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a b s t r a c t 

A relationship between working memory impairment, disordered neuronal oscillations, and abnormal pre-

frontal GABA function has been hypothesized in schizophrenia; however, in vivo GABA measurements

and gamma band neural synchrony have not yet been compared in schizophrenia. This case–control pi-

lot study ( N = 24) compared baseline and working memory task-induced neuronal oscillations acquired

with high-density electroencephalograms (EEGs) to GABA levels measured in vivo with magnetic resonance

spectroscopy. Working memory performance, baseline GABA level in the left dorsolateral prefrontal cortex

(DLPFC), and measures of gamma oscillations from EEGs at baseline and during a working memory task

were obtained. A major limitation of this study is a relatively small sample size for several analyses due to

the integration of diverse methodologies and participant compliance. Working memory performance was

significantly lower for patients than for controls. During the working memory task, patients ( n = 7) had

significantly lower amplitudes in gamma oscillations than controls ( n = 9). However, both at rest and across

working memory stages, there were significant correlations between gamma oscillation amplitude and left

DLPFC GABA level. Peak gamma frequency during the encoding stage of the working memory task ( n = 16)

significantly correlated with GABA level and working memory performance. Despite gamma band amplitude

deficits in patients across working memory stages, both baseline and working memory-induced gamma os-

cillations showed strong dependence on baseline GABA levels in patients and controls. These findings suggest

a critical role for GABA function in gamma band oscillations, even under conditions of system and cognitive

impairments as seen in schizophrenia. 
c © 2014 The Authors. Published by Elsevier Inc.

This is an open access article under the CC BY-NC-ND license

( http: // creativecommons.org / licenses / by-nc-nd / 3.0 / ).
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1. Introduction 

Impairment in working memory is a core deficit in schizophre-

nia ( Elvevag and Goldberg, 2000 ; Lewis, 2004 ). Key neurobiological

domains that are thought to underlie working memory have shown

abnormalities in the illness: prefrontal GABA function ( Lewis et al.,

2012 ) and neuronal synchrony ( Cho et al., 2006 ; Uhlhaas and Singer,

2010 ). In addition to findings of disturbances in all three domains,

some studies have examined their relationships. Reports have linked

cognitive and GABA dysfunctions ( Enomoto et al., 2011 ), while others

related cognitive and neuronal synchrony abnormalities ( Cho et al.,
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2006 ; Uhlhaas and Singer, 2010 ) in schizophrenia. 

Patients with schizophrenia exhibit clear disturbances in manip-

ulation of transiently stored information ( Cannon et al., 2005 ), in-

cluding visual working memory ( Fleming et al., 1997 ; Vance et al.,

2006 ). The dorsolateral prefrontal cortex (DLPFC) is part of the inte-

grated cortical network for visuo-spatial working memory ( Haxby et

al., 2000 ; Kang et al., 2011 ), and studies have suggested that working

memory deficits in schizophrenia occur in a context of altered activa-

tion of DLPFC during task performance ( MacDonald et al., 2005 ; van

Veelen et al., 2010 ). However, the neurochemical disturbances under-

lying working memory and other cognitive deficits in schizophrenia

remain unclear. 

A potential physiological substrate for abnormal and inefficient

DLPFC function is altered function of GABAergic neurons. Postmortem
 open access article under the CC BY-NC-ND license ( http: // creativecommons.org / 
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tudies show that fast-spiking, parvalbumin-positive interneurons 

re affected in schizophrenia, suggesting GABAergic deficits in corti- 

al interneurons ( Benes et al., 1991 ; Benes and Berretta, 2001 ; Duncan 

t al., 2010 ; Lewis and Gonzalez-Burgos, 2008 ; Lewis and Hashimoto, 

007 ; Ohnuma et al., 1999 ; Volk et al., 2002 ). Recent in vivo MRS 

tudies of prefrontal GABA levels have reported either no difference 

 Goto et al., 2009 ; Tayoshi et al., 2010 ), a trend reduction in older 

atients ( Rowland et al., 2013 b), or elevations ( Kegeles et al., 2012 ; 

ngur et al., 2010 ) when compared to healthy controls (see Comment 

n Kegeles et al., 2012 , for discussions on GABA elevations). While the 

elationship of total tissue GABA levels measured by MRS to synaptic 

ransmission at the fast-spiking interneurons remains unclear, these 

ostmortem and in vivo studies suggest abnormalities in prefrontal 

ABA function. 

