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Ripples occur in the hippocampus, whereas slow waves are dominant in the neocortex during anesthesia.
Neocortical slow waves consist of Up and Down states, which are not necessarily synchronized across neocortical
regions. However, the precise temporal relationship between ripples and slow waves across multiple neocortical
regions remains unclear. We recorded ripples from the hippocampus and slow waves from the medial prefrontal
and retrosplenial cortices. We found that ripples were more phase-locked with prefrontal slow waves and

Phase elongated when both neocortical regions were in Up states. These results provide a biophysical platform for
understanding the hippocampal-cortical dialogue for memory consolidation during sleep.

1. Introduction

Memories are consolidated during sleep through the hippocampus-
neocortex communications, leading to stable formation of long-term
memory. Specifically, high-frequency oscillations (termed ripples) in
the hippocampus and slow waves in the neocortex occur during non-
rapid eye movement sleep and play a critical role in memory forma-
tion [1-3]. Previous studies have demonstrated that interaction between
the neocortical and hippocampal oscillations is important for memory
[4-7]. These studies focused on the single neocortical region vs. the
hippocampus, but cortical slow waves are not necessarily synchronized
throughout cortices [8,9]; note that, at the cellular level, slow waves
often reflect the collective dynamics of repeated patterns of depolarized
(i.e., Up states) and hyperpolarized (i.e., Down states) membrane po-
tentials of neurons [10]. In this regard, previous research scrutinized the
correlation between hippocampal ripples and Up/Down states in the
retrosplenial cortex (RSC) and prefrontal cortex (PFC) and demonstrated
that ripples occurred during sustained cortical Up states or during the
transition from Up to Down states [8]. The binary classification of
neocortical states into Up and Down states has deepened our under-
standing of the dynamics of hippocampal ripples during neocortical slow
waves to some extent; however, the precise temporal relationship be-
tween ripples and slow waves remains unknown.

To address this question, we monitored the local field potentials
(LFPs) in the hippocampus, PFC, RSC in mice to probe hippocampal
ripples and neocortical slow waves. We determined phases of slow
waves using the Hilbert transform and classified the neocortical LFPs
into Up and Down states. We then characterized the temporal dynamics
of hippocampal ripples relative to neocortical slow waves in terms of
phases [11].

2. Materials and methods
Ethical approval

Animal experiments were performed with the approval of the Animal
Experiment Ethics Committee at the University of Tokyo (approval
number: P4-2) and according to the University of Tokyo guidelines for
the care and use of laboratory animals. These experimental protocols
were carried out in accordance with the Fundamental Guidelines for the
Proper Conduct of Animal Experiments and Related Activities of the
Academic Research Institutions (Ministry of Education, Culture, Sports,
Science and Technology, Notice No. 71 of 2006), the Standards for
Breeding and Housing of and Pain Alleviation for Experimental Animals
(Ministry of the Environment, Notice No. 88 of 2006) and the Guidelines
on the Method of Animal Disposal (Prime Minister’s Office, Notice No.
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Fig. 1. Triple recordings of local field potentials in the hippocampus, retrosplenial cortex, and prefrontal cortex in anesthetized mice

A, A cartoon representing in vivo triple LFP recordings from HPC, PFC, and RSC in urethane-anesthetized mice. B, Histological verification of electrode tracks in RSC,
PFC, and HPC. Tracks are indicated by white arrows. C, Representative traces of simultaneously recorded LFPs and slow wave phases. A raw LFP trace in HPC (black;
top (first)) including a ripple enclosed by a red rectangle. Raw and filtered LFP traces in RSC (green; second and third, respectively). Phases of slow wave components of
RSC LFPs (fourth). Up and Down states based on slow waves in RSC (fifth). Raw and filtered LFP traces in PFC (pink; sixth and seventh, respectively). Phases of slow
wave components in PFC LFPs (eighth). Up and Down states based on slow waves in PFC (ninth). Abbreviations: LFP, local field potential; HPC, hippocampus; PFC,
prefrontal cortex; RSC, retrosplenial cortex. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

40 of 1995). While our experimental protocols mandated the humane
euthanasia of animals if they exhibit any signs of pain, prominent
lethargy, and discomfort, such symptoms were not observed in any of
the mice tested in this study. All efforts were made to minimize the
animals’ suffering.

2.1. Animals

A total of 8 male 5-to-7-week-old ICR mice (Japan SLC, Japan) were
housed under conditions of controlled temperature and humidity (22 +
1 °C, 55 + 5 %) and maintained on a 12:12-h light/dark cycle (lights on
from 6:00 a.m. to 6:00 p.m.) with ad libitum access to food and water
unless otherwise specified.

