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We investigated effects of rice-memolin on neural oscillations in the medial prefrontal cortex (mPFC) during
sleep in mice. Spectral analysis revealed that rice-memolin treatment significantly attenuated theta power in the
mPFC during rapid eye movement (REM) sleep. Furthermore, the power of beta and high gamma oscillations was
significantly attenuated in the mPFC during non-REM sleep. Cardiac and autonomic functions remained un-

changed. These findings suggest that rice-memolin modulates cortical network dynamics via specific oscillatory
bands, potentially affecting local and global information processing underlying its procognitive properties.

Sleep is central for memory consolidation, during which behavior-
ally activated synaptic traces are initially stabilized into cortical net-
works."? This large-scale reorganization is orchestrated through a
complex dialogue between the medial prefrontal cortex (mPFC) and
other areas (including the hippocampus) in sleeping animals, which
unfolds across different sleep stages via distinct neural oscillations.® In
this regard, these neural oscillations are considered key markers of the
effective memory consolidation process and susceptible to endogenous
and exogenous substances”°.

Rice-memolin, a pentapeptide derived from rice bran, has been
previously shown to ameliorate cognitive decline, with its mechanism
linked to the modulation of the cholinergic system via o7 nicotinic
acetylcholine receptors (a7nAChRs).” Given that the cholinergic system
is crucial for memory and sleep, we hypothesize that rice-memolin
modulates neural activity during sleep.

To ascertain whether rice-memolin enhances or diminishes neural
activity in the mPFC during sleep, we implanted electrodes into the
mPFC and hippocampus in mice and orally administered rice-memolin
to the mice for 3 days. We recorded local field potentials (LFPs) and
electrocardiograms (ECGs) in mice in their home cage, scored vigilance
states, and characterized how rice-memolin affected neural activity
during sleep.

Full experimental procedures are described elsewhere (Supplemen-
tary materials).

Animal experiments were performed with the approval of the Animal

Experiment Ethics Committee at the University of Tokyo (approval
numbers: P4-6, P4-7). All efforts were made to minimize animal
suffering. Ten 10- to 12-week-old male ICR mice were pseudorandomly
divided into the vehicle and rice-memolin groups. Rice-memolin (Gen-
Script, USA) was used at a concentration of 0.25 mg/ml.” The 0.9% NaCl
solution was used as the vehicle solution.

A recording interface assembly was composed of an electrical
interface board (EIB) and bodies. The EIB had metal holes for connec-
tions with wire electrodes. A given individual hole was conductively
connected with one end of the insulated wire, whereas the opposite end
was soldered to an individual electrode.

General anesthesia was maintained with isoflurane gas. After com-
plete anesthesia was confirmed, a mouse was placed on its back, after
which one wire electrode was attached to the pectoralis muscle for
ECGs. The mouse was then mounted onto a stereotaxic apparatus. The
scalp was removed. Circular craniotomies were performed using a
dental drill. Nichrome wires were implanted into the mPFC and dorsal
hippocampus to record LFPs. Two screws were additionally implanted
into the bone above the cerebellum as ground and reference electrodes.
This assembly was secured to the skull.

Vehicle or rice-memolin (1 mg/kg) was orally administered to mice
for 3 days. The EIB was connected to a digital headstage, and the signals
were digitized at 2 kHz and transferred to a data acquisition device. A
web camera was placed above the apparatus to monitor the animals'
behavior at 60 fps.® Camera's strobe signals were transmitted to the data
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Fig. 1. Neural activity in the medial prefrontal cortex and hippocampus in rice-memolin treated mice during sleep.

A, An experimental setup for electrophysiology (i.e., LFP and ECG recordings) in mice. Recording sites (i.e., the hippocampus and mPFC) from the top view of the
brain (inset). B, Histological verification of recording electrodes implanted into the mPFC (left) and hippocampus (right) on the Nissl-stained coronal sections. C,
Representative horizontal bars (top) indicate vigilance states (i.e., awake (red) and sleep (blue)) in vehicle-treated (left, black) and rice-memolin-treated (right, green)
groups. State scoring (top) is based on the moment-to-moment movement of mice (bottom). D, Average amount of movement per 1 min was comparable between
vehicle-treated (black) and rice-memolin (green) groups. E, Same as D, but for time spent in sleep relative to the total recording time. F, Representative traces of LFPs
in the mPFC (first (top)) and hippocampus (second) in addition to ECGs (third (bottom)) in vehicle-treated (black) and rice-memolin-treated (green) mice. G, Histogram
of the ratio of delta power to theta power (8/0) of hippocampal LFPs in vehicle-treated (gray) and rice-memolin-treated (green) mice. The distribution was calculated
from 5-s non-overlapping windows segmented from hippocampal LFPs during periods identified as sleep. Abbreviations: LFP, local field potential; ECG, electrocar-
éiogram; mPFC, medial prefrontal cortex; G, ground; R, reference.