Synchrony among large populations of neurons is thought to be 

ssential for healthy cognitive function ( Engel et al., 2001 ; Uhlhaas 

nd Singer, 2006 ; Von Stein et al., 2000 ), particularly in fast-spiking 

arvalbumin-positive interneurons that exhibit abnormalities in 

ostmortem studies. A number of studies have reported aberrant neu- 

al oscillations in schizophrenia, particularly in the gamma frequency 

and ( Farzan et al., 2010 ; Gandal et al., 2012 ; Uhlhaas and Singer, 

006 ). Synchronous gamma oscillations ( > 30 Hz) correlate with sev- 

ral cognitive processes ( Fries et al., 2001 ; Gray et al., 1989 ; Pesaran 

t al., 2002 ; Singer, 1999 ; Tallon-Baudry and Bertrand, 1999 ; Varela 

t al., 2001 ). During working memory tasks, increasing cognitive load 

s associated with an increase in gamma oscillations in healthy partic- 

pants and epilepsy patients ( Basar-Eroglu et al., 2007 ; Howard et al., 

003 ; Meltzer et al., 2008 ). Increase in cognitive control also elicits 

reater modulation of DLPFC gamma neural oscillations in healthy 

articipants, though patients with schizophrenia produce less or no 

odulation ( Barr et al., 2010 ; Cho et al., 2006 ). Similarly, gamma-band 

ynchrony during tasks of visual gestalt perception is attenuated in 

chizophrenia ( Spencer et al., 2003 ), and patients with schizophrenia 

ail to enhance gamma activity with increasing working memory load 

 Basar-Eroglu et al., 2007 ). These previous reports on gamma oscil- 

ations during cognitive tasks in patients with schizophrenia might 

eem to be inconsistent regarding gamma oscillatory amplitudes; 

uch discrepancies might be attributed to differences in tasks and 

heir characteristics in induced and evoked EEG processing. Nonethe- 

ess, aberrant modulatory response in gamma frequency band to cog- 

itive challenges is a replicated finding in schizophrenia ( Gonzalez- 

urgos et al., 2011 ). 

Evidence for a connection between GABA function and cognition 

as been found using in vivo approaches. A link between GABA dy- 

amics and working memory performances was demonstrated in a 

rolonged delayed match-to-sample task using healthy participants 

 Michels et al., 2012 ). A clinical trial of a novel GABAergic agent 

howed improvement in some aspects of cognition in schizophrenia 

 Lewis et al., 2008 ). In a visual contrast discrimination task, despite 

ower GABA levels in visual cortex than healthy controls, patients 

emonstrated the same correlations between GABA levels and task 

erformance ( Yoon et al., 2010 ), further supporting a key role for 

ABA in cognitive processes in schizophrenia. 

In healthy participants, resting GABA levels have been corre- 

ated with peak gamma-band frequency during visual stimulation 

 Muthukumaraswamy et al., 2009 ). Animal studies have explored 

he link between GABA function and gamma band neural synchrony 

sing electrophysiology ( Gonzalez-Burgos et al., 2011 ) and optoge- 

etics ( Sohal et al., 2009 ), showing a crucial role for fast-spiking 

arvalbumin-positive interneurons in generating synchronous neu- 

al oscillations in the gamma frequency band ( Hajos et al., 2004 ; 

lausberger et al., 2003 ; McBain and Fisahn, 2001 ; Traub et al., 2001 ). 

pecific circuit mechanisms of synchronized oscillations via GABA A 

eceptor-mediated inhibition may involve rhythmic interneuron fir- 

ng with trains of inhibitory postsynaptic currents in their target cells, 
the pyramidal neurons comprising the major population of the syn- 

chronous circuitry ( Gonzalez-Burgos et al., 2011 ). Thus, the need for 

adequate GABAergic transmission for the generation of synchronous 

gamma neural oscillations provides the potential basis for aberrant 

high frequency oscillations in schizophrenia. 

Prior studies have generated substantial evidence for cognitive 

deficits as well as abnormalities in gamma band neuronal synchrony 

and prefrontal GABA function in schizophrenia. A relationship be- 

tween working memory impairment, disordered neuronal oscilla- 

tions, and abnormal prefrontal GABA function has been hypothesized 

in schizophrenia. Relationships have been reported between cogni- 

tive deficits and failure to enhance gamma band synchrony during 

task performance. Similarly, GABA function has been connected to 

cognitive performance through a clinical trial ( Lewis et al., 2008 ) and 

an MRS study ( Yoon et al., 2010 ). Although in-vivo GABA levels of 

patients with schizophrenia have been showed to associate with os- 

cillatory measures of paired-click paradigm ( Rowland et al., 2013 a), 

no studies relating GABA levels to gamma oscillations during a work- 

ing memory task, or comparing all three domains within the same 

participants, have been performed in schizophrenia. These compar- 

isons are the subject of the current study: We hypothesize that there 

are relationships across working memory performance, gamma neu- 

ral oscillations, and DLPFC GABA levels that indicate a key role for 

GABA in subserving cognitive functions. 

