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ABSTRACT

Understanding the neural mechanisms that facilitate the transition from wakefulness to sleep is a
fundamental goal in neuroscience, yet the neurochemical dynamics underlying human sleep
onset remain poorly understood. Here, we investigated whether changes in inhibitory y-
aminobutyric acid (GABA) and excitatory glutamate plus glutamine (GIx) concentrations in the
medial prefrontal cortex (mPFC) are associated with sleep initiation. We leveraged the first-night
effect, a transient sleep disruption induced by a novel environment, to manipulate sleep quality
within participants. Twenty healthy young adults (12 females) completed two afternoon nap
sessions involving simultaneous polysomnography and magnetic resonance spectroscopy of the
mPFC, with sleep onset latency (SOL) serving as the primary index of sleep quality. SOL was
significantly longer in the first session than in the second, confirming the first-night effect. Glx
concentrations decreased during the transition from wakefulness to sleep in the second session,
whereas this reduction was absent during disturbed sleep in the first session. Across sessions,
greater reductions in Glx were associated with shorter SOL, and mediation analysis indicated that
GIx dynamics statistically accounted for session-dependent differences in SOL. In contrast, GABA
concentrations did not significantly change from wakefulness to non-rapid eye movement sleep
in either session and were not associated with SOL. These findings suggest that downregulation
of GIx in the mPFC is closely associated with the facilitation of human sleep onset and that a
failure to reduce excitatory neurometabolite levels, rather than altered inhibition, may contribute

to acute sleep-onset disturbances. (241/250 words)
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The sleep transition is a fundamental neurobiological process, yet the neurometabolic dynamics
underlying this process remain elusive. By combining polysomnography with functional magnetic
resonance spectroscopy while utilizing the first-night effect to manipulate sleep latency, we
demonstrate that successful sleep initiation is closely associated with the downregulation of
excitatory Glx, rather than changes in inhibitory GABA, in the medial prefrontal cortical region.
Our results suggest that the reduction of excitatory neurometabolites, rather than the recruitment
of GABAergic inhibition, is closely linked to a smooth transition into sleep. These findings offer a
new neurometabolic perspective for understanding sleep disturbances and may help identify

potential therapeutic targets for insomnia. (106/120 words)
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Introduction

The transition from wakefulness to sleep is a fundamental neurobiological shift. Central to this
process is sleep onset latency (SOL), which is defined as the time required to initiate sleep after
the intention to do so, such as at lights-off. SOL provides a direct readout of the wake-to-sleep
transition, and its prolongation is a core symptom of sleep-onset disturbances (Morin and Benca,
2012). Although existing therapies can relieve symptoms, they have not yet yielded a detailed
account of the neurochemical processes that drive sleep initiation in the human brain (Watson et
al., 2010). A clearer mechanistic framework for SOL and for the transition into deeper sleep stages
would inform basic models of human sleep regulation and improve our understanding of sleep

disorders (Saper et al., 2005; Weber and Dan, 2016; Scammell et al., 2017).

Sleep onset is thought to occur when wake-promoting circuits are downregulated. The reticular
ascending arousal system and related wake-promoting pathways comprise many subcortical
nuclei with widespread projections to the cortex (Moruzzi and Magoun, 1949; Saper et al., 2005;
Saper and Fuller, 2017; Jones, 2020; Sulaman et al., 2023). Within these systems, glutamate
provides major excitatory drive and gamma-aminobutyric acid (GABA) provides major inhibitory
control. Animal studies indicate that both excitatory and inhibitory systems are central to these

state transitions (Saper et al., 2005; Saper and Fuller, 2017; Jones, 2020; Sulaman et al., 2023).

However, translating these circuit models into a mechanistic account of human sleep initiation
faces two major challenges. First, while insufficient inhibition is frequently invoked as a cause of
sleep-onset difficulty (Sherin et al., 1996; Lu et al., 2000; Winkelman et al., 2008; Saper et al.,

2010; Watson et al., 2010), the field lacks direct quantification of how changes in inhibition and
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excitation each contribute to SOL in humans. Second, SOL is difficult to manipulate

experimentally without confounds such as medication exposure or comorbidity.

We approached these challenges by measuring neurochemical dynamics throughout the sleep
onset process. We combined continuous magnetic resonance spectroscopy (MRS) with
polysomnography (PSG) (Tamaki et al., 2020; Tamaki et al., 2021) to obtain repeated measures
of excitatory (Glx) and inhibitory (GABA) neurotransmitter concentrations across wakefulness, the
transition to sleep, and subsequent NREM sleep stages. We focused on the medial prefrontal
cortical region (mMPFC), which receives projections from subcortical wake-promoting systems
(Saper et al., 2005; Saper and Fuller, 2017; Jones, 2020; Zhong et al., 2023) and has been linked

to the regulation of consciousness and arousal (Nofzinger et al., 2004; Mashour et al., 2022).

To vary SOL while avoiding pharmacological confounds, we leveraged the first-night effect (FNE),
a transient sleep disturbance that occurs in a novel environment (Agnew et al., 1966; Carskadon
and Dement, 1975; Tamaki et al., 2016). Using a two-session within-subject design, we compared
mPFC neurotransmitter concentrations between the first session (transiently disturbed sleep) and
the second session (adapted sleep). We tested the hypothesis that longer SOL is accompanied
by an altered excitatory-inhibitory profile during the transition to sleep, rather than differences in
baseline concentrations during wakefulness. Specifically, we examined whether delayed sleep
onset is associated with a reduction in GABA concentrations, an elevation in Glx levels, or a

combination of both as individuals transition from wakefulness into sleep. (530/650 words)

Methods and materials

Participants
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In total, 22 young adults (aged 18 to 30 years) were recruited for this study. Two participants were
excluded because they failed to complete the sleep experiments, resulting in a final sample of 20
participants (12 females, mean age 20.9 + 2.9 years). To minimize age-related influences on
sleep structure (Ehlers and Kupfer, 1997; Mander et al., 2017), we strictly limited the age range
to 18 to 30 years. All participants provided written informed consent, and the study protocol was

approved by the Institutional Review Board of Brown University.

