-
sociation was specific; DLPFC GABA content did not correlate
with task performance sensitivity to the other components tested.
Furthermore, the association with load was region and neuro-
chemical specific; neither DLPFC Glx nor visual cortical GABA
content exhibited this association. To the best of our knowledge,
the present study is the first demonstration of an in vivo measure
of DLPFC GABA predicting individual differences in WM per-
formance in humans. This finding adds to the rationale for
focusing on DLPFC GABA and related neural systems in fur-
ther elucidating the neural mechanisms of WM, as well as the
pathophysiology of neuropsychiatric conditions involving
WM deficits.

Two features of our experimental design likely facilitated the
detection of an association between individual differences in task
performance and DLPFC GABA content. The first feature was the
use of a change in performance instead of an absolute measure of
performance; the former controls for nonspecific determinants
of task performance, which could vary substantially across sub-
jects and obscure the detection of associations with specific de-
terminants. Another important feature was the focus on WM
components. WM is composed of multiple component pro-
cesses, which may rely on distinct sets of neural mechanisms
(Goldman-Rakic, 1996) and have variable degree of GABA de-
pendency. Threfore, the combination of the use of change scores
and focus on components may have optimized this study’s
chances of detecting an association with DLPFC GABA levels.
The specificity of our findings builds upon a prior MRS study that
reported dynamic changes in DLPFC GABA levels during the
completion of a WM task, rising early and then declining later in
the course of WM task performance compared with baseline lev-
els (Michels et al., 2012). However, in this prior study, baseline
GABA measurements using MEGA PRESS were preceded by EPI-
based scans. GABA measurements preceded by EPI-based scans
have been shown recently to result in time-sensitive underesti-
mation of true GABA levels (Harris et al., 2014). Therefore, fu-
ture studies will be required to confirm dynamic changes in
DLPFC GABA levels during the completion of WM tasks.

Our main finding of an inverse correlation between DLPFC
GABA content and A;, change in task performance with higher
memory load, suggests that DLPFC GABA content is a determi-
nant of WM storage capacity. WM storage capacity refers to the
number of items that can be held in WM at a single point in time.
Although we did not quantify WM capacity in this study, most
established methods for estimating this parameter involve mea-
suring changes in accuracy as a function of increasing memory
load (Luck and Vogel, 1997; Cowan, 2001). Therefore, it would
be reasonable to expect that A reflects to some degree WM stor-
age capacity. The degradation in performance quantified by Ay
could be due to the processing demands imposed by the higher
memory load exceeding neural resource constraints. Our results
suggest that DLPFC GABA content could be one of these neural
constraints. Individual differences in WM capacity are thought to
contribute to individual differences in a number of cognitive attri-
butes such as fluid intelligence and overall academic performance
(Conway et al., 2003; Alloway and Alloway, 2010). Therefore, vari-
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ability in DLPFC GABA content could be contributing to individual
differences in these WM-capacity-related attributes.

The results of the present study interpreted in the context of
the relevant literature suggest a plausible mechanism by which
DLPFC GABA may mediate WM load processing. Current neu-
robiological models of WM ascribe executive control functions
to the DLPFC (Curtis and D’ Esposito, 2003; Postle, 2006). The
DLPEFC is thought to exert executive control over posterior cor-
tical areas where representations of the memoranda are stored
and actively maintained during WM. The strength of the DLPFC
signal to the posterior cortex has been proposed in computa-
tional models to boost the load capacity and processing of these
posterior cortical representations in WM (Edin et al., 2009). The
relevance of DLPFC signal strength to WM capacity is supported
by a number of fMRI studies that have documented higher fMRI
signals in the DLPFC with higher WM load (Braver et al., 1997;
Rypma and D’Esposito, 1999; Linden et al., 2003). Through
GABA’s well recognized role in establishing high-frequency
gamma-band oscillations within populations of neocortical
pyramidal neurons, GABA content could be an important pa-
rameter determining DLPFC signal strength. Studies have dem-
onstrated load-specific increases in gamma power within the PFC
and other cortical regions during WM (Howard et al., 2003; Melt-
zer et al., 2008). A number of recent studies have reported links
between cortical GABA concentration and parameters of gamma
oscillations (Edden et al., 2009; Gaetz et al., 2011; Chen et al,,
2014). These include peak gamma frequency during the encoding
stage of the WM task correlating with GABA level and WM per-
formance (Chen et al., 2014). Finally, deficiencies in the produc-
tion of GABA in GABAergic interneurons are hypothesized to
underlie the impairments in gamma-band oscillations (Lewis et
al., 2005; Cho et al., 2006; Minzenberg et al., 2010) and higher-
order cognitive deficits, including WM, in schizophrenia. In the
context of this evidence, our findings are consistent with the
possibility that DLPFC GABA supports load processing by pro-
moting gamma oscillations and greater DLPFC signaling to pos-
terior cortex.