2. Methods 

2.1. Participants 

The study was approved by the Institutional Review Boards of the 

New York State Psychiatric Institute (NYSPI) and Columbia University 

Medical Center. Twelve patients with schizophrenia (three females 

and nine males, ages 21–49; mean = 31, SD = 10.79), who met the 

criteria for schizophrenia or schizoaffective disorder as assessed with 

the Diagnostic Interview for Genetic Studies, were recruited either 

after voluntary admission to a research unit (Schizophrenia Research 

Unit, NYSPI) or from the affiliated outpatient research clinic (Lieber 

Schizophrenia Research Clinic, NYSPI). Inclusion criteria for patients 

were: (i) no other DSM-IV Axis-I diagnosis, (ii) age 18–60, (iii) no 

lifetime history of alcohol or substance abuse or dependence, (iv) 

no concomitant or past severe medical conditions, including head 

trauma, (v) not pregnant, (vi) no metallic or other material in the 

body that would preclude safe exposure to MRI, and (vii) ability to 

provide informed consent. All but three of the patients were taking 

a fixed, clinically determined dose of a second-generation antipsy- 

chotic medication for at least 4 weeks. Those three were stable off 

medications. A previous study ( Minzenberg et al., 2010 ) had showed 

that the unmedicated patient group ( n = 32) was not different on 

measures of cognitive control-related gamma deficits compared with 

the medicated patient group ( n = 21). 

Twelve controls (six females and six males, ages 24–46; 

mean = 33.08, SD = 8.23; mean age not different from the patient 

group, independent-samples t -test, P = 0.600; sex proportion not 

different from the patient group, chi-squared test, P = 0.206) were 

recruited from the New York metropolitan area. Inclusion criteria for 

the control group were absence of past or present Axis-I psychiatric 

diagnoses, including substance abuse, plus criteria (ii) to (vii) as above 

for patients. Absence of psychiatric history and / or symptoms in con- 

trols was assessed with the SCID non-patient version by a trained 

rater. 

For both patients and controls, assessment of inclusion and exclu- 

sion criteria was made by the structured interviews noted, medical / 
psychiatric history, review of systems, physical and neurological ex- 

amination, routine blood tests (including pregnancy test), urine tox- 

icology, and EKG. After complete description of the study to the par- 

ticipants, written informed consent was obtained. Patients’ capacity 
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to sign informed consent was assessed by a clinician who was not

a member of the research team. MRS data for six patients and eight

controls were published previously ( Kegeles et al., 2012 ). 

2.2. Study procedures 

Baseline EEG for all participants was recorded with eyes open for

a minimum of 3 min. Subsequently, EEG was recorded while partici-

pants performed a modified Sternberg working memory task ( Luber

et al., 2007 ) lasting 34 min (see details below and Fig.1 in Luber et al.).

MRS data were collected within 3 days of EEG collection. 

2.3. Modified Sternberg working memory task 

Each trial lasted 13 s, with the following sequence of three task

stages: 1) Encoding stage, an array of one of two possible set sizes

(one or six upper case letters) was presented for 3 s. 2) Retention

stage, a blank screen was presented for 7 s, during which participants

were asked to fixate on the center of the screen and keep the stimulus

items in mind. 3) Probe stage, a test stimulus consisting of a single

lower case letter appeared for 3 s at the center of the screen. During

the probe stage, participants were instructed to indicate by a button

press whether the probe letter matched a character in the stimulus

array as quickly and as accurately as possible. Choice of set size and

positive or negative probe for an individual trial was pseudorandom,

with the restriction that there be 16 true positive and 16 true negative

probes for each of the two set sizes over a block of 64 trials. 

2.4. EEG recording 

We recorded the baseline and working memory EEG using a 66-

channel system with direct current BrainAmp MR amplifiers (Brain

Products GmbH, Gilching, Germany). Sixty-four EEG channels and two

electrooculography (EOG; for the purpose of correcting eye move-

ments, blinks, and micro-saccadic artifacts offline) channels were

recorded during rest and working memory task performance. The

EEG and EOG signals were referenced to the FCz electrode and an ad-

ditional forehead electrode, respectively. All signals were hardware-

filtered between 0.1 and 1000 Hz and sampled at 1000 Hz with a 60 Hz

notch filter (with a bandwidth of 5 Hz, symmetric around 60 Hz with

the edge rise of 24 dB / octave). All EEG data were re-referenced to

average reference. 

2.5. MRS acquisitions 

MRS studies were performed using the GE “EXCITE” 3 T mag-

net (General Electric Medical Systems, Waukesha, Wisconsin). Spec-

tra were recorded using the J-edited spin echo difference technique

( Rothman et al., 1993 ) as modified by Sailasuta et al. (2001) , and a

receive-only 8-channel phased-array head coil supplied with the in-

strument ( Shungu et al., 2006 ). The DLPFC voxel was placed in the left

middle frontal gyrus ( Fig. 1 , upper panel) angled parallel to the brain

surface with dimensions of 1 cm × 2 cm × 4.8 cm (volume, 9.6 cm 

3 ;

