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Abstract

Background—Alterations in the levels of gamma-aminobutyric acid (GABA) and glutamate
+glutamine (GIx), which are major inhibitory and excitatory neurotransmitters, respectively, are
frequently associated with insomnia. Previous reports also suggested the involvement of the
anterior cingulate cortex (ACC) and medial prefrontal cortex (mPFC) in insomnia and shorter
sleep duration. In the current study, we investigated whether the GABA and GIx levels were
altered in the ACC/mPFC in subclinical insomnia while focusing on the sleep duration.

Methods—We examined levels of GABA and GlIx in the ACC/mPFC of the brain with magnetic
resonance spectroscopy in 166 individuals with subjective sleep complaints but without a
diagnosis of insomnia. Participants were divided into two groups according to sleep duration (= 6
hours/night: n=79 vs. < 6 hours/night: n=74), which was measured using a wrist-worn actigraphy.
Working memory function and overall subjective sleep quality were assessed with a computerized
neuropsychological test and self-report questionnaire, respectively.

Results—GABA levels in the ACC/mPFC were lower in the shorter sleep duration group relative
to the longer sleep duration group (&=-2.21, p=0.03). GlIx levels did not differ between the two
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groups (£=-0.20, p=0.84). Lower GABA levels were associated with lower spatial working
memory performance in the shorter sleep duration group (8=-0.21, p=0.03), but not the longer
sleep duration group (5=0.04, p=0.72).

Conclusion—Shorter sleep duration was associated with lower GABA levels in the ACC/mPFC.
These findings may provide insight into the underlying mechanisms of impaired working memory
function related to insomnia and sleep loss.
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1.

INTRODUCTION

Short sleep duration is steadily on the rise, with more than 30% of adults in the US reported
sleeping less than 6 hours a day [1]. Although sleep duration may vary among individuals,
7-9 hours of sleep per night was recommended by the National Sleep Foundation for
optimal health outcomes including cognitive functions [2]. Short sleep duration has also
been reported as an index of insomnia severity since the shorter sleep duration was
associated with higher risks for neurobiological and neuropsychological deficits [3, 4] as
well as structural [5, 6] and functional [7] brain changes.

Neuroimaging findings from the total or partial sleep deprivation, which is an extreme form
of short sleep duration, implies that shorter sleep duration may cause an alteration in
metabolism and function of the prefrontal regions including anterior cingulate cortex (ACC)
and medial prefrontal cortex (mPFC) [8, 9]. Since the ACC/mPFC is one of the main
components of the default mode network (DMN) that is involved in wakefulness and
insomnia, specific vulnerability and involvement of the ACC/mPFC has also been reported
in association with sleep duration [10, 11]. Increased cerebral metabolism in the ACC, both
during sleep and while awake, was in association with sleep complaints [12, 13]. Reduced
gamma-aminobutyric acid (GABA) levels were found in the ACC for insomnia patients, in
which lower GABA levels were associated with shorter sleep duration [14]. Based on
previous studies that indicate the role of ACC and mPFC in insomnia, we focused on the
neurotransmitter levels in the ACC and mPFC in relation to short sleep duration.

Several lines of evidence suggest that GABA, the main inhibitory neurotransmitter in the
brain, plays a crucial role in sleep initiation and maintenance. Benzodiazepine receptor
agonists are commonly used to promote sleep in insomnia treatment via enhanced receptor
affinity for GABA [15]. GABAergic activation increased during sleep onset and continues to
rise during sleep to inhibit cells involved in arousal [16]. In alignment with these findings,
reduced GABA levels in various brain regions were reported in insomnia patients [14, 17]. A
reduction in inhibitory GABAergic neurotransmission may be related to the hyperarousal
that is characterized in insomnia [18].

Milder forms of short sleep duration in individuals with sleep complaints have less been
investigated despite its high prevalence, partly due to the complex nature of the determinants
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involved in sleep duration, including genetic, environmental, and cultural factors [19]. In the
present study, we examined GABA and glutamate+glutamine (GIx) levels in the ACC/mPFC
in individuals with subjective sleep complaints but without insomnia diagnosis. We
hypothesized that participants with a shorter sleep duration might have reduced GABA
levels. In addition, we examined whether reduced GABA levels are associated with
decreased working memory function.

2. METHODS

2.1. Participants

One hundred sixty-six (male: 84, female: 82) individuals who had subjective sleep
complaints that lasted for at least one month without a diagnosis of sleep disorders were
recruited. Subjective sleep-related complaints included difficulty falling asleep, not staying
asleep, waking up during the night or too early in the morning, or waking up feeling
exhausted in the morning. Participants were excluded if they had 1) current or a history of
primary sleep disorders by the Diagnostic and Statistical Manual of Mental Disorders, 4th
edition (DSM-1V) administered in the interview; 2) major medical, neurological or
psychiatric disorders; 3) current use of sleep medications; or 4) contraindications to MRI.