We conducted a rigorous screening process consistent with our established methods to ensure
participants were healthy and maintained regular sleep-wake patterns (Tamaki et al., 2020).
Based on self-reports, we excluded individuals with any history of physical, neurological, or
psychiatric ilinesses, those currently taking medication, or those with suspected sleep disorders.
Eligibility was further verified using a detailed sleep-wake habits questionnaire (Tamaki et al.,
2024) and the Munich Chronotype Questionnaire (MCTQ) (Roenneberg et al., 2003). Regularity
was defined as an average sleep duration of six to nine hours, with no more than two hours of

variation in bedtime or wake-up time between workdays and free days.

Following informed consent, further assessments were conducted using the Morningness-
Eveningness Questionnaire (MEQ) (Horne and Ostberg, 1976) and the Pittsburgh Sleep Quality
Index (PSQIl) (Buysse et al., 1989). These assessments confirmed that no participants exhibited
extreme morningness or eveningness, with MEQ scores ranging from 42 to 69. Additionally, all

participants were classified as good sleepers, as indicated by PSQI scores of five or less.

Experimental design
Participants underwent two afternoon nap sessions scheduled between 2:30 and 4:00 PM,
approximately one week apart, following established sleep study protocols (Tamaki et al., 2020;

Tamaki et al., 2021). Regular sleep—wake schedules were monitored via sleep logs and
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actigraphy (GT9X-BT, ActiGraph) for 3—7 days prior to each session. Nap sessions were
rescheduled if sleep timing varied by more than two hours between workdays and free days.
Participants were instructed to refrain from alcohol, intense exercise, and napping on the day

before each session, and from caffeine on the day of the sessions.

On the day of the experiments, participants were asked to sleep inside a 3T magnetic resonance
imaging (MRI) scanner (Siemens Prisma). Since the experimental environment was novel to the
participants, Session 1 (Day 1) was expected to induce the first-night effect (FNE) (Agnew et al.,
1966; Zammit et al., 2009; Tamaki and Sasaki, 2019; Tamaki et al., 2024). We used this inherent
response to a novel environment as an experimental manipulation to vary sleep quality within
subjects. We anticipated that participants would exhibit a transient reduction in sleep stability
during Session 1, whereas Session 2 (Day 2) would reflect an adapted state with improved sleep

quality.

In each session, electrodes for polysomnography (PSG) were attached to the participants
outside the MRI scanner prior to the nap. PSG recording commenced once participants lay

down inside the scanner, followed by the start of MRI acquisition.

Polysomnography and sleep scoring

During the nap sessions, participants underwent PSG recording simultaneously with MRS. MRI-
compatible EEG caps (Brain Products GmbH) recorded EEG, electrooculography (EOG),
electromyography (EMG), and electrocardiography (ECG). A 32-channel cap was used for 15
participants, and a 25-channel cap was used for 5 participants. The 32-electrode cap consisted
of 23 scalp EEG electrodes, six for EOG, two for EMG, and one for ECG. Horizontal EOGs were

obtained from two bipolar electrodes positioned at the outer canthi of both eyes, and vertical



157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

EOGs from four electrodes positioned above and below the left and right eyes. The 25-electrode
configuration included 18 scalp EEG electrodes, four EOG electrodes, two EMG electrodes, and
one ECG electrode. For this setup, EOGs were captured with bipolar electrodes at the outer canthi

of each eye and two additional electrodes above and below the left eye.

Across both cap configurations, EMG was recorded bipolarly from the chin, while ECG was
obtained from a site approximately two finger-widths left of the spine at the level of the inferior
scapulae. EEG and ECG electrodes were referenced to Fz, with the ground electrode positioned
at AFp4. Electrode impedances were maintained at 10 kQ for EEG and ECG, and < 15 kQ for
EOG and EMG. Data acquisition was performed using an MRI-compatible amplifier (BrainAmp
MR, Brain Products) and recording software (BrainVision Recorder, Brain Products) at a sampling
rate of 5,000 Hz. Scanner and ballistocardiogram artifacts were removed using BrainVision
Analyzer 2 (Brain Products). Subsequently, the EEG data were re-referenced to the mastoids

(TP9 and TP10).

While we used two EEG caps with different configurations, all electrodes present in the 25-
channel cap were also present in the 32-channel cap. To ensure consistency across the two
configurations, visual sleep scoring was performed using only the derivations common to both
caps. Specifically, sleep was scored from the frontal, central, and occipital EEG electrodes (F3,
F4, C3, C4, O1, and 02), each re-referenced to the mastoids (TP9 and TP10) in 30-s epochs
according to the standard criteria defined in the American Academy of Sleep Medicine (AASM)
Scoring Manual (Berry et al., 2017). The horizontal and vertical EOGs, both common to the two
montages, together with the bipolar chin EMG, were also used for scoring. Electrodes present
only in the 32-channel cap (namely T7, T8, Cz, Pz, Oz, and the right-eye vertical EOG channels)

were excluded from sleep scoring.
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Stages were classified as follows: wakefulness (stage W), NREM stages (N1, N2, and N3), and
REM sleep (stage REM). Sleep onset was defined by the first appearance of stage N2, consistent
with previous research (Tamaki et al., 2020; Tamaki et al., 2021). This criterion was selected to
ensure a stable and definitive transition into sleep, thereby minimizing potential contamination
from wakefulness-related cortical dynamics, such as residual alpha activity, which frequently
persists during stage N1. The time interval from lights-off to sleep onset was defined as sleep

onset latency (SOL). Sleep structure data, including SOL, are shown in Table 1 below.

MRS Data Acquisition and Analysis

MRS was conducted on a 3T Siemens Prisma scanner with a 64-channel head coil. To ensure
participant comfort and minimize head movement during MRI measurements, heads were
securely positioned using cushions and gauze. Additional support was provided via back and

knee cushions, and blankets were used to maintain body warmth and facilitate sleep onset.