26-minute acquisition), with reliable placement attained by using in-

ternal landmarks ( Kegeles et al., 2006 ; Kegeles et al., 2012 ). The scans

consisted of a modified standard PRESS sequence with TE = 68 ms

and TR = 1500 ms, in which a frequency-selective 180 ◦ refocusing

radiofrequency pulse was interleaved with a standard non-selective

180 ◦ refocusing pulse, such that J-modulation of the GABA C 4 H res-

onance at 3.0 ppm was inhibited and allowed on alternate pulses

( Sailasuta et al., 2001 ). We note that signal from macromolecules

co-edits with GABA with this pulse sequence. Using the metabolite

nulling method, we have quantified the contribution from mobile

macromolecules with this pulse sequence and found it to be about

40% and stable across brain regions ( Kegeles et al., 2007 ). 
2.6. Data analysis and statistics 

2.6.1. MRS analysis methods 

Subtraction of the interleaved PRESS acquisitions with inhibited

and allowed J-modulation yielded the edited GABA C 4 H resonance at

3.0 ppm ( Fig. 1 , lower panel). The areas of the spectral peaks, which

are proportional to their respective concentrations, were obtained

by frequency-domain fitting of each resonance to a Gauss–Lorentz

line-shape function using the Levenberg–Marquardt nonlinear least-

squares algorithm ( Kegeles et al., 2012 ) written in Interactive Data

Language (ITT Exelis Inc., McLean, VA). GABA levels in the edited

spectra were then expressed as ratios of the peak area relative to that

of the simultaneously acquired unsuppressed water signal from the

voxel. To assure goodness of fit, we rejected any cases where shim-

ming resulted in FWHM greater than 20 Hz, which provided good

fitting performance. We used chi square statistic from the covariance

matrix of the curve fitting parameters normalized to the degrees of

freedom ( Markwardt, 2009 ), as we described previously ( Simpson et

al., 2012 ). As can be appreciated by examining the sample spectrum

presented in Fig. 1 , the spectral quality and signal-to-noise ratio (SNR)

were consistently very high for successful acquisitions. Therefore, we

strictly did not reject any spectra because they were “noisy.” Rather,

spectra were rejected because either (a) the shim quality was poor

(defined as an FWHM of the water resonance of more than 20 Hz,

and / or spectra with unresolved tCr and tCho resonances at 3.03 and

3.22 ppm), or (b) there was excessive head motion during a scan. The

criteria for detecting and rejecting motion-degraded spectra were:

(1) a very large residual water resonance in the difference or edited

spectra due to poor cancelation upon subtracting two subspectra in

which the water signal was differentially affected by the head motion;

(2) peak phase distortions in all the spectra that could not be auto-

matically adjusted using the phases derived from the unsuppressed

water resonance, and (3) degraded SNR in the edited spectra due to

incoherent summing of subspectra with motion-induced peak phase

and position shifts. Therefore, “noisy spectra” were symptomatic of

excessive motion and were rejected as motion-degraded. 

2.6.2. Working memory performance 

All participants’ task performance was assessed by reaction time,

overall accuracy, and rates of hit and correct rejection in one and six

letter set conditions. Two-tailed independent-samples t -tests were

performed. 

2.6.3. Baseline gamma amplitude 

To evaluate baseline gamma amplitude during rest, EEG data

were analyzed as follows: 1) Baseline / resting EEG data were de-

artifacted by an amplitude criterion ( ± 500 μV) and then un-filtered

EEG data were visually inspected for artifacts. Although participants

were not engaged in any task and were relaxed with minimal muscle

movement, miniature saccades ( Carl et al., 2012 ; Yuval-Greenberg et

al., 2008 ) and electromyography (EMG) can affect amplitude of the

gamma frequency range. Therefore, we visually inspected un-filtered

EEG data for saccadic artifacts ( Kramer et al., 2008 ) and monitored the

gamma frequency band activity at the outer electrode positions for

EMG ( Carl et al., 2012 ). Because the EEG signal is very low compared

to other biosignals (e.g., oculomotor activity), we recorded two EOG

channels in order to remove oculomotor artifacts off-line. These ocu-

lomotor artifacts are inevitable because participants cannot well con-

trol spontaneous eye movements or blinks, especially in the patient

population with schizophrenia. With signals of vertical and horizon-

tal EOG channels, volume-conducted eye movement or blink artifacts

could be effectively removed from the raw EEG by regression-based

ocular corrections of first finding ocular-afflicted data stretches in

the EOG channels with thresholding techniques, second calculating

the regression of the EOG channels with each individual EEG data

channel, and last correcting the EEG data ( Gratton, 1983 ). Only clean
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Fig. 1. A. Coronal slice through the anterior commissure showing placement of the DLPFC voxel in the left middle frontal gyrus of a patient with schizophrenia. B. An acquisition 

from this voxel. Six successive curves show spectrum with editing pulse off; editing pulse on; difference spectrum between editing on and off magnified 8-fold showing the 

resulting Glx and GABA peaks; best fit model spectrum; individual components of the best-fit model; and the residual difference between the measured difference spectrum and 

the best-fit curve. 
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segments (1000 ms each) without artifacts were analyzed. 2) Fast

Fourier transforms were applied and average amplitudes of those

baseline segments of the spectrum from 30 to 56 Hz ( Spencer, 2012 )

were computed. This selected gamma frequency band was based on

the significant findings of the similar frequency range from a previous

study of baseline gamma power in patients and controls ( Spencer,

2012 ). 3) Steps 1 and 2 were repeated for the electrodes from the

frontal to central locations of the left (i.e., FP1, AF3, AF7, F1, F3, F5, F7,

FC1, FC3, FC5, FT7, C1, C3, C5, and T7) and right (i.e., FP2, AF4, AF8,

F2, F4, F6, F8, FC2, FC4, FC6, FT8, C2, C4, C6, and T8) hemispheres.

