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First-night effect reduces

the beneficial effects of sleep
on visual plasticity and modifies
the underlying neurochemical
processes

Masako Tamaki¥?, Takashi Yamada?3, Tyler Barnes-Diana3, Zhiyan Wang3, Takeo Watanabe3 &
Yuka Sasaki™*

Individuals experience difficulty falling asleep in a new environment, termed the first night effect
(FNE). However, the impact of the FNE on sleep-induced brain plasticity remains unclear. Here,

using a within-subject design, we found that the FNE significantly reduces visual plasticity during
sleep in young adults. Sleep-onset latency (SOL), an indicator of the FNE, was significantly longer
during the first sleep session than the second session, confirming the FNE. We assessed performance
gains in visual perceptual learning after sleep and increases in the excitatory-to-inhibitory
neurotransmitter (E/l) ratio in early visual areas during sleep using magnetic resonance spectroscopy
and polysomnography. These parameters were significantly smaller in sleep with the FNE than in sleep
without the FNE; however, these parameters were not correlated with SOL. These results suggest
that while the neural mechanisms of the FNE and brain plasticity are independent, sleep disturbances
temporarily block the neurochemical process fundamental for brain plasticity.

Understanding the roles of sleep is a central issue in neuroscience. The main roles of sleep include its effects
on brain plasticity and learning. Performance on a task significantly improves after sleep!~’, indicating the role
of sleep in enhancing brain plasticity. Given that an estimated 50-70 million people suffer from sleep-related
problems, including insomnia®?, it has become highly important to clarify how sleep disturbances influence
brain plasticity.

However, this issue has not been thoroughly investigated. One of the obstacles hindering progress could be the
presence of serious confounding factors when investigating the impacts of chronic sleep disturbances on brain
plasticity. First, the effects of medications used for treatment, e.g., benzodiazepines and nonbenzodiazepines,
could obscure the effects of sleep disturbances on learning'®!!. Second, chronic sleep disorders may be comorbid.
Psychiatric symptoms, including depression and anxiety, are known to accompany chronic sleep disorders'!. It is
difficult to dissociate sleep disorders from comorbid symptoms. In addition, medications for treating comorbid
disorders are known to cause memory impairments'2 Thus, it has been a significant challenge to investigate the
effects of sleep disturbance on brain plasticity without these confounding factors.

Here, we used the first-night effect (FNE), a temporary sleep disturbance observed primarily during the first
sleep session of experimental sessions'*~'” as an acute sleep disturbance model'®" and investigated the impact of
sleep disturbance alone on brain plasticity without those confounding factors. Individuals experiencing the FNE
suffer from delayed sleep onset, increased wake time after sleep onset, and decreased time in deep sleep. Since
the FNE is not confined to nightly sleep but manifests during daytime naps®!, the term FNE could be interpreted
as the first night/nap effect. It is observed irrespective of individual anxiety levels among young and healthy
individuals??. The FNE also occurs in insomniac patients**?*, while the impact of the FNE in insomniac patients
compared to healthy controls is mixed*~?’. Recent research has unveiled basic neural mechanisms associated
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with the FNE, indicating increased vigilance to monitor novel surroundings during sleep?"?**. However, how
the FNE impacts brain plasticity during sleep remains unclear.

This study aimed to fill this gap by investigating mechanisms underlying the FNE on plasticity. Because the
FNE is mostly attenuated by the second sleep session®, the FNE allows us to address whether and how disturbed
sleep affects brain plasticity without having to account for the influence of confounding factors, such as medica-
tion and comorbidities. To address these questions, we compared disturbed sleep during the first session, which
included the FNE (Day 1) with undisturbed sleep during the second session without the FNE (Day 2), in a
within-subjects design among healthy participants.

We specifically examined visual plasticity, which has been extensively investigated in the human brain as
an underlying mechanism of visual perceptual learning (VPL). VPL is defined as a long-term performance
improvement on a visual task, including enhanced sensitivity to a visual feature®*!. VPL is one of the learn-
ing types known to benefit from sleep*”**-3>. VPL improves significantly after sleep compared to before sleep
without additional training—this phenomenon is termed offline performance gains"”>¢. Thus, visual plasticity
is measurable behaviorally by the amount of offline performance gains after sleep.

Moreover, visual plasticity can be measured neurochemically. Previous studies have shown that performance
improvement in VPL is robustly represented by the regional excitatory-to-inhibitory neurotransmitter (E/I)
ratio in early visual areas, and this ratio is measured by magnetic resonance spectroscopy (MRS)”*7%°. Increases
in the E/I ratio from baseline are significantly correlated with increased visual plasticity, shown as increased
performance of VPL during wakefulness®”*%. A close association between enhanced visual plasticity and an
increased E/I ratio was observed not only during wakefulness but also during sleep. A recent study’ revealed
that the E/I ratio during non-rapid eye movement (NREM) sleep was greater than the baseline E/I ratio during
wakefulness. This finding indicates that the visual system became more plastic during NREM sleep than during
wakefulness. Moreover, the increases in the E/I ratio during NREM sleep were robustly correlated with oftline
performance gains in VPL. These results suggest that the degree of visual plasticity associated with sleep could
be measured by both how much offline performance gains in VPL occur with sleep and how much the E/I ratio
increases during sleep.

Given our understanding of the effects of normal sleep on plasticity, the present study focused on investigating
how the FNE impacts visual plasticity in two independent nap experiments using two different outcomes, i.e.,
offline performance gains and increases in the E/I ratio during sleep. We employed a state-of-the-art neuroimag-
ing method of simultaneous MRS and polysomnography (PSG) measurements to evaluate changes in the E/I ratio
during sleep®. The results showed that the FNE disrupts offline performance gains and impedes neurochemical
changes that are fundamental for offline performance gains. These results provide evidence that even a transient
decrease in sleep quality among healthy adults may negatively impact brain plasticity during sleep.

Results

Experiment 1

In Experiment 1, a group of young, healthy participants (n=17) participated in two sessions (Day 1 and Day
2) in the laboratory (Fig. 1A, see details in the Methods section). To explore how the FNE impacts offline per-
formance gains during sleep, we compared the offline performance gains over the nap sessions between Days 1
and 2 (Fig. 1A). We used the texture discrimination task (TDT; see details in the Methods section). The VPL of
a TDT is specific to the visual location of the trained target. Namely, the VPL of a TDT with a target presented
in one visual location (for instance, the left visual location) does not transfer to untrained visual locations (for
instance, the right visual location). Thus, if two different visual locations are used between Days 1 and 2, then
learning should occur independently between these two days, allowing us to measure offline performance gains
for Days 1 and 2 independently within the same participants.