Participants were divided into the following two groups according to actigraphy-measured
total sleep time acquired the night before the MRI scan: 1) shorter sleep duration (less than 6
hours of sleep/previous night) and 2) longer sleep duration (more than 6 hours of sleep/
previous night). As the recommended sleeping hours are 7-9 hours/night for adults [1],
shorter sleep duration was defined as sleeping less than 6 hours [20], which was also
associated with cognitive deficits [21, 22]. The study protocol was approved by the
Institutional Review Board of Ewha W. University, and all participants provided written
informed consent prior to enroliment.

2.2. Measurement of sleep characteristics

Participants were provided with a wrist-worn actigraphy (Actigraph GT3X+, Actigraph®,
Pensacola, FL, USA) and were instructed to wear it for the previous night before the MRI
scan session. Actigraphy-recorded sleep-related parameters included total sleep time, sleep
efficiency, and wake time after sleep onset (WASO). Sleep efficiency indicates the ratio of
total sleep time (or total amount of time spent asleep) compared to the total amount of time
spent in bed. WASO is an indicator of sleep fragmentation since it is defined as the amount
of time spent awake after sleep onset. Actigraphy data were processed using the Actilife 6-
software (Version 6.13.1, ActiGraph).

Subjective sleep quality was evaluated with the Pittsburgh Sleep Quality Index (PSQI) [23].
Question 4 of the PSQI provided information about self-reported habitual sleep duration:
“During the past month, how many hours of actual sleep did you get at night?”

2.3. Measurement of working memory function

Spatial working memory (SWM) function was measured using the computerized Cambridge
Neuropsychological Test Automated Battery (CANTAB) on the same day of MRI scan. We
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focused on the working memory since a shorter duration of sleep has been reported to affect
working memory [24, 25]. Participants are instructed to find and collect tokens inside the
boxes presented on the screen. During a single trial, tokens do not appear inside the boxes
that have already been selected. Thus, opening a box that already yielded a token or was
previously found to be empty was counted as an error. Strategy score reflects whether the
participant follows a predetermined sequence of starting the search at a certain box and
returning to that box to start a new search, once the token has been found [26]. The number
of total errors and strategy scores calculated from the CANTAB software were used as
SWM outcomes. Fewer errors and a lower strategy score indicated better performance.

2.4. MRI data acquisition and processing

Magnetic resonance spectroscopy (MRS) and structural MRI data were obtained using a 3.0
Tesla Philips Achieva MR scanner (Philips Medical System, Netherlands) equipped with a
32-channel head coil. High-resolution three-dimensional T1-weighted images were acquired
using a magnetization-prepared rapid gradient echo imaging sequence with the following
acquisition parameters: repetition time (TR) = 7.4 ms, echo time (TE) = 3.4 ms, field of view
=220 x 220 mm?, voxel size = 1 x 1 x 1 mm3, slice thickness=1 mm, 180 contiguous
sagittal slices, flip angle = 8°, number of excitation = 1. The volumetric T1-weighted images
were utilized for spectroscopic voxel localization, tissue segmentation, and registration.

MRS spectra were acquired to measure GABA and glutamate+glutamine (GIx) levels within
the voxel of interest (VOI), located in the medial prefrontal and ACC region (3 x 3 x 3cm).
Specifically, the VOI was aligned with the interhemispheric fissure in the transverse and
coronal planes, while placed anterior to the genu of the corpus callosum in the sagittal plane
to mainly include the ACC and mPFC while avoiding the skull and lateral ventricles (Figure
1). We used the Mescher-Garwood point-resolved spectroscopy (MEGA-PRESS) sequence
with the following parameters: TR = 2,000 ms, TE = 80 ms, pulse duration = 20 ms, 160
dynamic scans with 16-phase cycles, scan duration = 11 min, water suppression method =
multiple optimizations insensitive suppression train (MOIST), second-order pencil beam
shimming. The water suppression band is applied at a frequency of 4.7 ppm. Gaussian
editing pulses are alternatively applied at 1.9 ppm (Edit-on) and 1.5 ppm (Edit-off) in even-
and odd-numbered acquisitions, respectively, to assess macromolecule-suppressed GABA.