Within each electrode, outliers of the averaged gamma amplitudes

were excluded (outside of ± 1.5 SDs from the mean). 

2.6.4. Localization of the electrode of interest 

Although EEG electrodes of interest were AF3, F3, and FC3 initially

because of their anatomic locations over the left DLPFC, baseline /
resting data from all frontal to central electrodes were further an-

alyzed to confirm the localization of the electrode of interest (see

methodological details of Supplementary Material Fig. 1 ). Significant

results of baseline / rest were found only at three electrode locations,

F3 ( N = 22, R = 0.53, P = 0.012), F5 ( N = 22, R = 0.43, P = 0.046), and

FC3 ( N = 22, R = 0.45, P = 0.037) with the most prominent results

at F3; therefore, we selected the F3 electrode for extensive analysis

on three working memory stages (see “Discussion of type I error and

using resting-state data” of Supplementary Material Fig. 1 ). 

2.6.5. Working memory task-induced gamma amplitude and relation-

ship with GABA 

To investigate gamma amplitude during the three different work-

ing memory stages, data from electrode F3 were analyzed extensively

as follows: 1) As described above, raw EEG data were de-artifacted

(esp., considered saccadic spike potentials, sharp-edged and EMG ar-

tifacts). 2) Only correct-response trials of the six letter set were used.

In our one letter set condition, there is no performance difference be-

tween groups; this difference between patients and controls seemed

to be selective to the harder working memory condition, consistent

with findings of previous studies ( Barr et al., 2010 ; Barr et al., 2013 ).

3) For each working memory stage, artifact-free segments were ex-

tracted (see a typical example of one single trial in Supplementary

Material Fig. 3 ). 4) Instantaneous amplitudes were extracted by Mor-

let wavelet decomposition on 98 scales from 0.5 Hz to 100 Hz in

MATLAB (The MathWorks, Inc., Natick, MA). Based on studies in work-

ing memory and schizophrenia ( Barr et al., 2010 ; Basar-Eroglu et al.,

2007 ; Schmiedt et al., 2005 ), the gamma frequency range from 30

to 56 Hz (avoiding power line frequency 60 Hz artifacts) was used

for computing task-induced gamma amplitude. 5) Time ranges for

averaging were selected for the different stages: 500 ms–2500 ms of

the encoding stage, the entire duration of the retention stage, and

from 500 ms before the correct response until the correct response

time in the probe stage. Outliers of the averaged gamma amplitudes

were excluded. 6) For each participant, averages across trials were

computed for each stage. 7) For each working memory stage, two-

tailed Pearson’s correlation coefficient between baseline GABA and

task-induced gamma amplitude was computed ( Fig. 2 B). Other cog-

nitive related frequency bands (i.e., theta and beta) were also inves-

tigated for assuring the specificity of GABA–oscillation relationships

(see Table in Supplementary Materials ). 8) For each stage, the dif-

ference in task-induced gamma amplitude between groups was also

examined (two-tailed independent-samples t -test). 

2.6.6. Peak gamma frequency of the encoding stage and its relationships

to GABA and working memory performance 

The mode of peak gamma frequencies of single trial wavelets of

the encoding stage was calculated for electrode F3 as follows: 1) Using

the wavelet decomposition results from above mentioned steps, we

found the peak amplitude and frequency for each single trial wavelet
within the first 500 ms of the encoding stage. 2) We obtained the mode

of peak gamma frequencies of single trial wavelets for each partici-

pant. 3) Peak gamma frequency’s relationships with GABA ( Fig. 3 A)

and six-letter-set hit rate ( Fig. 3 B) were examined by two-tailed Pear-

son’s correlation coefficients. 

3. Results 

Baseline data ( N = 24; Fig. 2 A) of GABA levels in the left DLPFC

(measured by MRS) and gamma frequency band amplitude (recorded

by EEG) were collected from 12 controls and 12 patients. Eight con-

trols and six patients completed two blocks of the working memory

task (i.e., 128 trials) with good quality EEG recordings and behav-

ioral results. In addition, one control completed three blocks (i.e., 192

trials) and only one patient was able to complete one block (i.e., 64

trials). Therefore, good quality and attentive working memory EEG

data consisted of nine controls and seven patients (i.e., 16 out of a

total of 24 participants; Figs. 2B and 3 ). Due to the sample sizes, we

may have to consider the results as preliminary. 