On Days 1 and 2, the participants were asked to perform training on the TDT, where the target appeared
in a consistent visual hemifield (the left or right) before the nap session. The participants were asked to fixate
at the center and to report the orientation of the target (horizontal or vertical) in the TDT. The trained visual
hemifield (left or right) was randomly assigned to a subject on Day 1 and switched on Day 2. The trained visual
hemifield on Day 2 was the untrained visual hemifield on Day 1. There were three test sessions: pretraining,
posttraining (which occurred before sleep), and postsleep sessions (Fig. 1A). The behavioral measure was the
threshold stimulus-to-mask onset asynchrony (SOA in ms), at which participants achieved 80% accuracy in the
orientation task. Performance changes were calculated based on the threshold SOAs. See the Methods section
for more details.

We tested whether the FNE occurred on Day 1 (Table 1) by using sleep onset latency (SOL, min) in accord-
ance with previous studies?>?. The non-parametric Wilcoxon signed-rank test was used due to the nonnormal
distribution of the sleep variables (Table 1). The results showed that the SOL was significantly different between
days (Fig. 1B, Z=3.16,n=17, p=0.002, 95% CI=[1.00, 4.50]). The SOL was significantly longer on Day 1 than
on Day 2, providing evidence that the FNE occurred in Experiment 1.

We next examined whether the expected offline performance gains in TDT performance were attenuated by
the FNE. If the FNE impairs visual plasticity, the degree of offline performance gains during the sleep session may
be significantly lower, leading to a significant difference between Days 1 and 2. On the other hand, if the FNE
does not impact visual plasticity, there should be no significant difference in the degree of offline performance
gains between Days 1 and 2. We calculated the relative performance changes over the training (the change in
the threshold SOAs from pre- to posttraining, divided by the pretraining SOA) and offline performance gains
(the change in the threshold SOAs from posttraining to postsleep, divided by the posttraining SOA) on each day.

Repeated-measures 2-way ANOVA with the factors Day (Day 1 and 2) and Session (training and sleep)
was performed to evaluate changes in TDT performance. There was a significant interaction effect between
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Figure 1. Experiment 1 (A) Experimental design. The pink and teal boxes show different visual hemifields
trained between Days 1 and 2. (B) Sleep onset latency. (C) Performance improvement after training (cyan) and
after sleep (orange) on Days 1 (left bars) and 2 (right bars). One-sample t test or paired t test, **p <.01, *p <.05.

N=17.
Wilcoxon signed
rank test
Day 1 Day 2 Z 516 | P
SOL (min) 9.7 +1.24 6.9+0.80 3.16 0.002
WASO (min) 8.9+2.28 5.5+2.11 1.58 0.114
Stage W (%) 19.0+3.68 13.2+£3.01 1.94 0.052
Stage N1 (%) 15.3+1.57 12.6+1.97 1.68 0.093
Stage N2 (%) 32.1+1.80 38.4+3.24 -1.63 0.102
Stage N3 (%) 25.5+£4.60 24.4+423 0.24 0.124
Stage R (%) 7.5+2.07 10.5+2.41 -1.22 0.221
Total time (min) 81.9+1.47 77.7+3.54 0.57 0.569
Arousal number 20.9+3.21 14.6+1.62 1.66 0.098
Arousal index 18.8+2.44 12.3+£1.39 2.15 0.031

Table 1. Sleep parameters for experiment 1. The total time was defined as the sum of W, N1, N2, N3, and
R stage durations within the session. Values are means + SEs. Wilcoxon signed-rank test was applied to test
whether sleep parameters were significantly different between sleep sessions (days 1 vs 2). SOL sleep-onset
latency, WASO wake after sleep onset.

the two factors (F(1,16) =4.67, p=0.046), while the main effects of Day (F(1,16) =0.67, p=0.425) and Session
(F(1,16) =2.42, p=0.139) were not significant (Fig. 1C).

Next, to investigate the source of the interaction, we tested whether there was a significant difference in the
performance changes due to training and offline performance gains between days. While the amount of perfor-
mance change due to training was not significantly different between days (paired t test, t(16)=0.77, p=0.451,
95% CI=[-7.0, 15.0]), the quantity of offline performance gains was significantly different between days (paired
t test, t(16) =—-2.21, p=0.042, 95% CI=[-19.5, —0.4]; Fig. 1C). Moreover, we tested whether the performance
changes due to training and the offline performance gains by sleep were significant each day. On both days, sig-
nificant performance improvements occurred after training (Day 1, one-sample t test against zero, t(16) =4.51,
p<0.001,95% CI=[7.1, 19.8]; Day 2, one-sample t test against zero, t(16) =3.42, p=0.004, 95% CI =[3.6, 15.4]).
On the other hand, significant offline performance gains occurred only on Day 2 (one-sample t test against
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zero, t(16) =4.68, p<0.001, 95% CI=[6.4, 17.0]) and not on Day 1 (one-sample t test against zero, t(16)=0.34,
p=0.736, 95% CI=[-9.2 12.7]). These results are consistent with the hypothesis that the FNE disrupts visual
plasticity during sleep.

We tested whether sleep disturbance mediates the declined offline performance gains using a mediation
analysis, which incorporates a linear regression analysis and within-subject repeated measures**%. Using a
mediation analysis, we tested whether the impact of Days on offline performance gains was mediated by the
SOL (Fig. 2A) or by the arousal index (Fig. 2B). However, the mediation effect of SOL or arousal index was not
significant (SOL, path a x b, p=0.960; the arousal index, path a x b, p=0.542). The contributions of the mediating
variables were only 1.2% for SOL and 19.5% for the arousal index of the effect of Day on the offline performance
gains. These results show that the degree of sleep disturbance does not significantly mediate the difference in the
offline performance gains between days.