2.2. In vivo electrophysiology

Each mouse was allowed to freely explore a large cage measuring 28
cm x 40 cm x 25 cm in which several toys such as a running wheel, a
cup, a file stand, and a bumpy box were placed for 30 min [12]. After
this preexposure, mice were anesthetized by intraperitoneal injection of

2.25 g/kg urethane. Anesthesia was confirmed by the absence of paw
and tail withdrawal from pinches, whisker movement, and eyeblink
reflexes. The skin was subsequently removed from the head, and a metal
head-holding plate was fixed to the skull [13-15], after which two
craniotomies were performed. The first craniotomy (1.9 x 2.2 mm?),
which was centered at 1.3-1.4 mm posterior to the bregma and 1.1 mm
ventrolateral to the sagittal suture, spanning from 0.4 mm left to 1.8 mm
right of the midline. The other craniotomy (1.0 x 1.0 mm?) on the right
hemisphere was performed, which was centered at 1.0 mm anterior to
the bregma and 1.0 mm ventrolateral to the sagittal suture [16].

The exposed cranial window was covered with 2.0 % agar. LFPs were
recorded for approximately 30 min from the dorsal hippocampal CA1
region, PFC, and RSC using nichrome electrodes coated with 9 % w/v
1,1’-dioctadecyl-3,3,3',3-tetramethylindocarbocyanine perchlorate
(Dil) solution (i.e., a crystalline powder of Dil dissolved in a cocktail
solvent of acetone and methanol at a ratio of 1:1) [12]. Neural signals
were amplified using an AC amplifier (DAM80, World Precision In-
struments (WPI), USA) and digitized at a sampling rate of 20 kHz using a
digitizer (Digidata 1550B, Molecular Devices, USA) that was controlled
by pCLAMP 10.3 software (Molecular Devices).



H. Yamada et al.
2.3. Histology

Following each experiment, the electrodes were carefully withdrawn
from the brain. The mice were transcardially perfused with 0.1 M
phosphate-buffered saline (PBS) and 4 % paraformaldehyde (in 0.1 M
PBS), followed by overnight postfixation [17-26]. The brains were
coronally sectioned at a thickness of 100 pm using a vibratome [27-30].
The sections were incubated with 0.4 % NeuroTrace 435/455 blue
fluorescent Nissl stain (N21479, Thermo Fisher Scientific, USA) and 0.3
% Triton X-100 dissolved in 0.1 M PBS for 1.5-3 h. The location of LFP
electrodes was detectable via Dil fluorescence. Fluorescence images
were acquired using a confocal microscope (A1 HD25, Nikon, Japan)
and were subsequently merged using ImageJ.

2.4. Data analysis

All data analyses were performed offline using custom-made Python
routines. The significance level was set at 0.05, and the null hypothesis
was statistically rejected when P < 0.05 based on two-tailed tests unless
otherwise specified.

When permutation test was required (Fig. 2), the test statistic (such
as the mean of the differences in the phases of hippocampal ripples to
slow waves between RSC and PFC) was first calculated for real data.
Then the phases of the ripples were randomly shuffled independently for
RSC and PFC, and the statistic was calculated for the shuffled data in the
same manner as the real data. This shuffling procedure was repeated
10,000 times in total, and therefore, 10,000 surrogate statistics were
generated [31]. The P value was determined based on the rank of the
real statistic within the entire (i.e., surrogate and real) statistics. This
permutation test was, in practice, one-tailed test.

To detect hippocampal ripples, LFP traces were first downsampled to
2 kHz and bandpass-filtered between 100 and 250 Hz. The root mean
square (RMS) of the bandpassed signals for a given 5-ms window was
calculated, and the same procedure was repeated by shifting the window
by 0.5 ms at a time. The threshold for ripple detection was set at 3 times
the standard deviation above the mean of the entire RMS. The times
when the RMS first crossed above and subsequently fell below the
threshold were defined as the onset (Tonser) and offset (Togsser) Of a ripple
event, respectively. For a given ripple event (100-250 Hz), (i) the
duration was determined as the difference in time between Typst and
Toffser; (i) the peak time (Tpeak) wWas defined as argmax of the RMS; (iii)
the amplitude was defined as the maximum of the absolute value of
instantaneous amplitude based on the Hilbert transform; (iv) the
asymmetry was determined as ((Tpeak - Tonset) - (Toffset - Tpeak))/ (Toffset -
Tonset); (V) the peak frequency (in 100-250 Hz) was defined as argmax of
the FFT power in the frequency-power domain [32].

To determine the duration of cortical slow waves, the ratio of the
delta power (0.2-1.2 Hz) to the wide-band power (0.2-100 Hz) of LFPs
in PFC was calculated. A slow wave epoch was identified as the period
during which this ratio was higher than the moving average. Slow os-
cillations often originate in the prefrontal-orbitofrontal areas in humans
[33]; therefore, assuming a similar mechanism in mice, the slow wave
epochs were defined using LFPs in PFC.