Quantification of GABA and GIx signals was performed using Gannet 3.0, a Matlab-based
quantitative batch-processing tool for analyzing GABA-edited MRS spectra [27].
Unsuppressed water and spectroscopy data from the scanner were extracted and filtered with
an exponential line broadening of 3 Hz to process the time-domain data into a frequency-
domain edited spectrum. Frequency and phase correction was performed on individual
frequency domain spectra with spectral registration after a Fourier transformation to
maximize the quality of the edited spectrum [28]. The edited spectrum contains a single
GABA peak at 3 ppm and a pseudo-doublet GlIx peak at 3.75 ppm, fitted using a single
Gaussian peak with a five-parameter Gaussian model [27]. The unsuppressed water signal
was modeled using a Lorentzian-Gaussian function. Estimates of GABA and GIx levels in
“institutional units” relative to the unsuppressed water signal are derived. As the GABA
signal ratio is assumed to be 2:1 for gray and white matter, tissue-correction was performed
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[29]. Spectra with a normalized residual fitting error below 10% were included in the final
analysis to control for measurement quality.

2.5. Statistical analyses

Demographic and sleep-related characteristics were compared using independent t-tests and
chi-square tests for continuous and categorical variables, respectively. Group differences in
tissue-corrected GABA and Glx levels, as well as the scores of spatial working memory
tasks, were assessed using multivariate regression models including age, sex, and PSQI total
score as covariates. Sex and age were included as covariates since previous literature
reported the effects of sex and age on GABA and Glx levels [30, 31]. We included PSQI
total score that represents subjective sleep quality as a covariate. All statistical analyses were
performed using STATA software package, version 13.0 (StataCorp, College Station, TX,
USA).

3. RESULTS

3.1. Demographic and sleep-related characteristics

Data from 153 participants are included in the analyses. Demographic and sleep-related
characteristics of the shorter sleep duration group (/7= 74) and longer sleep duration group
(n=T79) are presented in Table 1. Six participants without actigraphy data, and seven
participants without available MRS data were excluded. There was no significant difference
in age (¢=-0.03, p=0.97) and years of education (= -1.25, p= 0.21) between the shorter
sleep duration group and the longer sleep duration group. However, a significant difference
in sex proportion (;(2: 7.11, p=0.01) was found in the shorter sleep duration group (male:
45; female: 29) and longer sleep duration group (male: 31; female: 48). Therefore, sex was
included as a covariate in all subsequent analyses.

Shorter sleep duration group demonstrated lower total sleep time (£=14.7, p < 0.001) and
sleep efficiency (¢=5.55, p< 0.001), measured using the actigraphy the day before the MRI,
compared to the longer sleep duration group (Table 1). Shorter sleep duration group also had
a significantly lower PSQI total score (£=-3.04, p= 0.003) as well as self-reported habitual
sleep duration (#=3.21, p=0.002)(Table 1). Actigraphy-measured total sleep time was well
correlated with self-reported habitual sleep duration during the past month (8=0.22, p<
0.001)(Supplementary Figure).

3.2. MRS data quality and tissue segmentation

Edited spectra of GABA were excluded if fitting errors > 10%. There were no group
differences in fitting errors of the GABA peak (¢#=0.03, p=0.97) and GlIx peak (¢=1.69, p
= 0.09), indicating that overall MRS data quality was comparable between the two groups
(Supplementary Table). There were no significant group differences in the tissue fractions of
cerebral spinal fluid (¢=0.27, p=0.79), gray matter (#=-0.47, p= 0.64) and white matter (¢
=0.20, p=0.84) in the VOI (Supplementary Table).
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3.3. Group difference in GABA and Glx levels and working memory function

Tissue-corrected GABA levels in the ACC and medial prefrontal VOI were significantly
lower in the shorter sleep duration group compared to the longer sleep duration group (¢=
-2.21, p=0.03; Table 2 and Figure 2), after controlling for age, sex, and PSQI total score.
There was no significant difference in tissue-corrected Glx levels between the two groups (¢
=-0.20, p=0.84; Table 2), after controlling for age, sex, and PSQI total score. In addition,
there was no significant group difference in working memory performance (total errors: ¢=
0.71, p=0.48; strategy score: t=0.71, p=0.48; Table 2).

3.4. Correlations between GABA levels and working memory function

Lower tissue-corrected GABA levels in the ACC and medial prefrontal cortex were
associated with worse performance in working memory within the shorter sleep duration
group. Specifically, tissue-corrected GABA levels showed a significant negative association
with SWM total errors (8= -0.21, p= 0.03; Figure 3), after controlling for age, sex, and
PSQI total score. The association between tissue-corrected GABA levels and SWM total
errors was not significant for the longer sleep duration group (8= 0.04, p=0.72; Figure 3).
Tissue-corrected GABA levels did not show significant associations with SWM strategy
scores for both groups.