In addition, we tested whether the spontaneous oscillatory activity at the occipital region mediates the amount
of offline performance gains using a mediation analysis. Since previous studies showed that the occipital sigma
activity (13-16 Hz) at the trained hemisphere corresponding to the trained visual field increased the strengths®’
during posttraining sleep in comparison to the untrained hemisphere, it may be possible that the FNE reduced
sigma activity, which led to the reduction of offline performance gains on Day 1. We calculated the training-
induced sigma activity during sleep after we obtained the occipital sigma activity from each hemisphere, respec-
tively, and subtracted the sigma activity between the trained and untrained hemispheres (Table 2). Indeed, the
training-induced sigma activity was significantly correlated with the offline performance gains on Day 2 (r=0.72,
p=0.001) but not on Day 1 (r=0.44, p=0.075). We also calculated the training-induced delta activity (1-4 Hz)
similarly (Table 2), as the delta activity may represent use-dependent activity*®, while our previous study did not
support this®. However, the analysis showed neither sigma activity (Fig. 2C), nor delta activity (Fig. 2D) medi-
ated the offline performance gains significantly (sigma activity, path a x b, p=0.528; delta activity, path a x b,
p=0.707). The mediations of sigma and delta activity were approximately 18.3 and 6.2%, respectively.
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Figure 2. Mediation analysis for experiment 1. The effect of the independent variable Day (blue) on the
dependent variable Offline performance gains (cyan) may be mediated by a mediating variable shown (red),
such as SOL (A), arousal index (B), occipital sigma activity (C), or occipital delta activity (D). Path c (solid
line) represents the total effect of the independent variable on the dependent variable, whereas path ¢’ (dotted
line) represents the direct effect of the independent variable on the dependent variable after accounting for any
mediation effect. However, none of the mediating effects reached significant. The contribution of the mediating
variable was calculated using the formula (Ja x b|)/(Ja x b+c|).

Wilcoxon signed
Trained Untrained Training- rank test
hemisphere hemisphere induced activity | Z 15 | P
Day1l |7.8+0.9 7.5+0.9 0.3+0.3 —0.544 0.586
Sigma
Day2 |6.7+0.6 6.1£0.6 0.5£0.1
Del Day1 |287.8+50.4 283.1+£52.7 4.7+9.4 —-0.497 0.619
elta
Day2 |287.0+43.6 275.8+44.7 11.2+8.0

Table 2. Occipital spontaneous activity (uV?) for experiment 1. Values are means + SEs. Wilcoxon signed-rank
test was applied to test whether training-induced sigma and delta activity were significantly different between
sleep sessions (days 1 vs 2).
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We conducted control analyses to test whether the larger offline performance gains on Day 2 were due to
interactions between the two independent training sessions. First, we tested whether unexpected learning transfer
occurred from Day 1 to Day 2. If learning was transferred from Day 1 to Day 2, the initial performance level
should be significantly better on Day 2 than on Day 1. However, the threshold SOA at the pretraining test session
was not significantly different between Days 1 and 2 (paired t test, t(16)=1.40, p=0.182, 95% CI=[-7.2, 34.8]).
Next, we tested whether learning on Day 1 anterogradely interfered with that on Day 2. If interference occurred
on Day 2, the performance level at the posttraining test session would be worse on Day 2 than on Day 1, leading
to larger offline performance gains on Day 2. However, a paired t test showed no significant difference between
the threshold SOA at the posttraining test session between days (t(16) =0.67, p=0.513, 95% CI=[-9.2, 17.7]).
These results are consistent with the above ANOVA results that the amounts of performance improvements due
to training were not significantly different between Days 1 and 2, suggesting that learning on Days 1 and 2 was
independent and that it is unlikely that transfer or interference between the two training sessions would result
in a significant amount of offline performance gains on Day 2.

In addition, we tested whether any factors other than the FNE had an effect on the degree of offline perfor-
mance gains on Day 1, as in Experiment 1. Sleepiness was measured by the psychomotor vigilance task (PVT)*
and the stanford sleepiness scale (SSS)* prior to each of the test sessions. Since both the PVT and SSS deviated
from the normal distribution, including outliers, we used the Wilcoxon signed-rank test. We tested whether
the lack of significant offline performance gains on Day 1 was caused by the increased sleepiness in the test
sessions on Day 1. However, neither sleepiness test indicated that this was the case (see Table 3 for the results
of the statistical tests) as follows. First, the PVT data were not significantly different between Days 1 and 2 at
any of the test sessions. Second, the SSS scores were not significantly different at the pretraining and postsleep
test sessions between Days 1 and 2, but there were significant differences at the posttraining session, which was
before the sleep session (Table 3). However, this difference in the SSS score at the posttraining session does not
account for the smaller offline performance gains on Day 1. While the range of SSS scores at the posttraining
session was significantly smaller on Day 2 than on Day 1, resulting in a significant difference according to the
Wilcoxon signed-rank test result, the median SSS score was the same (scored as 2) on both days. The SSS scores
are discrete values, and a score of 2 indicates that the subject felt highly functional, not drowsy*. Thus, these
data suggest that sleepiness was not significantly different between Days 1 and 2 and that sleepiness does not
account for the small offline performance gains on Day 1.

Next, we examined the sleep duration the night before each experiment using a sleep log. The participants
slept for 7.9+ 0.2 h (mean + SEM) at home before Day 1 and for 7.8 +0.3 h (mean + SEM) before Day 2. There was
no significant difference in sleep duration before the experiments on Days 1 or 2 (paired t test, t(16) =-0.237,
p=0.816,95% CI=[-0.2 0.1]). These results suggest that the smaller offline performance gain on Day 1 was not
caused by a shorter sleep duration before the experiment.

Thus, the results of Experiment 1 showed that the FNE significantly attenuated offline performance gains
that occur during a normal sleep session among young, healthy participants. In addition, the results suggest
that the significantly larger offline performance gains on Day 2 were not caused by learning transfer. However,
the smaller offline performance gains on Day 1 were not mediated by the degree of sleep disturbance, occipital
sigma, or delta activity. In addition, the smaller offline performance gains on Day 1 were not associated with
sleepiness or sleep duration the night before the experiment.