acquisition system to synchronize with electrophysiological signals. P < 0.05. The effect size was evaluated using Cohen's d or Cliff's delta.>’
After the recordings, animals were anesthetized and transcardially Although no statistical methods were used to predetermine sample sizes,
perfused, followed by decapitation. The brains were coronally sectioned the sample sizes in this study were similar to those reported in the field
at 100 pm. Serial slices were processed for cresyl violet staining. Cresyl for similar experiments.*®
violet-stained images were acquired using a phase-contrast microscope. After video frames were downsampled to 10 fps, moment-to-moment
The permutation test was used for non-parametric data, whereas positions of mice were determined by tracking the center of the core of
parametric data were compared using Student's t-tests (see Supple- the recording assembly using DeepLabCut.'? A given period was defined
mentary materials). The null hypothesis was statistically rejected when as sleep when mouse's displacement between consecutive video frames
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Fig. 2. Rice-memolin treatment modulates neural oscillations in the medial prefrontal cortex during sleep.

A, Left: Power spectral densities of LFPs in the mPFC in vehicle-treated (black) and rice-memolin-treated (green) mice during REM sleep. Right: Wide-band (i.e., 1-80
Hz) power quantified as the area under the power spectral density function in each group. B, Same as A, but for the mPFC during NREM sleep. C, Power of delta (first
(leftmost)), theta (second), beta (third), low gamma (fourth), and high gamma (fifth) oscillations in the mPFC in vehicle-treated (black) and rice-memolin-treated
(green) mice during REM sleep. D, Same as E, but for the mPFC during NREM sleep. Abbreviations: PSD, power spectral densities; mPFC, medial prefrontal cortex;
LFP, local field potential; REM, rapid eye movement; NREM, non-rapid eye movement.
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Fig. 3. Rice-memolin does not affect cardiac or autonomic functions during sleep.
A, The heart rate (first (leftmost)), standard deviation of R-R intervals in ECGs (second), high-frequency (1.5-5.0 Hz) power of HRV (third), and ratio of low-frequency
(0.2-1.5 Hz) power to high-frequency power (of HRV) (fourth) in vehicle (black) and rice-memolin (green) groups during REM sleep. The high-frequency power was
calculated by applying the fast Fourier transform to the linearly interpolated R-R intervals and serves as an index of parasympathetic nerve activity. The low-
frequency power was calculated in a similar manner. The ratio of the low-frequency power to the high-frequency power (i.e., LF/HF) reflects sympathetic nerve
activity. B, Same as A, but for NREM sleep. Abbreviations: REM, rapid eye movement; NREM, non-REM; ECG, electrocardiogram; HRV, heart rate variability; HF, high-

frequency; LF, low-.frequency.

was less than 1 mm for over 40 s and used for subsequent analysis.'’
Notably, during the whole electrophysiological recording period, the
experimenter made every effort to confirm whether mice were in the
quiet awake state by carefully observing their eyes and eyelids, but there
were almost no periods where the mice were quietly awake with their
eyes open. Although sleep was defined based on immobility in the off-
line analysis,'’ we visually confirmed online that periods of quiet
wakefulness—characterized by immobility with eyes open and an alert
posture—were virtually absent. During the immobile periods classified
as sleep, the mice consistently exhibited closed eyes and a curled sleep
posture, characteristic of behavioral sleep. To validate the objectivity of
our observation-based awake/sleep scoring, an intracranial EMG
((EMG) scoring method was additionally applied (Supplementary
Fig. 1).'% The iEMG-based classification was highly consistent with our
video-based scoring with an agreement of 90.8 + 2.7%. Discrepancies
between the two methods were primarily due to non-locomotor move-
ments, such as chewing and shivering.

The recording periods during which LFPs were dominated by
apparent electrical noise were manually excluded from the analysis.
LFPs were whitened and converted into a frequency-relevant domain
using the fast Fourier transform (FFT).'® The absolute power in specific
frequency bands (i.e., delta (1-4 Hz), theta (4-12 Hz), beta (18-25 Hz),
low gamma (30-50 Hz), and high gamma (50-80 Hz)) was calculated for
each sleep epoch. The power was then normalized by the total power
between 1 and 80 Hz.

To distinguish REM and NREM sleep states, the hippocampal LFPs
were segmented into non-overlapping 5-s windows, and the ratio of
delta power to theta power (i.e., 5/0) was calculated for each window.*
The upper and lower thresholds for the Schmitt trigger were set to the
mean + 0.5 SD of the §/6, which was calculated from all sleep periods.

Heart rate and its variability (i.e., HRV) were calculated as indices of
cardiac functions. ECG signals were bandpass-filtered between 10 and
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100 Hz, followed by R-wave detection. The standard deviation of R-R
intervals (i.e., SDRR) was used as an index of HRV. Time-course changes
in SDRRs were analyzed using the FFT on linearly interpolated R-R in-
tervals.'® The low-frequency (LF; 0.2-1.5 Hz) and high-frequency (HF;
1.5-5.0 Hz) power were then determined.'® The HF power and the ratio
of the LF power to the HF power (i.e., LF/HF) were regarded as indices of
parasympathetic and sympathetic nerve activity, respectively.'”