Consistent with a larger and partially overlapping study sample

published previously ( Kegeles et al., 2012 ), there were no differences

between patients and controls in GABA levels in the left DLPFC ( N = 24,

t = 1.204, df = 22, P = 0.241). During baseline / rest ( Supplementary

Material Fig. 1 ), two electrode locations corresponding to the left

DLPFC showed significant correlations between left DLPFC GABA level

and gamma frequency band amplitude (significant correlations cir-

cled in Supplementary Material Fig. 1 ; two-tailed Pearson’s correla-

tion coefficients, N = 24; F3, R = 0.48, P = 0.019, the solid circle’s

scatter plot shown in Fig. 2 A; F5, R = 0.42, P = 0.042). 

We further investigated the relationships between left DLPFC

baseline GABA level and averaged gamma amplitude of electrode F3

during three different working memory stages in our participants as

a whole ( Fig. 2 B). These relationships were significant at each stage

of the task, i.e., encoding, retention, and probe stages (two-tailed

Pearson’s correlation coefficients with Bonferroni correction for three

stages: corrected alpha level = 0.05 / 3 = 0.017; n = 16; encoding stage,

R = 0.68, P = 0.004; retention stage, R = 0.63, P = 0.009; probe stage,

R = 0.73, P = 0.001). 

Patients had significantly lower gamma amplitude than controls

in every working memory stage (two-tailed independent-samples t -

tests, n = 16; encoding stage, t = 2.51, df = 14, P = 0.025; retention

stage, t = 2.52, df = 14, P = 0.024; probe stage, t = 2.49, df = 14,

P = 0.026), but not during rest ( N = 24, t = 0.814, df = 22, P = 0.424). 

GABA level was correlated with the mode of peak gamma frequen-

cies of single trial wavelets of the encoding stage ( Fig. 3 A; two-tailed

Pearson’s correlation coefficient, n = 16, R = 0.58, P = 0.017). In Fig. 3 B,

although there is a ceiling effect for controls (i.e., filled dots), higher

hit rate was still significantly correlated with higher peak gamma

frequency mode (two-tailed Pearson’s correlation coefficient, n = 16,

R = 0.59, P = 0.015). 

Working memory performance is illustrated in Fig. 4 . The hit rate

mean and standard error of the mean (SEM) in the six letter set were

0.92 ( n = 12, SEM = 0.027) and 0.63 ( n = 12, SEM = 0.101) for con-

trols and schizophrenia patients, respectively; there was a significant

difference between groups (two-tailed independent-samples t -test,

equal variances not assumed, N = 24, t = 2.814, df = 12.545, P = 0.015).

There was no significant difference between groups on the one let-

ter set (not shown, N = 24, t = 1.351, df = 22, P = 0.190). All other

performance measures showed no significant differences between

groups; there are no significant correlations between left DLPFC GABA

level and all performance measures (two-tailed Pearson’s correlation

coefficients; N = 24, all P values > 0.05). Furthermore, no signifi-

cant correlations were found between averaged gamma amplitude

of three different working memory stages and all performance mea-

sures (two-tailed Pearson’s correlation coefficients; n = 16, all P val-

ues > 0.05). 
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Fig. 2. A. Relationship between gamma amplitude and GABA level in the resting state. The filled circles are controls and the open circles are patients. Across groups, the baseline 

gamma amplitude of the F3 electrode significantly correlated with the baseline GABA level of left DLPFC (two-tailed Pearson’s correlation coefficient, N = 24, R = 0.48, P = 0.019). 

B. Relationships between averaged gamma amplitudes during all three stages (i.e., encoding, retention, and probe) of the working memory task and the baseline GABA level of the 

left DLPFC. Working memory EEG data consisted of nine controls and seven patients. For each participant, averaged gamma amplitude across trials was computed for each stage. 

For each working memory stage, two-tailed Pearson’s correlation coefficient between baseline GABA and task-induced gamma amplitude was computed. Each stage exhibited 

a significant correlation between gamma amplitude and GABA level (two-tailed Pearson’s correlation coefficients with Bonferroni correction for three stages: corrected alpha 

level = 0.05 / 3 = 0.017; n = 16; encoding stage, R = 0.68, P = 0.004; retention stage, R = 0.63, P = 0.009; probe stage, R = 0.73, P = 0.001). Furthermore, within each group and 

across stages, correlation coefficients are all positive. The correlation coefficients are stronger in healthy controls than in patients. 

Fig. 3. A. Relationship between peak gamma frequency and GABA level. There was 

a significant correlation between peak gamma frequency and GABA level (two-tailed 

Pearson’s correlation coefficient, n = 16, R = 0.58, P = 0.017). B. Relationship between 

peak gamma frequency and hit rate. There was also a significant correlation coeffi- 

cient between peak gamma frequency and hit rate (two-tailed Pearson’s correlation 

coefficient, n = 16, R = 0.59, P = 0.015). 