Experiment 2
In the next experiment, we tested whether the FNE impairs the neurochemical processing involved in visual
plasticity during NREM sleep. We compared the E/I ratios, an index of visual plasticity”*"-*, during NREM sleep
on Day 1 and Day 2. A new group of participants (n=15) slept for approximately 1 h twice (Day 1 and Day 2) in
the MRI scanner together with a PSG setting (see methods). MRS was continuously performed during the ses-
sion to measure the concentrations of excitatory (Glx, a combination of glutamate and glutamine) and inhibitory
(GABA) neurotransmitters in early visual areas. The E/I ratio was calculated as the concentration of Glx divided
by that of GABA during wakefulness and NREM sleep, respectively, for each participant. Note that part of the
E/I ratio data was published in a previous study’ and that new analyses were conducted using the same dataset.
First, we tested whether the FNE occurred during the first sleep session (Table 4). As in Experiment 1, we
calculated the SOL according to previous studies®' to quantify the FNE. The SOL was significantly different

Measures RT (log) SSS scores

Test sessions | Pretraining | Posttraining | Postsleep | Pretraining | Posttraining | Postsleep
Day 1 2.52+0.01 2.52+0.01 2.49+0.01| 2 (1-2) 2(1-3) 1(1-2)
Day 2 2514001 | 2.51+0.01 2.5140.01 |2 (1-2) 2(1-2) 1(1-2)
Z values -1.396 -1.207 -1.491 0.000 —-2.449 0.000

P values 0.163 0.227 0.136 1.000 0.014 1.000

Table 3. Sleepiness. Reaction times (RTs) on a psychomotor vigilance task (PVT) and scores on the stanford
sleepiness scale (SSS) at each test session for Days 1 and 2. The RTs for PVT are presented as the mean + SEM,
and the SSS scores are presented as the median and range, along with the results of the wilcoxon signed-rank
test (n=17).
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Wilcoxon signed
rank test
Day 1 Day 2 Z ap-19 | P

SOL (min) 13.8+3.18 4.7+1.47 2.64 0.008
WASO (min) 6.9+1.44 15.9 £4.35 -1.65 0.099
Stage W (%) 24.6+4.38 27.2+6.01 0.00 1.000
Stage N1 (%) 36.4+4.52 18.1+£2.34 3.24 0.001
Stage N2 (%) 31.5+3.65 453+5.12 -2.90 0.004
Stage N3 (%) 5.4+2.62 5.7+2.62 -0.70 0.484
Stage R (%) 0.9+0.80 3.7+1.46 -1.52 0.128
Total time (min) 54.3+4.95 67.5+5.68 -2.41 0.016
Arousal number 16.1+1.91 14.2+2.14 0.72 0.469
Arousal index 25.6+2.67 19.6+3.02 1.81 0.069
Sigma activity 17.9+£5.20 19.6+£7.13 —-1.42 0.156
Delta activity 237.4+64.09 207.8+38.16 0.000 1.000

Table 4. Sleep parameters for experiment 2. The total time was defined as the sum of W, N1, N2, N3 and R
stage durations within the sleep session. Values are means + SEs. Wilcoxon signed-rank test was applied to test
whether sleep parameters were significantly different between sleep sessions (days 1 vs 2). SOL sleep-onset
latency, WASO wake after sleep onset.

between the Day 1 session and Day 2 session (Fig. 3A; Z =2.64, p = 0.011, 95% CI = [2.50 14.50]). The SOL was
significantly longer on Day 1 than on Day 2, supporting the FNE on Day 1.

We next tested whether the FNE affected the change in the E/I ratio during sleep. We calculated the mean
change in the E/I ratio during NREM sleep relative to baseline, which was the average E/I ratio during wakeful-
ness, for each sleep session. We tested whether the mean E/I ratio during NREM sleep was significantly different
between Day 1 (when the FNE occurred) and Day 2 (when the FNE subsided).

As we reported before, the mean E/I ratio during NREM sleep on Day 2, during which natural sleep pro-
gresses, was significantly greater than that at baseline (Fig. 3B; one sample t test against 0, t(14) =2.95, p=0.011,
95% CI=[1.7,10.7])”. However, on Day 1, when the FNE occurred, the mean E/I ratio change during NREM sleep
was not significantly different from zero (one sample ¢ test against 0, t(14) =—-0.22, p=0.830, 95% CI=[-5.3, 4.3]).
Thus, the mean E/I ratio during NREM sleep relative to baseline was significantly different between the Day 1 and
Day 2 sleep sessions (paired t test, t(14) =-2.38, p=0.032, 95% CI=[-12.8, -0.7]). The results suggest that FNE
affects the change in the E/I ratio during NREM sleep, preventing visual plasticity from increasing during sleep.

A previous study showed that the GABA concentration, not the Glx concentration, decreased during NREM
sleep, which resulted in an increased E/I ratio’. Thus, we tested whether the GABA or Glx concentration during
NREM sleep was affected by the FNE (Fig. 3C). We calculated the mean changes in GABA and Glx concentrations
during NREM sleep relative to baseline, which was the average amount during wakefulness. The magnitude of
change in the GABA concentration was significantly lower on Day 2 than on Day 1 (paired t test, t(14)=4.00,
p=0.001, 95% CI=[4.9, 16.2]). Furthermore, the magnitude of change in the GABA concentration was signifi-
cantly different from zero on Day 2 (one-sample ¢ test against 0, t(14) =-3.98, p=0.001, 95% CI=[-9.02, -2.70])
but not on Day 1 (one-sample ¢ test against 0, t(14) =1.8, p=0.086, 95% CI=[-0.8, 10.1]). In contrast, there was
no significant difference in the mean change in the Glx concentration between Days 1 and 2 during NREM sleep
(paired t test, t(14) = 1.85, p=0.085, 95% CI=[-0.5, 7.1]). The Glx concentration was not significantly different
from zero for either Day 1 (one-sample t test against 0, t(14) =1.72, p=0.108, 95% CI=[-0.8, 7.3]) or Day 2
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Figure 3. Results of experiment 2. (A) Sleep onset latency (SOL). (B) The E/I ratio changes during NREM sleep
compared to wakefulness. (C) Glx and GABA concentration changes compared to wakefulness. Paired or one-
sample t test, *p <.05. N=15.
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(one-sample t test against 0, t(14) =—0.02, p=0.983, 95% CI=[-3.6, 3.5]), suggesting that the Glx concentration
was not affected by the FNE. These results showed that the GABA concentration, but not the Glx concentration,
is affected by the FNE.