Before MRS acquisition, high-resolution T1-weighted images were obtained using a
magnetization-prepared rapid gradient echo (MP-RAGE) sequence (TR = 1.9 s, TE = 3.02 ms,
FA = 9 degrees, voxel size = 1 x 1 x 1 mm?®, 256 slices, no slice gap) to guide precise voxel
placement (2.5 x 2.5 x 2.5 cm®). The voxel was manually placed in the medial prefrontal cortical
region (mPFC) using a standardized, anatomical landmark-based procedure. Placement was
performed in real time on the three orthogonal planes (sagittal, coronal, and axial) displayed on
the scanner console. On the sagittal midline image, the voxel was centered on the
interhemispheric fissure and positioned anterior to the genu of the corpus callosum; it was then
adjusted on the coronal and axial planes to maintain left-right symmetry while minimizing inclusion
of CSF, skull, frontal sinus, and white matter. The same placement rule was applied on both scan

days. Representative voxel locations are shown in sagittal and transverse views in Figure 1.
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For each session, an MRS voxel mask was generated in individual anatomical space using
Gannet v 3.5.3 (Edden et al., 2014), which derives the mask from the MRS voxel geometry and
the corresponding T1-weighted image. To quantify between-session overlap, the Day 2 structural
image was co-registered to the corresponding Day 1 structural image using SPM12 (Friston,
2007), and the resulting transformation was applied to the Day 2 MRS voxel mask. Overlap was
then calculated as the percentage of overlapping image voxels between the Day 1 mask and the
transformed Day 2 mask, relative to the total MRS voxel volume (15,625 image voxels, i.e., a 25
x 25 x 25 mm?3 voxel sampled at 1 mm?3 resolution). The voxel position demonstrated high

consistency between sessions, with an overall volume overlap of 86.6 +/- 1.8% (mean +/- SEM).

After automated shimming, MRS data were acquired using the MEGA-PRESS sequence. A brief
initial scan (TR =1.25 s, TE = 68 ms, FA = 90 degrees, 32 averages, 2:05 min) confirmed data
quality (Cramer-Rao lower bounds [CRLB] < 25) before a longer (~90 min total) scan comprising
nine consecutive acquisitions (TR = 1.25 s, TE = 68 ms, FA = 90 degrees, 240 averages, 10:05
min each). Concentrations of GIx, GABA, and N-acetylaspartate (NAA; internal reference) were
quantified using LCModel (Version 6.3-1P) (Provencher, 1993) between 1.95 and 4.2 ppm,
following water scaling and eddy-current correction (Supplementary Figure S1). We used NAA
as a control metabolite to normalize GIx and GABA levels, following established procedures

(Mullins et al.; 2014; Tamaki et al., 2020).

Following temporal co-registration of MRS and PSG data, we quantified the changes in GIx and
GABA concentrations during the transition from wakefulness to sleep. Average concentrations
during wakefulness, which was defined as the period from lights-off to sleep onset, including any
subsequent wakeful periods, served as the baseline. We then assessed the relative changes in
these neurotransmitter levels during NREM sleep compared to the baseline. Specifically, the

percentage change was calculated by subtracting the wakefulness baseline from the NREM
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concentration, dividing the result by the wakefulness baseline, and multiplying by 100, where the

wakefulness baseline was set to 0%.

While MRS data were recorded during REM sleep, they were excluded from the primary analysis
because REM sleep occurred in only a limited number of participants across both sessions
(Supplementary Table S1). To maintain a consistent within-subject comparison with the full
sample (n = 20), we focused our primary analysis on the transition from wakefulness to NREM

sleep, as all participants reached the NREM stage in both sessions.

Additionally, we calculated average concentrations for N1, N2, and N3 stages separately to
examine the effect of sleep depth on GIx and GABA concentrations. For these stage-specific
analyses, data were included only for participants who reached the respective stages in both
sessions with successful co-registered MRS-PSG data (n = 17 for N1, n = 20 for N2, and n = 6

for N3; Supplementary Table S2).

Notably, we measured Glx (a composite of glutamate and glutamine) rather than isolated
glutamate, as linear-combination modeling may not reliably distinguish glutamate from glutamine
and GABA in MEGA-PRESS data (Pasanta et al., 2023). GIx is considered a reliable measure
(Pasanta et al., 2023), and glutamate is estimated to contribute approximately 85% of the Glx
signal (Floyer-Lea et al., 2006). Thus, while results are reported as Glx, they likely predominantly

reflect glutamate levels.

Quality control of the MRS data

First, we used the CRLB to exclude low-quality MRS data using LCModel. The CRLBs indicate

the reliability of the quantification of Glx, GABA, and NAA as measures of fitting errors. A threshold

12



260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

of 25% was used to reject low-quality MRS results (Dydak et al., 2011; Andronesi et al., 2016;
Frank et al., 2022). This threshold rejected an average of 1.3% of all MRS data from two sleep

sessions, with 1.5% rejected on Day 1 and 1.1% on Day 2.

Next, to comprehensively evaluate and compare the stability and quality of the remaining MRS
data between the two sleep sessions across different sleep stages, we calculated four additional
parameters for the spectra: shim values, frequency drift, NAA linewidth, and NAA signal-to-noise
ratio (SNR). Shim values were defined as the scanner-derived shim settings obtained after
automated shimming, reflecting the adjustments applied to optimize BO field homogeneity within
the voxel. Frequency drift, which signifies the instability of the BO magnetic field, was calculated
as the standard deviation of the average-by-average frequency estimates returned by Gannet
v3.5.3 (Edden et al., 2014). NAA SNR was determined based on the NAA peak in the edit-OFF
spectra using Gannet's standard algorithm, specifically by dividing the maximum amplitude of the
modeled NAA peak by the standard deviation of the residuals (noise) in a signal-free baseline
region. Additionally, the NAA linewidth was quantified based on the LCModel outputs using an in-
house MATLAB script to provide a further measure of signal resolution. To ensure transparency
and reproducibility, all acquisition and processing parameters were documented (Supplementary
Table S3) in accordance with the Minimum Reporting Standards for in vivo Magnetic Resonance

Spectroscopy (MRSInMRS) consensus guidelines (Lin et al., 2021).