To determine the cortical Up/Down states during slow wave epochs,
the phases of RSC and PFC were calculated. LFP traces were bandpass-
filtered between 0.2 and 1.2 Hz using the finite impulse response fil-
ter, after which the Hilbert transform was applied. In this study, the
phases initially based on the Hilbert transform were shifted so that the
range from - to O was defined as the Up state, while the range from 0 to
1 was defined as the Down state.

Phase data were discretized into 100 bins, after which the transfer
entropy was calculated to examine whether the information flow from
RSC to PFC was larger than the opposite direction over time.
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Fig. 2. High preference of phases of hippocampal ripples to prefrontal slow
waves
A, A polar plot indicating ripple occurrence and phases of ripples to slow waves
in RSC. B, Same as A, but for slow waves in PFC. C, A scatter plot indicating
hippocampal ripples relative to slow waves in RSC and PFC in a phase-phase
domain. Histograms indicate the number of ripples vs. binned phases deter-
mined by slow waves in RSC (abscissa) and PFC (ordinate). Abbreviations: PFC,
prefrontal cortex; RSC, retrosplenial cortex.

3. Results

We recorded LFPs from the dorsal hippocampal CA1 area, PFC, and
RSC in anesthetized mice and identified ripple events in hippocampal
LFPs (Fig. 1A-C). To characterize the hippocampal ripples in neocortical
local states, we classified them into “Up” and “Down” based on
neocortical slow waves (Fig. 1C); PFC-based and RSC-based Up/Down
states are slightly different in duration and phase. We found that ripple
events were more phase-locked with PFC slow waves than RSC slow
waves (Fig. 2A and B, Table S1). Moreover, ripples occurred preferen-
tially in earlier phases of PFC slow waves compared with RSC slow
waves (Fig. 2A-C, Table S1). To determine whether this tendency of
ripple events is caused by the phase of slow waves in the two regions, we
evaluated the phases of slow waves in RSC and PFC at all time points
during the recording and found that RSC slow waves preceded PFC slow
waves in phase (Fig. 3A), which may account for the preferred phase of
ripples to slow waves (Fig. 2). Consistent with this, the transfer entropy
for the RSC-to-PFC direction was larger than that for the opposite di-
rection (Fig. 3B-Table S2), indicating possible directionality from RSC
to PFC. We calculated the frequency for all slow wave epochs in RSC and
PFC, but no significant difference in the frequency was found
(Fig. 3C-Table S3). To characterize Up and Down states in the two
neocortical regions, we examined the duration of each state. The dura-
tion of Up and Down states in PFC was significantly longer than that of
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Fig. 3. Relationship of slow waves between the retrosplenial cortex and prefrontal cortex

A, A pseudocolor map indicating normalized counts of time points in a phase-phase domain. Phases based on RSC slow waves and PFC slow waves are represented in
X and Y axes, respectively. Note that an obliquely extending hot color band is slightly below a diagonal line (black, dashed) going from point (—2x, —2x) to point (27,
2m), indicating phases in PFC slow waves precedes phases in RSC slow waves at almost all time points (i.e., RSC slow waves preceding PFC slow waves). B, Higher
transfer entropy for the RSC-to-PFC direction than the PFC-to-RSC direction. C, No significant difference in slow wave frequency between RSC and PFC. D, Com-
parison of slow wave duration among Up states in RSC, Down states in RSC, Up states in PFC, and Down states in PFC. E, Time spent in Up®-Up*, UpR-Down®, Down®-
Up’, and Down®-Down’ substates. Abbreviations: PFC, prefrontal cortex; RSC, retrosplenial cortex; U, Up states; D, Down states. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)

Up and Down states in RSC, respectively (Fig. 3D-Tables S4 and S5). We
further scrutinized the coincidence of Up and Down states in the two
neocortical regions. We categorized brain states into four substates
based on all combinations of [Up and Down] x [RSC and PFC]: UpR-Up",
UpR—Down", DownR—Up", and Down®-Down" substates and evaluated the
temporal occupancy of each substate (Fig. 3E). Harmonious substates (i.
e., UpR-Up® and Down®-Down’) had significantly higher temporal oc-
cupancy than asynchronous substates (i.e., Upt-Down® and Down®-Up?)
(Fig. 3E-Tables S6 and S7). In the asynchronous substates, UpR-Down®
consumed significantly more time than Down®-Up® (Fig. 3E-Tables S6
and S7), whereas there was no significant difference in the temporal
occupancy between Up®-Up® and Down®-Down”® (Fig. 3E-Table S7).