We tested whether sleep disturbance mediates the declined E/I ratio gains during NREM sleep using a media-
tion analysis with repeated measures*"*2. We tested whether the impact of Days on the E/I ratio gains during
NREM sleep was mediated by the SOL (Fig. 4A) or by the arousal index (Fig. 4B). However, the mediation
effect of the SOL or arousal index was not significant (SOL, path a x b, p=0.961; the arousal index, path a x b,
p=0.711). The contributions of the mediating variables were 1.2% for SOL and 6.1% for the arousal index of the
effect of Day on E/I ratio gains during NREM sleep. In addition, we tested whether SOL or the arousal index
mediates the GABA concentration using a mediation analysis (Fig. 4C, D). However, the mediation of SOL (path
a x b, p=0.343) and the arousal index (path a x b, p=0.577) were not significant; their contributions were 16.2
and 6.2% of the effect of Day on E/I ratio gains during NREM sleep. These results show that the degree of sleep
disturbance does not significantly mediate the difference in the E/I ratio during NREM sleep between days.

We also used mediation analysis to test whether the spontaneous oscillatory activity at the occipital region
mediates the E/I ratio gains during NREM sleep. We examined the occipital sigma and delta activity (Table 4).
However, the analysis showed neither sigma activity (Fig. 4E) nor delta activity (Fig. 4F) mediated the E/I ratio
(sigma activity, path a x b, p=0.776; delta activity, path a x b, p=0.707). The mediations of sigma and delta
activity were approximately 0.9 and 2.0%, respectively.

Additional control analyses indicated that the significant difference in the E/I ratio change between the two
sessions could not be attributed to factors such as MRS data quality, sleepiness before the nap, or sleep duration
prior to the recorded sleep session. First, we tested whether the quality of the MRS data differed between the
two sessions (Table 5). However, neither the shimming, %SD, NAA linewidth, nor frequency drift measures
were significantly different between the two sessions (Table 5). Second, a nonparametric test showed that the
median SSS score®, a subjective sleepiness measure, was not significantly different between the two sessions
(median =2 and range = 1-3 on both Days 1 and 2; Wilcoxon signed-rank test, Z=1.34, p=0.180, n=9). Third,
the average length of sleep at home the night before the experiments was not significantly different between the
two sessions (on both Days 1 and 2, 7.9 +£0.2; paired ¢ test, t(14) =0.02, p=0.982). Because these data were not

E/l ratio E/l ratio
c=6.71,[1.18 12.23], p=0.017 c=6.71,[1.18 12.23], p=0.017
Mediation effect (a x b) = 0.080, [-2.953 3.745], p = 0.961 Mediation effect (a x b) = -0.404, [-2.984 1.684], p =0.711
Contribution = 1.2% Contribution = 6.1%
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¢ =-8.29, [-12.61 -3.96], p<0.001 ¢ =-10.53, [-15.68 -5.38], p<0.001
Mediation effect (a x b) = 1.325, [-1.145 4.711], p = 0.343 Mediation effect (a x b) = -0.660, [-1.262 3.453], p = 0.577
Contribution = 16.2% Contribution = 6.2%
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c=6.71,[1.18 12.23], p=0.017 c=6.71,[1.18 12.23], p=0.017
Mediation effect (a x b) = -0.063, [-0.587 0.363], p = 0.776 Mediation effect (a x b) = 0.609, [-2.594 4.291], p = 0.707
Contribution = 0.9% Contribution = 2.0%

Figure 4. Mediation analysis for experiment 2. The effect of the independent variable day (blue) on the
dependent variable (cyan, the E/I ratio or GABA) may be mediated by a mediating variable shown in the red
box, including SOL (A, C), arousal index (B, D), occipital sigma activity (E) or occipital delta activity (F). Path
¢ (solid line) represents the total effect of the independent variable on the dependent variable, whereas path ¢’
(dotted line) represents the direct effect of the independent variable on the dependent variable after accounting
for any mediation effect. However, none of the mediating effects reached significance. The contribution of the
mediating variable was calculated using the formula (Ja x b|)/(Jax b+c’[).
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Day1 Day 2
Shim values 14.5+0.4 14.0+0.2 t(14)=1.69, p=0.114
%SD for GABA 7.7£0.6 8.0+0.3 t(14)=-0.51, p=0.620
%SD for Glx 6.0£0.3 59+0.2 t(14)=0.14, p=0.892
NAA linewidth 8.3+0.2 7.9+0.1 t(9)=1.83, p=0.101
Frequency drift 1.5+0.3 1.4+0.2 7=0.18,p=0.864

Table 5. MRS data quality on day 1 and 2 in experiment 2. Because the Shapiro—Wilk test showed a violation
of normality for the frequency drift, we used the Wilcoxon signed-rank test. The %SD represents the Cramer—
Rao lower bounds, a measure of fitting error for metabolites. The NAA linewidth and frequency drifts are also
commonly used to indicate the quality of MRS data.

significantly different between Days 1 and 2, the significant difference in the relative E/I ratio change during
NREM sleep between days is not attributable to these factors. These results suggest that any factors other than
the FNE account for the significant differences in neurochemical processing during sleep between Days 1 and 2.

Together, the results of Experiments 1 and 2 are consistent with the hypothesis that the FNE disrupts visual
plasticity during sleep. The results further suggest that the degree of the FNE and the index of behavioral visual
plasticity during sleep are independent of each other.

Discussion

The present study investigated whether and how the FNE'*-17 affects visual plasticity during sleep among healthy
young individuals. The results clearly showed that even temporary sleep disturbances in healthy participants affect
visual plasticity both behaviorally (Experiment 1) and neurochemically (Experiment 2). Additionally, several
control analyses suggest that the significant changes in performance and neurochemical processing associated
with the FNE were not caused by potentially confounding factors, such as interactions between learning sessions
on two days, sleepiness, sleep duration before the experiment, or MRS data quality.

Interestingly, SOL, a primary indicator of the degree of the FNE, did not significantly mediate the offline
performance gains during the sleep session (Experiment 1); the E/I ratio increases or decreases in the GABA
concentration during sleep (Experiment 2). Moreover, none of the arousal index, occipital sigma activity, and
occipital delta activity significantly mediate the offline performance gains, the E/I ratio increases, or the GABA
decreases during sleep. These results suggest that the degree of sleep disturbance and visual plasticity are not
directly associated when sleep disturbances alter neurochemical processing in early visual areas or impair visual
plasticity in healthy participants.