Temporal co-registration of MRS and PSG data

We followed the established procedure for temporal co-registration of MRS and PSG data
(Tamaki et al., 2020; Tamaki et al., 2021). PSG and MRS data were time-aligned in 10-minute

blocks to obtain the average neurotransmitter concentration for wakefulness, NREM sleep and
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REM sleep. If one sleep stage comprised 80% or more of the twenty 30-s PSG epochs in a 10-
min block, the block was labeled with that stage. If no stage was predominant in one block, it was
split into five 2-min sub-blocks (4 PSG epochs each). Each sub-block was labeled with the
predominant stage (>50%), with ties resolved by a hierarchy (wakefulness > NREM sleep > REM
sleep). The same rules were applied for NREM sleep sub-stages (N1, N2, N3), extending the
hierarchy to wakefulness > N1 > N2 > N3 > REM sleep (Tamaki et al., 2020; Tamaki et al., 2021).
In addition, when we analyzed MRS levels for stages N1, N2, and N3 separately, we applied the
same rules but expanded to five categories, prioritizing wakefulness followed by N1, N2, N3, and
REM sleep. Due to this temporal co-registration and the hierarchical staging rules, certain sleep
stages were prioritized (Supplementary Table S$2); consequently, the sample sizes in
Supplementary Tables S1 and S2 do not necessarily match. The total duration of analyzed

segments for each sleep stage per participant is provided in Supplementary Table $4.

Statistical analyses

The normality of all continuous variables was systematically assessed using the Shapiro-Wilk
test. Because the majority. of our variables deviated significantly from a normal distribution, we
primarily conducted comparisons using nonparametric methods, specifically Wilcoxon signed-
rank tests and Spearman rank correlations. Furthermore, to rigorously evaluate whether MRS
data quality (NAA linewidth and SNR) was affected by sleep stages or measurement order across
the nine sessions per participant, we employed linear mixed models (LMMs) with participants
treated as a random effect. LMMs were selected because of their robustness against deviations
from normality and their capability to handle repeated-measures data structures. IBM SPSS

Statistics (version 31.0) was used for these primary analyses and LMMs.
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For the mediation analysis (Baron and Kenny, 1986), we examined whether changes in GIx or
GABA levels mediated the effect of session (Day 1 vs. Day 2) on SOL. We applied the Yeo-
Johnson transformation (Yeo and Johnson, 2000) to SOL, Glx levels, and GABA levels to improve
data normality, as the linear regressions used in the mediation analysis assume normality. We
defined the "Day" factor as the independent variable, the GIx (or GABA) level as the mediator,
and SOL as the dependent variable, with age and sex included as covariates. We employed a
structural equation modeling approach (lacobucci et al., 2007) to incorporate repeated measures,
with robust standard errors clustered by participant to account for within-participant correlations.
The significance of the mediation effect was tested using a Monte Carlo simulation with 500
replications, as this method does not require the assumption of normality, unlike traditional
approaches such as the Sobel test (Baron and Kenny, 1986). We used Stata Standard Edition

version 19.0 (StataCorp.) for the mediation analysis.

Statistical analyses were performed using a two-tailed alpha = 0.05 significance threshold. For all
statistical tests, effect sizes were reported alongside p-values. Multiple comparison corrections

were not applied.

Results

Confirmation of the FNE

As expected, the FNE was observed as a significant sleep disturbance on Day 1 relative to Day
2. Specifically, SOL was significantly longer on Day 1 compared to Day 2 (Wilcoxon signed-rank
test: Z=-2.67, p = 0.008, effect size r = -0.60; Figure 2). This confirms the presence of the FNE
in our study, consistent with prior reports (Agnew et al., 1966; Tamaki et al., 2016; Ding et al.,

2022; Tamaki et al., 2024).
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The sleep architecture for each session is summarized in Table 1. Beyond the difference in SOL,
no other sleep parameters showed statistically significant differences between Day 1 and Day 2
(all p > 0.05). This indicates that while the initiation of sleep was delayed on the first night, the

overall structure of sleep, once established, remained comparable across both sessions.

Gix Levels During Sleep Stages

GlIx levels during NREM sleep showed markedly different patterns between sessions, expressed
as a percentage change from the wakefulness baseline. On Day 1, mean Glx during NREM sleep
was not significantly different from the wakefulness baseline (one-sample Wilcoxon signed rank
test: Z=-1.05, p=0.296, n = 20, r= 0.23; Figure 3). However, on Day 2, GIx during NREM sleep
was significantly lower than the wakefulness baseline (Z =-3.51, p < 0.001, n = 20, r = 0.78;
Figure 3). The reduction in Glx during NREM sleep was significantly greater on Day 2 than on
Day 1 (related-samples Wilcoxon signed rank test: Z = -2.43, p = 0.015, n = 20, r = 0.54; Figure

3).

Considering individual NREM sub-stages (Figure 4), on Day 2, Glix significantly decreased from
wakefulness during stage N2 (Z =-2.20, p = 0.028, n =20, r=0.49) and N3 (Z =-2.67, p = 0.008,
n =29, r=0.89), but not during N1 (Z =-1.05, p = 0.296, n = 20, r = 0.23). In contrast, there were
no significant GIx changes in any NREM stage on Day 1 (Z = 0.54, p = 0.586, n =17, r = 0.13 for
N1; Z=-0.19, p = 0.856, n = 20, r = 0.04 for N2; Z=-1.51, p = 0.131, n = 11, r = 0.46 for N3).
The GIx reductions in N2 and N3 were significantly greater on Day 2 than on Day 1 (Z=-2.17, p
=0.030,n=20,r=0.48forN2; Z=-1.99, p =0.046, n=6, r=0.81 for N3). These results indicate
that when sleep was improved on Day 2, GIx levels in the mPFC dropped substantially during
sleep (especially in deeper NREM stages), whereas no such reduction occurred during the

disturbed sleep on Day 1.
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GIx and Sleep Onset

Importantly, we observed that a greater Gix reduction during sleep was associated with a shorter
SOL. Across individuals, NREM GlIx levels were significantly correlated with SOL on both Day 1
(Spearman rho = 0.60, p = 0.005, n = 20) and Day 2 (Spearman rho = 0.53, p = 0.017, n = 20;
see Supplementary Figures 2a, b). Specifically, participants who exhibited a larger reduction in

mPFC GlIx during NREM sleep tended to fall asleep faster.

To further explore the role of Glx changes in the prolonged sleep onset observed on Day 1, we
performed a mediation analysis (Baron and Kenny, 1986; lacobucci et al., 2007) as a statistical
framework to evaluate the relative pathways among variables. In this model, "Day" (Day 1 vs. Day
2) was entered as the independent variable, the GlIx level as the mediator, and SOL as the
outcome variable, with age and sex included as covariates. This analysis indicated that the
variance in Glx levels statistically accounted for the relationship between the experimental day
and SOL. While Day had a significant total effect on SOL because SOL was longer on Day 1, the
direct effect of Day on SOL was no longer significant when GIx was included in the model. Instead,
there was a significant indirect pathway via GlIx, which accounted for approximately 51% of the
total Day effect (Figure 5). Although the inherent limitations of concurrent measurements
preclude definitive causal interpretations, these statistical results suggest that the longer SOL on
Day 1 relative to Day 2 was statistically associated with the smaller or absent reduction in Gix

during sleep on Day 1.