Occurrence of hippocampal ripples depended on the phases of
neocortical slow waves (Figs. 2 and 3), raising a probability that ripples
were contingent on the prevailing brain states. To elaborate on this, we
calculated ripple event frequencies in each brain substate and demon-
strated that ripples were more likely to occur when the two regions were
in Up states than when one or two regions were in Down states (Fig. 4A,
Tables S8 and S9). As neural activity in the neocortical areas is often
enhanced during hippocampal ripples [8,34,35], we hereafter focused
on the UpR-Up’, Up®-Down®, and Down®-Up" substates. We quantified
the duration, amplitude, center frequency, and asymmetry for ripples
and investigated whether these features varied across the three
neocortical substates (Fig. 4B). Although the amplitude, center fre-
quency, and asymmetry did not significantly differ across brain sub-
states, the ripple duration was significantly longer in the Up®-Up’
substate than the Up®-Down’ and Down®-Up" substates (Fig. 4C-F,
Table S10-S14).

4. Discussion
Here, we recorded LFPs from RSC and PFC to determine neocortical

Up and Down states and from hippocampus to isolate ripples (Fig. 1).
Ripple events were more phase-locked to PFC slow waves than RSC slow

waves (Fig. 2). The preferred phase of ripples to PFC slow waves was
earlier than RSC slow waves (Fig. 2), consistent with the fact that slow
waves in RSC preceded slow waves in PFC (Fig. 3A and B).

Although previous studies investigated ripple-triggered dynamics of
neocortical slow waves and/or Up and Down states [8,36], no studies
have examined how ripples are correlated with Up/Down states in terms
of temporal phases of slow waves in different neocortical areas. Here, we
focused on the phases of neocortical slow waves to explore how ripples
were recruited into Up and Down states. Advancement of the preferred
phases of ripples for PFC slow waves is likely attributable to the differ-
ence in anatomical positions of RSC and PFC (Fig. 2), consistent with the
larger transfer entropy for the slow wave propagation in the RSC-to-PFC
direction (Fig. 3B), possibly supported by the direct RSC-to-PFC pro-
jection [37]. Intriguingly, hippocampal ripples occur at more concen-
trated phases of PFC slow waves than RSC slow waves; that is, ripples
exhibit looser coupling to RSC slow waves. These results suggest that
ripples are precisely timed by neural activity in PFC, whereas RSC
loosely gates hippocampal neural activity, which may serve as mecha-
nisms underlying the appropriate neocortex-hippocampus interaction
for efficient synaptic plasticity and behavioral function.

Coupling between ripples and neocortical slow waves has brought
about the idea that ripples preferentially occur in specific neocortical
states. Indeed, more ripples occur when two neocortices are activated
than when they are inactivated (Fig. 4A). Notably, ripple duration was
the longest when both PFC and RSC are in Up states (Fig. 4E). Since the
ripple duration is determined by the time when ripples are terminated,
regulated by inhibitory inputs into CA1 neurons [38], hippocampal CA1
excitatory neurons may be more susceptible to inhibitory inputs when
neural activity patterns in PFC and RSC are uncoordinated (ie.,
UpR-Down® and Down®-Up” substates). These inhibitory inputs may be
brought by local GABAergic neurons in the hippocampus [39]; note that
monosynaptic long-range GABAergic projections from PFC inhibit CA1l
interneurons, not excitatory neurons [40]. In other words, hippocampal
neurons are almost resistant to inhibitory controls when both
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Fig. 4. Characterization of hippocampal ripples depending on neocortical
Up and Down states

A, Occurrence of hippocampal ripples in UpR-Up’, UpR-Down®, Down®-Up®, and
Down®-Down® substates. B, Representative raw (top) and bandpassed (bottom;
100-250 Hz) LFP traces around a hippocampal ripple with illustration of the
onset, peak, and offset for the ripple. C, Amplitude of ripples in Up®-Up®, Up®-
Down®, and Down®-Up” substates. D, Same as C, but for peak frequency. E, Same
as C, but for duration of ripples. Ripples are longer in Up®-Up® substates than
any other substate. F, Same as C, but for asymmetry. Abbreviations: PFC, pre-
frontal cortex; RSC, retrosplenial cortex; U, Up states; D, Down states.

neocortices are activated, possibly facilitating efficient activation of the
hippocampal-neocortical loop.

The current analysis on hippocampal ripples is not only based on
binary classification of neocortical states, but also focuses on continuous
and analog evaluation of slow waves, allowing us to precisely identify
preferred states of PFC for ripple generation in the hippocampus. This
precise phase-locking of ripples to prefrontal slow waves suggests that
synaptic plasticity in PFC is facilitated by finely timed hippocampal
excitation, which gates learning-induced reorganization of neural cir-
cuits; note that direct projections from the hippocampus to PFC are
limited. Since hippocampal ripples per se are generated by perisomatic
inhibitory currents and synchronous spikes [41], simultaneous re-
cordings of membrane potentials and LFPs will deepen our under-
standing of mechanisms underlying precisely temporal control of ripples
for PFC slow waves [14,25,26,42].
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