Why does the FNE impair visual plasticity during sleep when there is no direct correlation between the pro-
cesses involved in the FNE and visual plasticity outcomes (i.e., the E/I ratio and offline performance gains)? We
propose that there is an indirect link between these processes, even though these two processes occur separately
(Fig. 5). To discuss this possibility, we first describe the process involved in the ENE, followed by the process of
visual plasticity. Finally, we discuss the possible indirect links between them.

Previous studies have shown that the FNE involves increased vigilance during sleep to monitor novel
surroundings?!. Increased vigilance, which is associated with the FNE, is evident through several indicators:
reduced slow wave activity in brain regions linked to the default mode network, an increase in the number of
arousals, and amplified amplitudes of event-related potentials during sleep, all of which are known to correlate
with vigilance?"?. This increased vigilance is likely to be governed by sleep-wake regulators in subcortical areas.

On the other hand, during undisturbed human sleep, early visual areas are implicated in enhanced visual plas-
ticity, as demonstrated by the increases in the E/I ratio attributed to decreased GABA concentrations’. Notably,

a‘ousa‘ pathwayg

Early visual areas

GABAergic
D system

Subcortical area
Inhibitory
interneurons

Vigilance Visual plasticity

Figure 5. The proposed model for the interaction between the FNE and the visual plasticity process. The FNE
is associated with increased vigilance to monitor the novel surroundings, whereas visual plasticity is involved in
the disinhibition of inhibitory interneurons. The FNE may impact visual plasticity through ascending arousal
pathways, which are not suppressed enough during disturbed sleep.
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another line of research showed that GABAergic inhibitory interneurons in early visual areas are involved in
visual plasticity*>*. If interneurons increase their activity to enhance plasticity, the GABA concentration should
increase in early visual areas. However, the GABA concentration in early visual areas was decreased during undis-
turbed sleep in humans’. This finding suggested that another GABAergic system exists and decreases its activity
during undisturbed sleep. Perhaps the additional GABAergic system decreases its activity during undisturbed
sleep, thus causing the inhibitory interneurons to be disinhibited enhancing visual plasticity”.

Based on the processing of the FNE and visual plasticity, we hypothesize that there is a link between the FNE
and visual plasticity, i.e., a connection between subcortical neurons involved in regulating sleep-wake cycles
and neurons in early visual areas. These connections potentially involve ascending arousal pathways, which are
responsible for vigilance and originate from subcortical neurons projecting to the cerebral cortex via various
key neurotransmitters to stimulate brain activity*®. Since the ascending arousal pathways promote wakefulness,
they need to be shut off during sleep. A failure to adequately shut off the pathways likely causes sleep problems.
Previous studies have shown that lesions in these pathways lead to prolonged sleep*®, whereas increased activa-
tion of these pathways is observed during sleep in insomniac patients®.

As mentioned above, our proposed model assumes the existence of two separate forms of GABAergic systems
in early visual areas. The first GABAergic system involves inhibitory interneurons (blue circle in Fig. 5), which
are disinhibited from one another (cyan square in Fig. 5) during sleep. The second GABAergic system (cyan
square in Fig. 5) is sensitive to and influenced by ascending arousal pathways, which could remain active during
sleep in the presence of the FNE. The active ascending arousal pathways might activate the second GABAergic
system in early visual areas and prevent the interneurons from being adequately disinhibited during sleep with
the FNE, leading to disrupted visual plasticity. The results of Experiment 2, which shows that the GABA con-
centrations did not decrease during sleep with the FNE, are in accordance with the proposed FNE model and
impaired visual plasticity.

This study has several limitations. First, the present study used the FNE as a model for disturbed sleep
Visual plasticity is altered by chronic sleep disturbances™ or sleep restrictions®'. While it is possible that a com-
parable mechanism is shared between chronic sleep problems and the FNE, it remains unclear how much the
ENE could be generalized to other chronic sleep problems.

Second, we focused on the analysis of NREM sleep. However, both NREM sleep and REM sleep are involved
in facilitating learning"*2. Previous studies have demonstrated that REM sleep is critical for stabilizing presleep
learning, thus making learning robust against interference, and for facilitating new postsleep learning”*?. Due
to the technical limitations pertaining to MRI scanning and our protocols, we were only able to measure brain
activity for a maximum of 90 min of daytime sleep. With this time limitation, it is difficult to acquire enough REM
sleep data, specifically on Day 1, since the latency to REM sleep is prolonged, and the first bout of REM sleep is
occasionally skipped due to the FNE*. Thus, limited REM sleep data were obtained in the present study. Our
previous study suggested that REM sleep is also modulated by the FNE®. Thus, future studies need to investigate
whether and how the FNE affects the learning-facilitation process during REM sleep.

Third, how the FNE influences other types of learning and memory needs to be clarified. The role of sleep in
learning is not limited to VPL; other domains of learning and memory, including declarative memory>*~>® and
motor learning™®-%2, have been widely studied. The present study focused solely on the neurochemical process
in early visual areas associated with VPL. Future studies need to investigate whether and, if so, how sleep distur-
bances affect various forms of learning and memory, in addition to their impact on neurochemical processing
in brain regions associated with these types of learning and memory.

Finally, in the present study, healthy young participants with a regular sleep-wake schedule and no self-
reported chronic sleep problems were recruited. However, how aging affects the interaction between the FNE
and brain plasticity during sleep has yet to be determined. The number of individuals aged 65 years or older is
increasing®®®. The aging of society will inevitably result in an increasing number of individuals with chronic
sleep problems, as aging is associated with an increasing prevalence of various factors affecting sleep, including
medical and psychiatric comorbidities, medication use, and primary sleep disorders®*-*’. Future research needs
to clarify how various aging-related sleep disturbances influence brain plasticity during sleep, including difficulty
falling asleep, frequent awakenings, and early morning awakenings.

18,19

Methods
Here, we describe the procedures common to the two experiments, followed by the procedures specific to each
experiment.

Procedures common to the two experiments
Participants
There were criteria for eligibility for participation in the present study. First, we excluded people who frequently
played action video games because extensive video gaming affects visual and attention processing'®***. Second,
we excluded people with prior experience in visual perceptual learning tasks because previous VPL experiences
may alter visual processing®"”°. Third, participants needed to have normal or corrected-to-normal vision. Fourth,
we excluded people with an irregular sleep schedule. Fifth, we excluded people who had a physical or psychiatric
disease, were currently taking medication, or were suspected of having a sleep disorder based on self-report**$71.
Finally, we recruited young adults who were older than 18 years old but excluded individuals older than 30 due
to known altered sleep structures”.