GABA Levels During Sleep Stages
In contrast to GIx, GABA did not show a consistent pattern of change during sleep. Overall NREM
GABA levels were not significantly different from the wakefulness baseline on either Day 1 or Day

2 (one-sample Wilcoxon signed rank tests: Z=1.61, p =0.108, n =20, r=0.36 for Day 1; Z = -
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1.31, p = 0.191, n = 20, r = 0.29 for Day 2; Figure 6), and there was no significant difference in

NREM GABA between Day 1 and Day 2 (Z=-1.49, p =0.135, n= 20, r = 0.33).

However, analysis by each NREM sub-stage suggested a transient GABA elevation during early
NREM sub-stages on Day 1. Specifically, on Day 1 (Figure 7), GABA was significantly above
baseline during N1 (p = 0.004, n=17, r=0.71) and showed a similar trend during N2 (p = 0.057,
n =20, r=0.43), whereas no such increase was observed during N3 (p = 0.248, n= 11, r=0.35).
On Day 2, GABA showed no significant changes from baseline at any NREM stage (p = 0.526, n
=20, r=0.14 for N1; p=0.737, n = 20, r = 0.08 for N2; p = 0.139, n = 9, r = 0.49 for N3). Direct
comparisons between days revealed that GABA was lower on Day 2 than on Day 1 across all
stages, demonstrating marginal trends in N1 (p = 0.076, n =17, r=0.43) and N2 (p = 0.057, n =
20, r=0.43), and a significant reduction in N3 (p = 0.028, n = 6, r = 0.90). Thus, during higher-
quality sleep (Day 2), GABA remained essentially unchanged from wakefulness levels, whereas

during poorer sleep (Day 1), GABA levels tended to increase in the early NREM stages.

GABA and Sleep Onset

Unlike Glx, the GABA level during NREM sleep showed no significant correlation with SOL on
either day (Day 1: Spearman rho = -0.04, p = 0.870; Day 2: Spearman rho = 0.12, p = 0.607; see
Supplementary Figure S3). A mediation analysis consistently confirmed that GABA changes did
not account for the effect of Day on SOL. The indirect effect of Day via GABA was not significant
(p = 0.967), contributing less than 2% of the total Day effect (Figure 8). Consequently, the direct
effect of Day on SOL remained significant after controlling for GABA. Thus, GABA dynamics in

the mPFC during NREM sleep appeared to have little influence on SOL in our study.

Control Analyses
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To ensure the robustness of our findings, we performed several control analyses (see below).
These comprehensive control analyses definitively demonstrate that the observed dynamics in
GlIx and GABA reflect true neurochemical shifts rather than variations in baseline metabolite levels

or data acquisition artifacts.

First, we confirmed the macro-level stability of NAA. NAA concentrations were stable, showing no
significant differences between wakefulness and NREM sleep, or between Day 1 and Day 2
(Figure 9a). Furthermore, baseline Glx and GABA concentrations during wakefulness were not

significantly different between Day 1 and Day 2 (Figure 9b, c).

Second, we assessed the quality and stability of the MRS data globally. The macro-level spectral
quality parameters (shim values, GIx %SD, GABA %SD, NAA linewidth, and frequency drift) did

not differ between Day 1 and Day 2 (Table 2; all p > 0.05).

Third, we conducted further highly granular quality control analyses at the individual segment
level. Specifically, we used linear mixed models (LMMs) to confirm that data quality (NAA

linewidth and NAA SNR) was unaffected by sleep stages or measurement order (see below).

Assessment of MRS Data Quality Across Sleep Stages and Day

As noted in the Methods section, our scanning protocol was designed with 10-minute acquisition
blocks. Metabolite spectra were reconstructed and quantified at the 2-minute scale, and the
reliability of each 2-minute estimate was verified individually using the CRLB provided by
LCModel; only windows with a CRLB (%SD) below 25% were retained. Quantification of individual
metabolites is thus safeguarded at the single-window level, independently of the number of
averages. Spectral quality metrics such as SNR and linewidth, by contrast, are not accompanied

by an equivalent per-fit reliability estimate and become less stable at low average counts. This
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constraint is reinforced by the architecture of standard MRS toolkits (including Gannet): because
the integrated raw sequence data (the Siemens .dat file containing the reference scans) are
stored as a single indivisible package for each complete run, these toolkits derive SNR and
linewidth from the full acquisition rather than from arbitrarily subdivided 2-minute windows. We
therefore evaluated SNR and linewidth at the level of the complete 10-minute acquisitions, where
a fixed and larger number of averages yields robust and comparable quality metrics across sleep
states. As a complementary approach to evaluate the potential influence of sleep states under
these methodological conditions, we categorized these 10-minute MRS segments into three
distinct types based on the sleep architecture within each block: (1) wakefulness-only blocks, (2)
NREM sleep-only blocks, and (3) mixed blocks containing multiple sleep stages. We then
constructed LMMs with participants treated as a random effect to evaluate whether spectral
quality systematically varied across these sleep-stage categories or differed between

experimental days (Day 1 vs. Day 2), as well as their interaction.

When NAA SNR was examined as the dependent variable, the mean raw values for Day 1 were
45.4 + 13.4 for the wakefulness-only blocks, 46.8 + 15.3 for the NREM sleep-only blocks, and
37.2 + 14.4 for the mixed blocks. For Day 2, the values were 43.7 £ 17.5,44.4 + 18.1,and 45.6 +
20.9, respectively. The LMM revealed no significant main effects of the sleep-stage categories
(F(2, 51.55) = 0.60, p = 0.555) or the experimental days (F(1, 64.16) = 0.19, p = 0.666), and no

significant interaction was observed (F(2, 51.55) = 1.10, p = 0.340).