Fig. 4. Working memory task hit rate difference between patient and control groups. 

All participants’ task performance was assessed by reaction time, overall accuracy, 

and rates of hit and correct rejection in one and six letter set conditions. Two-tailed 

independent-samples t -tests with an alpha level of 0.05 were performed to investigate 

performance differences between groups. Only the hit rate of the six letter set of the 

patients was significantly lower than that of the controls (two-tailed independent- 

samples t -test, equal variances not assumed, n = 24, t = 2.814, df = 12.545, P = 0.015). 

 

4. Discussion 

Higher order cognitive processes like working memory depend 

on synchronization of neural oscillations in gamma frequency bands 

for optimal function. Since networks of GABAergic neurons are crucial 

for the generation of gamma oscillations, we hypothesized that DLPFC 

GABA level and gamma amplitudes during working memory stages 

(i.e., active states) would be correlated with each other. Our findings 

showed that, as a whole (patients and controls together), gamma am- 

plitudes during both rest and a working memory task were positively 

correlated with left DLPFC GABA level ( Fig. 2 ). All three working mem- 

ory stages showed significant positive correlations between GABA 

level and gamma amplitude ( Fig. 2 B). There is no significant correla- 

tion coefficient in other cognitive related frequency bands, suggesting 

the unique and specific relationship between GABA and gamma oscil- 

lations (see Table in Supplementary Materials). Due to different scales 

in Fig. 2 A and B, the slopes of Fig. 2 A and subplots of Fig. 2 B appear

very similar; however, for the probe stage, 53% of the variability of 

the averaged gamma amplitude could be explained by GABA level, 

followed by 46% and 40% of variability in the encoding and retention 

stages, respectively. In contrast, only 23% of variability of gamma am- 

plitude during rest was explained by GABA level ( Fig. 2 A). The higher 

proportion of gamma amplitude variability during active states ex- 

plained by GABA level suggests that GABAergic processes are highly 

responsible for gamma neural oscillations during working memory 

tasks and more important in cognition than at rest. 

Patients’ performance and gamma amplitudes during our work- 

ing memory task were significantly lower than controls’. In 

our exploratory second-by-second investigations of comparing 

gamma oscillations across different working memory processes (see 

Supplementary Material Fig. 2 ), patients and controls had different 

modulatory patterns in gamma amplitudes. The gamma-amplitude 

modulation appeared to be significantly weaker and flatter for pa- 

tients in terms of the ranges of between- and within-second fluctua- 

tions across memory stages. Our data and previous studies have con- 

sistently shown working memory deficits and impaired gamma func- 

tions in patients with schizophrenia; more importantly, the present 

study suggests that, due to the robustness of the GABAergic sys- 

tem, it may be able to compensate these impairments and operate 

in a less optimal capability for achieving minimal daily functions in 

schizophrenia. Our GABA data of the left DLPFC are consistent with our 

previous study ( Kegeles et al., 2012 ) that found no alterations in either 

medicated or unmedicated patient groups compared to the control 
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group; these results are not against the central hypothesis of GABA

dysfunction in schizophrenia due to possible compensatory mech-

anisms that make the GABAergic system robust (see “MPFC GABA

Elevations” section under the Comment of Kegeles et al., 2012 , for

detailed discussion). 

In comparison with gamma amplitude as a general index of coordi-

nated neural processing from large numbers of neurons, peak gamma

frequencies might reveal that the dominant population response oc-

curs in the frequency range of our gamma amplitude ( Brunel and

Wang, 2003 ; Muthukumaraswamy et al., 2009 ). Controls had a sig-

nificantly higher hit rate on our working memory task than patients

( Fig. 4 ) and higher peak gamma frequency was significantly corre-

lated with higher hit rate ( Fig. 3 B). These results are consistent with

previous findings that high frequency oscillations are important for

working memory function and that deficits in working memory in

schizophrenia patients may be due to impaired gamma neural os-

cillations such that they cannot maintain high frequency oscillations

( Light et al., 2006 ; Spencer et al., 2003 ). Although synchrony must

occur for intact cognitive performance, synchrony has been found at

a lower frequency in schizophrenia patients perhaps because of a re-

duced capability of neuronal networks to support high frequency syn-

chrony ( Spencer et al., 2004 ). Furthermore, the modes of peak gamma

frequencies of single trials during the encoding stage were positively

correlated with DLPFC GABA levels ( Fig. 3 A). This is analogous to the

previous finding in the medial occipital cortex of healthy participants

( Muthukumaraswamy et al., 2009 ) as peak gamma frequencies dur-

ing visual processing correlated with resting GABA concentration of

the medial occipital cortex ( N = 12, R = 0.68, P < .02). The present

findings provide new evidence for the role of GABAergic neurons in

the left DLPFC during working memory. 