After careful screening, 36 young adults participated in the study. Nineteen participants participated in
Experiment 1. Two participants from Experiment 1 were excluded from further analyses due to irregular sleep-
wake habits detected from actigraphy data and a sleep log. The remaining 17 participants’ data were included in
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Experiment 1 (7 females and 10 males, 23.4 £ 0.84 years old, mean + SEM). A different group of 17 participants
participated in Experiment 2. Two participants were excluded from further analyses since they showed no wake-
fulness lasting at least 2 min, which was necessary to normalize of the MRS data (see “MRS analysis” below).
The remaining 15 participants were included in Experiment 2 (7 females and 8 males, 24.2 +1.06 years old;
mean + SEM). The data for Day 2 in Experiment 2 in the present study were also used in part of a previous study”.

All the participants provided written informed consent to participate in the experiments. This study was
approved by the institutional review board of Brown University. All experiments were performed in accordance
with relevant guidelines and regulations at Brown University.

Experimental design

Participants in both experiments underwent two sessions, designated Day 1 and Day 2. These sessions were
conducted approximately one week apart so that any effects of disrupted sleep due to the FNE on Day 1 would
not carry over to the second sleep session.

Starting 3-7 days before the onset of the sleep sessions, the participants were instructed to maintain their
regular sleep-wake habits, i.e., their daily wake/sleep time and sleep duration. On the day before the sleep ses-
sion, they were instructed to refrain from consuming alcohol, engaging in unusually excessive physical exercise,
and taking naps. Their sleep-wake habits were monitored by an actigraph and a sleep log. Caffeine consump-
tion was not allowed on the days of the experiments. Several questionnaires related to sleep quality and habits
were administered prior to the Day 1 session, including the Pittsburgh sleep quality index questionnaire”, the
Morningness-Eveningness questionnaire’* and the Edinburgh handedness questionnaire” (data not shown).

The sleep sessions started in the early afternoon (approximately 1-3 pm) each day after the electrodes were
attached for PSG measurement (see “PSG recording” below). The sleep sessions were conducted as follows. For
Experiment 1, the sleep session was recorded via PSG (see “PSG recording”) in an electrically shielded and sound-
attenuated sleep chamber. For Experiment 2, the sleep session was conducted in the MRI scanning room. MRI,
MRS, and PSG data were measured simultaneously during sleep (see “Anatomical MRI and MRS acquisition”
below and elsewhere*’ for details). The total duration of sleep varied between 45 and 90 min. The total duration
of sleep was 90 min. After each sleep session, the participants answered a questionnaire about their sleep during
the session (data not shown).

PSG recording

The preparation for PSG took approximately 30 min. All the data were recorded with a standard amplifier
(BrainAmp MR or BrainAmpStandard, brain products) and software (brainvision recorder, brain products).
PSG consisted of electroencephalography (EEG), electrooculography (EOG), and electromyography (EMG)
data. Electrocardiograms (ECGs) were also examined for Experiment 1. EEG data were recorded at 23-31 scalp
sites according to the 10% system of electrode positioning. EOG data were recorded from electrodes placed
at the outer canthi of both eyes (horizontal EOG) and above and below the left and right eyes (vertical EOG).
EMG data were recorded from electrodes placed at the mentum. ECGs were recorded from the lower shoulder
blade. The sampling frequency ranged from 500-5000 Hz. The online reference was Fz, and the measurements
were rereferenced to the average of the left (TP9) and right (TP10) mastoids after the recording was complete.
In Experiment 1, since PSG was collected simultaneously with MRS, the PSG was obscured by the MRI scanner
and by ballistocardiogram artifacts. This noise was removed using Brain Vision Analyzer 2 (Brain Products, LLC)
before sleep-stage scoring (see “Sleep-stage scoring and sleep parameters” for sleep-stage scoring).

Sleep-stage scoring and sleep parameters

Sleep stages were scored in 30-s epochs using the standard criteria stated by the American Academy of Sleep
Medicine (AASM) Scoring Manual’®. The stages were as follows: Wakefulness (stage W), NREM stage 1 sleep
(stage N1), NREM stage 2 sleep (stage N2), NREM stage 3 sleep (stage N3), and REM sleep. Standard sleep
parameters, including sleep-onset latency (SOL, the latency to the first appearance of stage N2 after the lights
were turned off), number of arousals, and the arousal index (the number of arousals x 60 divided by total sleep
time), were obtained to indicate the general sleep structure for each experiment””.

Sleepiness measurement
Sleepiness was measured by the subjective stanford sleepiness scale (SSS)** with (Experiment 1) or without
(Experiment 2) a psychomotor vigilance test (PVT)*.

The SSS scores ranged from 1 (feeling active, vital, alert, or wide awake) to 7 (no longer fighting sleep, sleep
onset soon; having dream-like thoughts); participants chose the score that corresponded to their state of sleepi-
ness. The PVT was implemented with open-source psychology experiment building language (PEBL) software*.
In each trial of the PVT, after a fixation screen was displayed, a target screen was presented in which a red circle
appeared in the center of the screen. The participants were required to press the spacebar on a keyboard as quickly
as possible upon detection of the circle. The time interval between the fixation screen and the screen with a red
circle varied between 1000 and 4000 ms. The task lasted approximately 2 min’®”. The reaction time data were
measured and log-transformed to reduce skewness. The average reaction time was obtained as a measurement
of behavioral sleepiness.

In Experiment 1, in addition to the SSS, the participants performed a PVT to measure behavioral sleepiness
prior to each test session. In Experiment 2, 9 participants rated their sleepiness before PSG preparations using
the SSS.
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Statistical analyses

An alevel (type I error rate) of 0.05 was set for all the statistical analyses, and two-tailed tests were used. The Sha-
piro—Wilk test was conducted for all the data to test whether the data were normally distributed. Nonparametric
tests (the Mann—Whitney U test or the Wilcoxon signed-rank test) were used if the normality test rejected the
null hypothesis. Levene’s test was used to test for homogeneity of variance before ANOVA. It was confirmed that
homogeneity of variance was not violated in any of the data intended for the ANOVA (all p>0.05). A Grubbs test
was conducted to detect outliers. When a t test was used, we also computed the 95% confidence interval (CI).
To analyze performance improvement, ANOVA was first conducted, and then t tests were conducted as post
hoc tests. We used a tripartite model of the mediation analysis with repeated measures*"*? using Stata Standard
Edition version 18 (StataCorp.). All other statistical tests were conducted in SPSS (ver. 22, IBM Corp.) and
MATLAB (R2020a, The MathWorks, Inc.).