Next, we evaluated NAA linewidth as the dependent variable. Given the inherent positive
skewness of the raw resolution metrics, linewidth values were log-transformed prior to the LMM

analysis to meet the statistical assumptions. However, to provide a clear and intuitive
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representation of the absolute spectral quality, the raw (untransformed) linewidth values across
the conditions are reported here. The mean raw NAA linewidths for Day 1 were 10.6 + 2.2 Hz for
the wakefulness-only blocks, 11.0 £ 2.4 Hz for the NREM sleep-only blocks, and 10.8 £ 2.2 Hz
for the mixed blocks. For Day 2, the values were 10.7 + 3.4 Hz, 10.4 £ 2.0 Hz, and 10.6 + 2.5 Hz,

respectively, reflecting consistently high spectral resolution throughout the entire experiment.

The LMM on the log-transformed NAA linewidth revealed no significant main effects of the sleep-
stage categories (F(2, 51.21) = 0.11, p = 0.900) or the experimental days (F(1, 41.75)=0.22, p =
0.643), and no significant interaction between them (F(2, 51.21) = 0.18, p = 0.836). Although the
model's residuals for linewidth exhibited a deviation from strict normality even after log-
transformation, we retained this linear mixed-model approach because LMMs are documented to
be highly robust against violations of normality in structured multi-level datasets with sufficient

sample sizes.

Assessment of MRS Data Quality by measurement order and Day

To further test whether the time-course or participant fatigue affected spectral quality over
repeated measurements, we constructed another LMM evaluating the fixed effects of
measurement order (from 1st to 9th), experimental days (Day 1 vs. Day 2), and their interaction.
When NAA SNR was examined as the dependent variable, the LMM revealed no significant main
effects of the measurement order (F(8, 65.73) = 1.33, p = 0.243) or the experimental days (F(1,
296.09) = 0.03, p = 0.857), and no significant interaction between them (F(8, 65.73) = 0.80, p =
0.603). These results demonstrate that spectral quality remained highly stable and robust against
potential confounding factors such as scanner drift or participant movement due to fatigue over

the course of the extended recording sessions.
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In a similar way, when log-transformed NAA linewidth was entered as the dependent variable, the
LMM revealed no significant main effects of measurement order (F(8, 68.20) = 0.41, p = 0.910)
or the experimental days (F(1, 292.64) = 2.93, p = 0.088), and no significant interaction was
observed (F(8, 68.20) = 0.05, p = 1.000). These results demonstrate that the spectral resolution
(measured by linewidth) remained highly consistent across different sleep states and
experimental days. This indicates that potential head motion during sleep or wakefulness did not

significantly impact the data quality or the reliability of subsequent metabolite quantification.

Fourth, we also verified that neurometabolite changes were not driven by fluctuations in spectral
quality. Specifically, Spearman's rank correlation analyses were performed to examine whether
GIx or GABA concentrations during overall NREM sleep were linked to NAA SNR or NAA linewidth
calculated from NREM sleep-only blocks across both experimental days (Supplementary Table
S5). The analysis revealed no significant correlations between data quality and metabolite
estimations. For instance, for overall NREM GIx on Day 1, concentrations showed no significant
correlation with either NAA SNR (rho = -0.04, p = 0.870, n = 19) or NAA linewidth (rho = -0.16, p
= 0.523, n = 19). Similarly, no significant correlations were observed for GABA on Day 1 or for
any metrics on Day 2 (all p-values > 0.05). These results collectively demonstrate that the
quantified concentrations of GIx and GABA were robust against differences in spectral resolution
and signal strength, confirming that our neurochemical findings were not driven by underlying

data-quality artifacts.

Discussion
We combined functional MRS with PSG and used the first-night effect (FNE) as a within-subject
perturbation to induce variabilty in sleep-onset latency (SOL). We tracked Glx

(glutamate+glutamine) and GABA in the mPFC across two nap sessions that differed in sleep
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initiation: Day 1 was characterized by longer sleep-onset latency (SOL), whereas Day 2 showed
a significantly shorter SOL. GIx dynamics tracked SOL more closely than GABA dynamics.
Mediation analysis further indicated that GIx dynamics was closely linked with the between-
session difference in SOL. These results support the hypothesis that insufficient downregulation
of excitatory glutamatergic signaling in the mPFC is associated with transient difficulty in initiating

sleep.

The decrease in Glx may index the deactivation of wake-promoting systems, given the critical role
of excitatory signaling in maintaining wakefulness (Dash et al., 2009; Sulaman et al., 2023; Heiss
et al., 2024). We measured Glx in the mPFC, which is considered an integral cortical component
of wake-promoting circuits (Sulaman et al., 2023). The mPFC also serves as a bidirectional hub
that links subcortical and cortical regions within arousal systems (Pal et al., 2018; Parkar et al.,
2020; Huels et al., 2021; Mashour et al., 2022). Accordingly, reduced mPFC excitatory signaling
may mark a successful wake-sleep transition and continued downshifting of wake-promoting
activity as participants progress into deeper sleep stages. In this view, the Day 2 GIx decrease

potentially reflects successful cortical disengagement during sleep initiation.

This FNE-based model may also provide insights into the mechanisms underlying clinical sleep
disturbances. Insomnia is often conceptualized as hyperarousal, in which the brain fails to
disengage wake-promoting neural activity during attempts to sleep (Levenson et al., 2015). In
patients with primary insomnia, positron emission tomography (PET) has shown abnormally small
reductions in brain metabolic activity during the wake-to-sleep transition, particularly in frontal
cortical regions including the mPFC (Nofzinger et al., 2004). In our study, mPFC GIx did not
decrease during disturbed sleep on Day 1, mirroring this pattern. The parallel between Day 1 and
clinical PET findings suggests that blunted cortical downregulation of excitation may be a hallmark

of difficulty initiating sleep in insomnia.
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In contrast to the clear association between GIx and sleep initiation, the role of GABA in the human
sleep transition appeared less direct than is often assumed. While we found no clear association
between mPFC GABA and SOL, GABA concentrations were not static across states or sessions.
Specifically, GABA levels were significantly higher on Day 1 than on Day 2 during N3, with a trend
during N2 sleep. One interpretation is that this elevated GABA concentration during poor sleep
reflects less efficient or unsuccessful inhibitory signaling. This could manifest as incomplete

GABA binding or receptor engagement required for a successful transition into deeper sleep.