4. DISCUSSION

Shorter sleep duration was associated with lower GABA levels in the ACC/mPFC among
individuals with subjective sleep complaints. It is notable that the study participants were not
experimentally deprived of sleep, but naturally experienced a shorter sleep duration relative
to the recommended hours. These results may suggest that GABA levels in the ACC/mPFC
may be sensitive markers altered in shorter sleep duration. In addition, lower GABA levels
detected in our study were associated with lower spatial working memory function in the
short sleep duration group, suggesting a potential brain mechanism underlying impaired
working memory and daily functioning following shorter sleep duration. These findings
replicate and extend previous results, corroborating the critical role of GABA in sleep.

Despite its recognition as a key inhibitory neurotransmitter for sleep initiation and
maintenance, the underlying mechanism of lower GABA in shorter sleep duration was not
clearly defined. Since increased activity in the ACC/mPFC has been associated with
insomnia severity and hyperarousal [12, 13], reduction in GABA levels may have induced an
over-activation of the ACC, resulting in hyperarousal in insomnia. The roles of GABA in the
ACC/mPFC have also been focused on as the ACC/mPFC is the main component of the
default mode network (DMN) [32]. Among the resting-state functional networks, DMN has
been frequently associated with insomnia in that over-activation of the DMN could be
related to hyperarousal in insomnia. Therefore, lower inhibitory GABA levels in the ACC/
mPFC detected in the current study may provide supporting evidence on the mechanism of
over-activation in the DMN. In addition, lower GABA levels in the ACC/mPFC may have
induced impairment in the functional decoupling between the DMN and attentional
networks, thus impeding necessary deactivation of regions within DMN, considering the
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previous findings which reported disengagement of the DMN was required for successful
performance in goal-directed cognitive tasks [33].

The study findings are in line with previous reports of lower GABA levels associated with
sleep deprivation, which is an extreme form of short sleep duration [14, 17, 34]. Participants
of the current study had subjective sleep complaints but did not meet the diagnostic criteria
of primary insomnia. As such, our findings may imply that the GABA levels in the ACC/
mPFC could be altered in the subclinical stage of insomnia. Lower GABA levels in the
ACC/mPFC were associated with lower working memory function in individuals with
shorter sleep duration in the current study. Considering that prefrontal GABAergic
interneurons are strongly involved in working memory function [35, 36], as well as in
hemodynamic brain activity [35], findings of the current study may provide additional
evidence on the roles of GABAergic activities in working memory function even in the
lesser severe form of insomnia.

The shorter and longer sleep duration groups in the current study may correspond to the
milder forms of insomnia known as “insomnia with objective short sleep duration” and
“insomnia with normal sleep duration,” respectively. In addition, the longer sleep duration
group may also be classified as objective-subjective sleep discrepancy [37-39]. As such, the
findings of the present study may provide additional evidence that insomnia with normal
sleep duration could have distinct features in both neurotransmitters and working memory
functions.

The study results should be interpreted carefully in consideration of several limitations.
Since the GABA-edited MRS using MEGA-PRESS sequence requires a relatively large
voxel size for a high signal-to-noise ratio signal, a more precise region-specific
interpretation of the results could be limited. Furthermore, the MRS provides a static
measurement of GABA and Glx levels averaged for several minutes, limiting the reflection
of dynamic changes in synthesis or uptake. Regarding the cross-sectional study design, the
causal relationship between GABA levels and sleep duration could not be assessed. As the
time of MRS acquisitions was variable among the participants, the intrinsic circadian
fluctuation of GABA may have influenced the results, although diurnal stability of using
MEGA-PRESS for GABA quantification has been demonstrated [40, 41]. Finally, despite
the similar proportion of sex during the recruitment of participants, there was a higher
percentage of women in the longer sleep duration group. The observed discrepancy in sex
proportion is in line with previous studies that reported longer sleep durations for women
[42, 43]. However, other studies report contrasting results that women are more susceptible
to insomnia and typically report poorer sleep quality [44, 45]. Although we included sex as a
covariate in all analyses in an effort to statistically control for any potential effects, further
studies are required for a better understanding of sex differences in sleep duration.

5. CONCLUSION

The present study demonstrated significantly lower GABA levels in the ACC/mPFC in
association with shorter sleep duration in individuals with subjective sleep complaints.
Lower GABA levels were also correlated with worse working memory function among
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those with shorter sleep duration. The current study findings may provide further evidence
on the involvement of GABA in subclinical insomnia, specifically with sleep duration. In
addition, these results may provide insight into the underlying mechanism of working
memory impairment associated with shorter sleep duration in insomnia.
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Highlights

Subclinical insomnia with shorter sleep duration showed reduced brain
GABA levels.