Procedures specific to experiment 1

Texture discrimination task

We used the texture discrimination task (TDT)”, a standard VPL task previously shown to be facilitated by
sleep?2368081 in Experiment 1. The TDT consists of two tasks: the orientation task and the letter task. The ori-
entation task was the main task, whereas the letter task was designed to control participants’ eye fixation”. The
orientation task shows retinotopic location specificity, where learning occurs only in the trained visual field
location’*®2. In addition, learning is specific to the orientation of background lines’*®*. These findings suggest
that the early visual areas in which low-level visual features are processed are critically involved in the improve-
ment of TDT, as supported by neuroimaging studies***3>8284,

The target location for the orientation task was either the left or the right side of the visual hemifield within a
7-9° eccentricity. The visual hemifield for the target location was changed from Day 1 to Day 2 so that learning
each day would be independent owing to the location specificity of learning in the TDT?. For 9 participants,
the target location was the left hemifield on Day 1 and the right hemifield on Day 2. The target location for the
remaining 8 participants was the right hemifield on Day 1 and the left hemifield on Day 2.

The time interval between the target onset and mask was referred to as the stimulus-to-mask onset asyn-
chrony (SOA). The SOA was modulated across trials to control for task difficulty. When the mask stimulus is
presented, new information processing in the retina overrides information about the target stimulus. Thus, the
task difficulty increases with decreasing SOA. We describe the summary of the procedure below (the TDT has
been described previously®*4).

Each test session took 6-10 min. There were 5-6 SOAs, ranging between 33 and 316 ms. The total number
of trials ranged from 75 to 120 trials (15-20 trials per SOA). The presentation order of the SOAs was pseudor-
andomized to reduce the amount of learning and fatigue during test sessions®>. The same SOAs were used in
the training sessions as in the test sessions. The total number of trials in the training session was 600-720. The
training session started with the longest SOA (300 ms) and proceeded in descending order.

The stimuli used were generated by MATLAB software with Psychtoolbox (http://psychtoolbox.org)®®#.

TDT performance

The TDT performance was measured based on the threshold SOAs in milliseconds corresponding to 80% cor-
rect performance as follows. First, the percentage of correct responses for the orientation task was obtained for
each SOA. Second, a cumulative Gaussian function was fitted for each psychometric data point to determine the
threshold for each subject for each test session using the psignifit toolbox (ver. 2.5.6) for MATLAB®. All trials
were included for the estimation of threshold SOA except for trials in which the letter task was incorrect, as
incorrect trials for the letter task suggest that participants did not effectively maintain eye fixation during these
trials. Finally, TDT performance changes were computed based on relative changes in the threshold SOAs (ms)
between test sessions. The change in performance (%) with training was calculated as [100 x (pretraining — post-
training)/(pretraining)]. Similarly, the change in performance from posttraining to posttraining (%) correspond-
ing to offline performance gains by sleep was calculated as [100 x (posttraining — postsleep)/(posttraining)].

Procedures specific to experiment 2
Anatomical MRI and MRS acquisition
Anatomical MRI and MRS data were collected in Experiment 2. Refer to our previous research”* for details
regarding simultaneous MRS and PSG scans and how we coregistered MRS data to sleep stage data.
Participants were scanned using a 3 T Siemens Prisma scanner with a 64-channel head coil. For structural
MRI, T1-weighted MR images (MPRAGE; 256 slices, voxel size=1 mm?, 0 mm slice gap) were collected. We
analyzed the neurotransmitter concentrations from the MEGA-PRESS scan of all subjects. For five participants,
we ran the MEGA-PRESS and PRESS scans alternately as an exploratory method during the sleep session. We did
not include data from PRESS scans. The acquisition time for the MEGA-PRESS scans with water suppression was
3.3 min (TR=1.5s, TE=68 ms, number averaged =64, VOI=2x 2 x 2 cm?, scan time 198 s including 6-s dummy
scans for the steady state of longitudinal magnetization). For the remaining ten participants, we ran only the
MEGA-PRESS scans during the sleep session since we found that using a consistent scan was more efficient than
alternating two different scans®?° (TR =1.25 s, TE =68 ms, number averaged =240, VOI =2.2 x 2.2 x 2.2 cm®) with
double-banded pulses used to simultaneously suppress the water signal and edit the y-CH2 resonance of GABA at
3.0 ppm’. The volume of interest (VOI) was early visual areas (determined anatomically on the calcarine sulcus).
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MRS analysis

Spectroscopic imaging data were processed using LCModel’"** for metabolite quantification, including Glx,
GABA, and NAA. The LCModel assumes that the obtained spectrum can be fitted in the frequency domain using
a linear combination of basis functions. To quantify the Glx and GABA concentrations, we divided the raw Glx
and GABA concentrations by the NAA concentration.

The E/I ratio was calculated as the concentration of Glx divided by the concentration of GABA for each sleep
stage. The average E/I ratio during wakefulness was regarded as the baseline E/I ratio”*. The relative change (%)
in the E/I ratio during NREM sleep was calculated as [(E/Ixggmsieep = E/Tvake)/E/Lyaxe X 100]. We also calculated
relative changes (%) in Glx and GABA concentrations during NREM sleep compared to those during wakeful-
ness in a similar manner to the calculation of relative changes in the E/I ratio.

To measure the MRS data quality, we obtained the Cramer—Rao lower bounds for GABA and Glx, the shim
values, the frequency of the NAA signal (or NAA linewidth), and the frequency drift. The reliability of the quan-
tification of Glx and GABA was indicated by the Cramer—Rao lower bounds (or %SD) as a measure of fitting
errors obtained by the LCModel. The NAA linewidth, where larger values suggest more head motion, was also
noted for each measurement. Since the raw data (twix files) were obtained from 10 out of 15 participants, the
NAA linewidth and frequency drift, which require twix files, were measured from these 10 participants.

Data availability
The data generated during the current study are available from the corresponding author upon reasonable
request.
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