One may wonder whether alternative explanations could account for the null association between
GABA and SOL. First, the mPFC may not be the optimal cortical region in which to detect the
GABA dynamics that support sleep initiation. However, this seems unlikely because the mPFC is
a bidirectional hub between subcortical and cortical regions that regulate arousal (Mashour et al.,
2022). Second, it could be argued that the increase in inhibitory signaling needed to suppress
wake-promoting systems was below the detection limits of our MRS measurements. However,
our findings argue against the simple explanation based on detectability because, if our
measurements were truly insensitive to GABA changes during sleep, we would not have detected

the significant elevation in GABA during the disturbed sleep of Day 1.

This paradoxical observation of higher GABA during poorer sleep is particularly intriguing, as it
contrasts with an assumption that higher GABA levels necessarily promote better sleep. Rather
than driving the transition into sleep per se, mPFC GABA concentration may instead track sleep
stage or sleep quality, perhaps reflecting a compensatory but ultimately unsuccessful inhibitory
response to heightened arousal on the first night. This perspective may also reconcile our findings
with the well-established efficacy of GABAergic hypnotics (Bateson, 2004; Sigel and Ernst, 2018).

Importantly, these findings do not imply that GABA is functionally irrelevant to the sleep process;
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rather, they suggest that while pharmacological intervention forcefully enhances inhibitory
neurotransmission to induce sleep, under natural physiological conditions, the mere endogenous
accumulation of GABA may not be sufficient to overcome heightened arousal if the underlying
signaling efficiency is compromised. These findings suggest that therapeutic strategies focusing
solely on boosting inhibition may be insufficient, as they may overlook the potential importance of

excitatory downregulation, which was closely associated with efficient sleep initiation.

A key strength of the present study is the use of the FNE within a within-subject design, which
allowed us to examine sleep-initiation-related variability while reducing the impact of individual
differences and MRS measurement consistency. By recruiting a rigorously screened sample of
healthy young adults and ensuring consistent voxel placement across sessions, we minimized
the impact of intersubject heterogeneity and measurement error. These controls reduce the
likelihood that the observed differences in Glx and GABA dynamics were driven by intersubject

heterogeneity or measurement error.

However, several considerations remain for future research. First, because this study utilized a
daytime nap protocol, the generalizability of these findings to nocturnal sleep warrants further
investigation. While the neurochemical mechanisms of sleep initiation are likely conserved across
different times of day, circadian timing remains an important factor. For instance, a previous study
suggested that Glx levels exhibit a diurnal rhythm, increasing during the day and decreasing at
night (Yoon et al., 2024). However, since that work did not employ PSG to verify sleep, it remains
unclear whether those observed changes reflected circadian oscillation or the sleep process itself.
Our PSG-defined data provide clear evidence that the transition into sleep is accompanied by a
reduction in mPFC GIx during the day; future work should clarify whether this effect maintains its
magnitude during nocturnal sleep onset, when homeostatic sleep pressure and circadian signals

are more aligned.
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Second, the use of the FNE as an experimental paradigm may involve multifactorial phenomena,
including environmental novelty, psychological stress, and heightened vigilance, rather than a
specific manipulation of sleep initiation alone. Therefore, the observed session differences in
mPFC GIx may also reflect broader changes in arousal-related cortical activity rather than sleep

initiation per se.

Third, while we interpreted the reduction in GIx as reflecting a downregulation of excitatory
signaling, MRS-derived GlIx measures total tissue concentrations and cannot directly isolate
synaptic glutamatergic activity from broader metabolic processes. Therefore, our findings should
be interpreted with caution, as the observed GIx changes may capture shifts in cellular

metabolism alongside or instead of direct changes in synaptic neurotransmission.

Fourth, the inherent mismatch in temporal resolution between MRS data and PSG measurements
remains a limitation. Although our time-resolved approach subdivided the MRS data into 2-minute
windows, this scale is still broader than the finer precision of PSG sleep stage scoring, which is
performed in 30-second epochs. Consequently, our data cannot definitively establish whether the
observed GlIx changes precede, coincide with, or follow the exact transition into sleep. Future
longitudinal or higher-resolution studies are required to clarify the precise temporal dynamics

driving sleep initiation.

Fifth, we acknowledge that the relatively modest sample size (n = 20) constitutes a limitation,
particularly for the sleep-stage specific analyses that involved even smaller subsets of
participants. Furthermore, multiple comparison corrections were not applied to these exploratory
analyses. Importantly, these specific findings exhibited moderate-to-large effect sizes, suggesting

that they represent meaningful underlying biological patterns rather than mere noise. However,
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given the number of statistical tests, the possibility of false-positive findings arising from
uncorrected multiple testing cannot be fully excluded, and these results should therefore be
interpreted with appropriate caution. Consequently, future studies with larger cohorts are

necessary to verify the generalizability and replicability of these effects.

Sixth, due to its limited occurrence during our daytime nap protocol, REM sleep was excluded
from the primary neurochemical analyses. While this exclusion was methodologically necessary
to ensure data reliability, it leaves the role of mPFC GIx and GABA dynamics during REM sleep
unexamined. Given that REM sleep is characterized by distinct cortical activation and
neuromodulatory states, future investigations employing longer nocturnal sleep protocols are
warranted to elucidate whether these metabolite trajectories differ during REM sleep compared

to NREM sleep.

Finally, while we focused on the balance between glutamate and GABA to understand cortical
excitation and inhibition, sleep initiation is a complex process involving numerous
neuromodulatory systems beyond these two metabolites (Saper and Fuller, 2017; Scammell et
al., 2017; Jones, 2020). Integrating our findings with the dynamics of other neurotransmitters will
be essential for a complete understanding of the neurochemical architecture of the human sleep-

wake transition.

In conclusion, our findings identify mPFC GIx dynamics as a robust neurochemical correlate of
sleep initiation and suggest that cortical excitatory downregulation accompanies successful
transition from wakefulness to sleep. By combining time-resolved functional MRS with PSG, this
study provides a framework for investigating the neurochemical mechanisms underlying human
sleep initiation in vivo.

(1476/1500 words)
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Figure legends

Figure 1. Voxel placement in the medial prefrontal cortical region.

The volume of interest (VOI) is overlaid on structural T1-weighted images from a representative

participant in (a) sagittal and (b) transverse views.