Reduced prefrontal GABA levels well correlated with lower working memory
function.

Glx levels did not differ between those with shorter and longer sleep duration.

Sleep Med. Author manuscript; available in PMC 2021 July 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Park et al.

(a)

(b)

Page 12
Left
Sagittal Coronal
Edited Spectrum and Model Fit
GABA
data
MVVMW AViVaaVo i
residual
4.2 4 3.8 3.6 3.4 3.2 3 2.8
ppm
Fig. 1.

(a) Voxel position in the anterior cingulater cortex and medial prefrontal cortex overlaid on a
sagittal, coronal, and axial T1-weighted image. The voxel-of-interest was aligned with the
interhemispheric fissure in the transverse and coronal planes, while placed anterior to the
genu of the corpus callosum in the sagittal plane to mainly include the anterior cingulate
cortex. (b) Edited spectrum and model fit of the GlIx peak at 3.75ppm and GABA peak at
3ppm using Gannet 3.0. Images were obtained from a representative study participant.
GABA, gamma-aminobutyric acid; Glx, glutamate+glutamine
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Fig. 2.
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Tissue corrected GABA levles in the anterior cingulate cortex/medial prefrontal cortex were
significantly lower in the shorter sleep duration group compared to the longer sleep duration
group, after controlling for age, sex, and self-reported sleep quality (#=-2.21, p=0.03).
Error bars indicate standard error of means. GABA, gamma-aminobutyric acid; i.u.,

institutional unit
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Fig. 3.
Scatter plots with the line of best fit are shown between tissue-corrected GABA and working

memory outcome. (a) In the shorter sleep duration group, GABA levels showed a negative
correlation with number of total errors (8= -0.21, p=0.03), after controlling for age, sex,
and self-reported sleep quality. (b) In the longer sleep duration group, there was no
significant correlation between GABA concentration and number of total errors in the
working memory tests (8= 0.04, p=0.72). GABA, gamma-aminobutyric acid; i.u.,
institutional unit.
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Table 1.

Demographic and sleep-related characteristics of participants

1duosnuey Joyiny

Longer sleep duration (n =79)  Shorter sleep duration (n = 74) t p

Demographic characteristics

Age (years) 37.6+119 376120 -0.03 097

Sex (No. of male/female) 31/48 45/29 001"

Education (years) 155+25 16.0+ 2.0 -125 021
Actigraphy measures

Total sleep time (min) 423.13+53.7 295.0+ 54.5 147  <0.001

Sleep efficiency (%) 88.5+4.7 83.0+74 5,55  <0.001

Wake time after sleep onset (min) 48.6 + 25.5 53.9+29.1 -1.19 0.23
Self-reported sleep measures

PSQI, total (score) 6.1+21 7122 -3.04 0.003

PSQI, habitual sleep duration (min) 393.5 +66.2 360.5+61.2 3.21 0.002

Data are presented as mean + standard deviation unless specified otherwise. Based on actigraphy-measured sleep duration acquired the night before
the MRI scan, participants were divided into the following two groups: 1) shorter sleep duration (< 6 hours) and 2) longer sleep duration (= 6

1duosnuey Joyiny 1duosnuen Joyiny

1duosnuen Joyiny

hours).

*
p value from the chi-square test

PSQI, Pittsburgh sleep quality index.

Sleep Med. Author manuscript; available in PMC 2021 July 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Park et al.

Table 2.

Comparison of neurotransmitter levels and working memory functions

Longer sleep duration (n=79)  Shorter sleep duration (n = 74) t p
Neurometabolite levels
GABA (i.u.) 2.012 £0.212 1.932 +0.206 -2.21 0.03
Glx (i.u.) 4.748 + 0.600 4.746 £ 0.472 -0.20 0.84
Neuropsychological measures
SWM, total errors (score) 53.3+61.3 57.4 +63.5 071 048
SWM, strategy (score) 37.0+25.9 39.4+27.1 071 048

Data are presented as mean + standard deviation, which are available in 153 participants.

Neurotrasmitter levels are tissue-corrected values.

Page 16

The tand pvalues are derived from the multivariate regression model including the following variables: GABA, GIx levels, SWM total error and

strategy scores as dependent variables; sleep duration group as an independent variable; age, sex, and total PSQI score as covariates.

GABA, gamma-aminobutyric acid; GIx, glutamate+glutamine; SWM, Spatial working memory task.
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