4.1. Limitations 

The admixture of mobile macromolecule signal in the GABA peak

is a study limitation, and it remains unknown whether the macro-

molecule contribution to the GABA signal is altered in schizophrenia.

Another limitation of this study is a relatively small sample size due

to the integration of diverse methodologies and participant compli-

ance. Starting with a sample size of 12 healthy participants and 12

patients with schizophrenia, these data consisted of baseline GABA

measures of MRS and resting EEGs. This is further reduced to nine

and seven, respectively, after we controlled for the qualities of work-

ing memory performances and EEGs. It is plausible that the robust

results of the study might only be generalized to participants who

are capable of finishing intricate, diverse, and lengthy experimental

protocols as our empirical experiences clearly indicated that most of

participants preferred only to participate in the MRS part of the study

without any EEG recording. A future study with a larger sample size

and more research resources is needed to settle the issue of gener-

alizability. Another limitation also related to the sample size is that

when we performed the confirmatory correlation tests for identifying

objectively the electrode of interest ( Supplementary Material Fig. 1 ),

multiple comparison corrections were not applied because the sam-

ple size is not sufficiently powered to withstand corrections. Hence,

we could not rule out the possibility that the localization results could

be a capitalization on chance. However, the confirmatory correlation

tests showed a cluster of two significant findings with attenuation

of other coefficients from the source, its probability of type I error is

extremely low (see “Discussion of type I error” of Supplementary Ma-

terial Fig. 1 ); furthermore, the arbitrary-planned comparisons of F3

and F5 also indicated that F3 should be the electrode of interest after

the alpha level was corrected for two multiple comparisons. Although

it is out of the scope of the present study, the relationship between the

GABA level and the modulation between the 1 versus 6 letter working

memory load is currently being investigated; however, this investiga-

tion also inherited the limitations mentioned above and future studies
are needed. Lastly, we are aware of the transient-broadband induced

gamma-band EEG responses (iGBRtb) that could be caused by minia-

ture saccades from ̃ 200 to 300 ms following stimulus onsets ( Yuval-

Greenberg et al., 2008 ; Yuval-Greenberg et al., 2009 ). Therefore, we

intentionally selected time ranges for averaging gamma amplitude

far away from stimulus onsets of the encoding and probe stages, and

used EEG data re-referenced to average reference to identify ocular-

related artifactual activities that should be maximum around the eyes

( Melloni et al., 2009 ). Our Supplementary Material Fig. 1 showed that

there were no significant results for the electrodes near the eyes (e.g.,

P values of FP1, FP2, AF7, and AF8 ≥0.423), suggesting our results

were not ocular in origin. Furthermore, the iGBRtb is characterized

by transient-broadband activities in the gamma frequency range; our

wavelet decomposition results of single-trial EEG data of the elec-

trode of interest, F3, did not reveal any transient broadband activity

(defined in Yuval-Greenberg et al., 2009 : ̃  100–150 ms in duration

and ̃  30–80 Hz in frequency range) not only after stimulus onsets

from ̃  200 to 300 ms but also during the entire encoding stage (see

Supplementary Material Fig. 3 ). Although our results are unlikely to

be ocular in origin and it is out of the scope of this study to investigate

the contributions of minisaccade to EEG of the Sternberg working

memory task, minisaccades could be modulated by stimulus onsets

and cognitive processes such as attention; therefore, we could not rule

out all effects of minisaccades as they occur spontaneously through-

out the sample period. We have followed the methods of Melloni et al.

(2009) and Yuval-Greenberg et al. (2009) to minimize the influence of

minisaccades in our data. These methods, which do not use indepen-

dent component analysis (ICA) and which average gamma amplitude

far from stimulus onsets, present potential limitations ( Keren et al.,

2010 ). Although there is evidence that removing multiple ICA com-

ponents associated with saccade activities is a conservative approach

to certain data (see the Supplementary Information of Minzenberg

et al., 2010 ), future studies that investigate the role of gamma band

neural oscillations in human should consider the significant impact of

saccades and compare different detection and correction procedures

( Keren et al., 2010 ). Additional saccadic studies with different appli-

cations of ICA (e.g., comparison of different component selections and

different ICA algorithms for different experimental paradigms) will be

necessary to settle this issue. 

5. Conclusion 

In patients, both working memory performance and task-induced

gamma amplitudes were significantly lower than those in controls.

Peak gamma frequency during encoding working memory stage was

positively correlated with baseline GABA level of the left DLPFC; ad-

ditionally, higher peak gamma frequency was significantly correlated

with higher hit rate on the working memory task. When grouped to-

gether, baseline / resting and task-induced gamma amplitudes were

positively correlated with baseline GABA level of the left DLPFC.

Despite gamma band amplitude deficits in patients across working

memory stages, both baseline and working memory-induced gamma

oscillations showed strong dependence on baseline GABA levels in

patients and controls. These findings suggest a critical role for GABA

function in gamma band oscillations, even under conditions of im-

pairment of these systems and behavioral performances as seen in

schizophrenia. 
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