Figure 2. Comparison of sleep-onset latency (SOL) between sessions.
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SOL was significantly longer on Day 1 than on Day 2, reflecting the expected first-night effect on

sleep initiation. Error bars represent standard error of the mean (SEM). ** denotes p < 0.01.

Figure 3. Glx downregulation during NREM sleep.

Mean percentage change (+/- SEM) in GIx levels during NREM sleep relative to the wakefulness
baseline is shown for Day 1 (white) and Day 2 (red). GIx was significantly reduced during sleep
on Day 2, whereas this downregulation was absent on Day 1. Significance levels are indicated as

*p <0.05and *** p < 0.001.

Figure 4. Stage-specific GIx dynamics during NREM sleep.

Mean percentage change (+/- SEM) in Glix levels from the wakefulness baseline is shown for each
NREM sleep stage (N1, N2, and N3). Open squares represent Day 1, and filled red circles
represent Day 2. The significant reduction in GIx on Day 2 became increasingly pronounced as
sleep deepened, whereas Glx levels remained relatively stable or showed delayed reduction on

Day 1. Significance levels are indicated as * p < 0.05 and ** p < 0.01.

Figure 5. Statistical pathway linking experimental days and SOL via Glx levels.

A tripartite analysis model was used to investigate the relationship between Session (Day 1 vs.
Day 2), NREM Glx levels, and SOL, with age and sex included as covariates. The analysis shows
that changes in GIx levels statistically accounted for the relationship between Session and SOL
(indirect pathway a x b =-2.21, p = 0.020), explaining 51% of the total effect after adjusting for
the covariates. The total effect (path c) represents the overall relationship between Session and

SOL, while the direct pathway (path c') represents the relationship after controlling for Glx, age,
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and sex. Solid red lines indicate significant paths, and the dashed black line indicates a non-

significant direct path. Numerical values represent path coefficients with p-values in parentheses.

Figure 6. GABA levels during NREM sleep.

Mean percentage change (+/- SEM) in GABA levels during NREM sleep relative to the
wakefulness baseline is shown for Day 1 (white) and Day 2 (blue). In contrast to Glx, no significant
differences in GABA levels were observed between sessions, and the change from baseline did

not reach statistical significance in either session (n.s., p > 0.05).

Figure 7. Stage-specific GABA dynamics during NREM sleep.

Mean percentage change (+/- SEM) in GABA levels from the wakefulness baseline is shown for
each NREM sleep stage (N1, N2, and N3). Open squares represent Day 1, and filled blue circles
represent Day 2. While GABA levels remained higher on Day 1 relative to Day 2 across early
sleep stages, these dynamics did not mirror the consistent downregulation observed in Glix.
Significance levels are indicated as + p < 0.1, * p < 0.05 and ** p < 0.01 for between-session

comparisons.

Figure 8. Pathways between experimental days and SOL showing no statistical account by

GABA levels.

A tripartite mediation model was used to investigate the relationship between Session (Day 1 vs.
Day 2), NREM GABA levels, and SOL, with age and sex included as covariates. This analysis
indicates that changes in GABA levels did not statistically account for the relationship between

Session and SOL (indirect effect a x b =-0.021, p = 0.967), accounting for only 1.0 percent of the
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total effect. The total effect (path c) and the statistical direct pathway (path c¢', adjusting for GABA
and covariates) remained virtually identical. These results, which contrast with those for Glx,
suggest that the statistical link between Session and SOL does not implicate GABAergic
dynamics. Solid blue lines indicate the tested indirect pathways, and the dashed black line
indicates the statistical direct pathway. Numerical values represent path coefficients with p-values

in parentheses.

Figure 9. Stability of control metabolite and baseline concentrations.

(a) Mean absolute concentrations of N-acetylaspartate (NAA) in institutional units (IU) (+/- SEM)
during wakefulness (white) and NREM sleep (gray) for both sessions. (b) Mean baseline GlIx
levels (expressed as GIx/NAA ratio) during wakefulness on Day 1 and Day 2. (c) Mean baseline
GABA levels (expressed as GABA/NAA ratio) during wakefulness on Day 1 and Day 2. No
significant differences were observed across sessions or states for any of these baseline

measures, confirming the stability of the MRS data.
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843 Tables

844
Table 1: Sleep Architecture
Day 1 Day 2 Wilcoxon signed-rank test
Z p r
SOL (min) 153 £+ 299| 91 + 1.36 -2.67 0.008 0.60
WASO (min) 135 + 350|115 + 3.17 -0.56 0.575 0.13
Stage N1 (min) 254 + 339|250 = 260 -0.09 0.926 0.02
Stage N2 (min) 27.3 + 294|312 + 324 1.66 0.096 0.37
Stage N3 (min) 95 + 271|139 + 3.67 1.05 0.293 0.23
Stage R (min) 33 £ 104 39 = 0.91 0.77 0.441 0.17
(S(,Zep efficiency | 764 + 457|837 + 412 176 0.079 0.39
SOL, sleep-onset latency; WASO, wake after sleep onset. Values represent means £ SEM (n = 20).
The related-samples Wilcoxon signed-rank test was used to compare parameters between
sessions (Day 1 vs. Day 2). For the analysis of sleep architecture, values of zero were assigned to
sleep stages that did not occur (e.g., N3 or REM sleep) to allow for a consistent comparison across
the entire group. See Supplementary Table S1 for the number of participants who reached each
sleep stage.
845
Table 2. MRS quality test
Wilcoxon signed-rank test
Day 1 Day 2
Z p r
Shim values 79 £ 0.65 7.0 £ 047 -1.18 0.240 0.26
%SD for GABA 88 + 0.50 94 + 0.53 1.79 0.073 0.40
%SD for Glx 54 + 0.16 55 + 017 0.43 0.667 0.10
NAA linewidth (Hz) 11.0 £ 048] 101 = 0.32 -1.01 0.313 0.23
Frequency drift (Hz) 23 = 0.30 1.9 = 0.22 -1.27 0.204 0.28
846
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Mediation effect (a x b) = -2.21, p=0.020
51% of total effect mediated

1)

Direct effect ¢’=-2.08 (p = 0.098)

Total effect c=-4.19 (p = 0.001)
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Mediation effect (a x b) = -0.021, p = 0.967
1% of total effect mediated

Direct effect ¢’=-4.16 (p = 0.001)

Total effect ¢ =-4.19 (p = 0.001)
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