We administered vehicle or rice-memolin to mice for 3 days and
recorded neural activity in the hippocampus and mPFC as well as ECGs
in mice in their home cage (Fig. 1A and B). We defined awake and sleep
states of mice based on their locomotion (Fig. 1C) but did not find any
significant differences in the locomotion (Fig. 1D, Supplementary
Table 1) and the total time of sleep (Fig. 1E, Supplementary Table 1). We
then defined NREM and REM sleep states based on LFPs in the hippo-
campus (Fig. 1F and G).

To investigate how rice-memolin treatment altered oscillatory
components of LFPs in the mPFC, we calculated the power of each fre-
quency band. For mPFC LFPs, while the total power during REM sleep
was not significantly different between the two groups (Fig. 2A, Sup-
plementary Table 2), the total power during NREM sleep in the rice-
memolin group was significantly attenuated (Fig. 2B, Supplementary
Table 2). Specifically, the theta-band power in mPFC LFPs during REM
sleep was significantly smaller in the rice-memolin group (Fig. 2C,
Supplementary Table 3). In contrast, beta and high gamma power in
mPFC LFPs during NREM sleep was significantly decreased in the rice-
memolin group (Fig. 2D, Supplementary Table 4). To assess whether
rice-memolin affected interregional coupling, we analyzed the
magnitude-squared coherence between the hippocampus and the mPFC;
however, we found no significant differences in coherence for low
gamma or any other frequency bands during either REM or NREM sleep
(Supplementary Fig. 2, Supplementary Tables 5 and 6).

To examine how rice-memolin modulated cardiac and autonomic
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functions, we analyzed ECGs in the two groups. During REM sleep, we
did not find significant differences in any of the ECG parameters assessed
(ie., heart rate, SDRR, HF power, and LF/HF) between the groups
(Fig. 3A, Supplementary Table 7). Likewise, no significant differences
were detected in the four parameters during NREM sleep (Fig. 3B,
Supplementary Table 8).

Here, we found the rice-memolin-induced modulation of theta, beta,
and high gamma oscillations in the mPFC, suggesting that rice-memolin
promotes cortical circuit processing. Cortical gamma oscillations are
primarily generated by the reciprocal interplay between excitatory py-
ramidal neurons and inhibitory interneurons, particularly parvalbumin-
positive interneurons.'” Previous studies have shown that a7nAChRs are
located on both glutamatergic terminals and GABAergic interneurons in
the mPFC, allowing them to bidirectionally regulate network excitation
and inhibition.'® Since rice-memolin acts on «a7nAChRs,” it likely
modulates this excitatory-inhibitory dynamics. By fine-tuning the bal-
ance between glutamatergic drive and GABAergic feedback,
rice-memolin may affect the precise temporal coordination required for
generation of gamma oscillations. On the other hand, theta oscillations
in the mPFC are influenced by hippocampal drive,'® serving as a channel
for long-range communication. The reduction in theta power may
indicate that rice-memolin treatment alters the long-range dynamics in
the mPFC during sleep. While the current findings are limited to spectral
power changes, future studies, including assessment of causal relation-
ships and direct measures of synaptic plasticity, are required to further
elucidate the functional consequences of these oscillatory changes.

Although direct pharmacokinetic data for rice-memolin, including its
brain permeability and plasma levels, are currently unavailable, several
lines of evidence support its central action. First, a previous study
demonstrated that oral administration of rice-memolin (1 mg/kg)
improved cognitive function in mice, an effect that was inhibited by the
nicotinic receptor antagonist methyllycaconitine.” This suggests that
rice-memolin or its metabolites can reach the brain in sufficient con-
centrations to modulate neural circuits. Second, regarding the transport
mechanism, small proline-containing peptides can cross the blood-brain
barrier in an intact or bioactive form.”’ Specifically, structures with
proline at the C-terminus, such as those potentially derived from
rice-memolin, are known to be relatively resistant to enzymatic degra-
dation and can be transported into the brain parenchyma.

We have demonstrated that rice-memolin modulates neural oscilla-
tions in the mPFC during sleep, but the pharmacological and pharma-
cokinetic mechanisms underlying this modulatory effect of rice-
memolin and behavioral relevance are yet to be investigated. Further
studies employing direct mass spectrometry-based pharmacokinetic
analysis are necessary to confirm the brain-penetrant fraction of rice-
memolin. Moreover, it is essential to directly address these issues by
pharmacologically silencing a7nAChRs and associating these unique
neural signatures during sleep with post-sleep performance on memory
tasks. Investigating the long-term effects of chronic administration of
rice-memolin and exploring different dosages will also be critical to fully
understand how the silencing effect of rice-memolin on neural oscilla-
tions ultimately contributes to its procognitive properties.
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