Another plausible mechanism by which DLPFC GABA may
influence WM capacity is suggested by computational spiking
network models of WM. These models propose that excitatory/
inhibitory balance within cortical microcircuits determines the
tuning properties of WM-stimulus-selective activations underly-
ing WM capacity (Wei et al., 2012). Inactivation of inhibition has
been shown to broaden this tuning and account for the propen-
sity to commit false alarm errors during WM task performance in
humans given pharmacological agents targeting the disruption of
GABAergic interneuron function (Murray et al., 2014). We were,
however, unable to test this prediction in our dataset due to the
low number of false alarm trials in our experiment.

Our results may have implications for the development of treat-
ments for WM deficits and WM-related cognitive and behavioral
abnormalities associated with neuropsychiatric conditions. Neuro-
nal GABA is produced by glutamic acid decarboxylase (GAD).
GAD67 is one of its major isoforms and it potently controls whole-
cell content of GABA (Asada et al., 1997). Downregulation of this
enzyme is thought to be a source of GABAergic dysfunction and
WM and related cognitive deficits in schizophrenia (Lewis et al.,
2005). Our results suggest that treatments promoting GABA synthe-
sis could be useful in this and possibly other conditions involving
WM and GABA deficits. A related strategy could be to improve
postsynaptic signaling of GABA with a GABA receptor agonist. One
study of this approach in schizophrenia found improved perfor-
mance in a WM-dependent higher-order cognitive task, accompa-
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nied by increase task-evoked gamma oscillation (Lewis et al., 2008).
However, another study using the same strategy did not show an
effect on cognition in schizophrenia (Buchanan et al., 2011).

It is important to note that MRS measures the total tissue
content of GABA within a region. Most brain tissue GABA is in
the cytosolic or vesicular compartments of GABAergic neurons.
The amount of GABA in the extracellular fluid is several orders of
magnitude less than that found in these intracellular compart-
ments (Wu et al., 2007). MRS cannot sample vesicular versus
cytosolic GABA selectively. Vesicular GABA plays a direct role in
GABAergic neurotransmission. Although GABA in the cytosol
can serve nonsignaling metabolic functions under some condi-
tions, cytosolic GABA concentration may also be a critical deter-
minant of vesicular filling in GABAergic interneurons (Hartman
et al., 2006; Lau and Murthy, 2012). Some studies also suggest
that cytosolic GABA may serve as a reservoir for nonsynaptic
GABAergic signaling (Wu et al.,, 2007). In addition, the total
tissue content of GABA may reflect the density and functional
integrity of GABAergic neurons within a region. Our findings
suggest that total tissue GABA content in the DLPFC reflects a
functionally meaningful parameter that influences WM capacity.

This study demonstrated an inverse correlation between in
vivo DLPFC GABA levels measured by MRS and task perfor-
mance sensitivity to WM load, indicating that the amount of
GABA in the DLPFC is a critical variable supporting WM capac-
ity. This finding also suggests that the further study of GABA in
the DLPFC and the neural factors affecting GABA content in this
region could lead to a more complete account of the neural mech-
anisms of WM, as well as reveal potential strategies to remediate
deficiencies in WM capacity associated with a number of neuro-
psychiatric conditions.
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