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Neocortical slow waves are critical for memory consolidation. The retrosplenial cortex is thought to facilitate the
slow wave propagation to regions beyond the neocortex. However, it remains unclear which population is
responsible for the slow wave propagation. To address this issue, we performed in vivo whole-cell recordings to
identify neurons that were synchronous and asynchronous with slow waves. By quantifying their intrinsic

membrane properties, we observed that the former exhibited regular spiking, whereas the latter exhibited late
spiking. Thus, these two cell types transmit information in different directions between the neocortex and

subcortical regions.

Memories encoded during wakefulness are consolidated during
sleep, a process that relies on the interaction between hippocampal
ripples and neocortical slow waves (Sirota et al., 2003). The retro-
splenial cortex (RSC) mediates the mutual propagation of activity be-
tween the hippocampus and neocortex through its connections to both
regions (Vann et al., 2009). Previous studies have shed light on the
propagation of hippocampal ripples to the granular RSC (gRSC) via the
subiculum, accompanied by the observation of slow wave activity
within the RSC (Nitzan et al., 2020; Opalka et al., 2020; Sheroziya and
Timofeev, 2014). However, it remains unclear which populations are
responsible for each activity propagation between the hippocampus and
neocortex.

In the gRSC, in addition to regular spiking neurons that are prevalent
in the neocortex, there are distinct excitatory neurons known as late
spiking neurons (Brennan et al., 2020; Gao et al., 2021; Kurotani et al.,
2013; Robles et al., 2020; Yousuf et al., 2020). While regular spiking
neurons receive inputs primarily from the anterior cingulate cortex and
claustrum, late spiking neurons receive inputs primarily from the sub-
iculum and anterodorsal thalamic nucleus (ADN) (Brennan et al., 2021).
Thus, late spiking neurons are thought to process inputs associated with
hippocampal ripple events. However, because slow wave generation
involves the neocortex, ADN, and claustrum, slow waves could influence
both regular and late spiking neurons (Narikiyo et al, 2020;

Sanchez-Vives and McCormick, 2000; Schreiner et al., 2022). However,
research on these two cell types has been largely limited to in vitro ex-
periments. We aimed to investigate whether the activity of each cell type
is synchronized with slow waves in vivo.

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
complied with the Fundamental Guidelines for Proper Conduct of Ani-
mal Experiment and Related Activities in Academic Research In-
stitutions (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. 40 of
1995). All animals were housed under a 12-h dark-light cycle (light
from 07:00 to 19:00) at 22 + 1 °C with ad libitum food and water.

Male ICR mice aged 28-34 days were anesthetized with urethane
(2.25 g/kg, i.p.). A craniotomy was performed (PFC: 1.0 x1.0 mm?,
centered 1.5 mm anterior to bregma and 0.5 mm ventrolateral to the
sagittal suture; RSC: 2.0 x1.0 mm?, centered 3.0 mm posterior to
bregma and 0.25 mm ventrolateral to the sagittal suture), and the dura
was surgically removed. The exposed cortical window was covered with
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Fig. 1. Slow waves in the RSC and the PFC are synchronized. (A) Tracks of Dil-coated electrode tips for LFP recording from the PFC (left) and the RSC (right). (B)
Representative traces of PFC and RSC LFPs. (C) Representative cross-correlogram of 0.2-2 Hz band-passed LFP from PFC and RSC. (D) Distribution of cross-

correlation peaks and their time lags.

a 1.5 mm-thick layer of 2.0% agar.

Local field potentials (LFPs) were recorded from the prefrontal cortex
(PFC) and RSC using a tungsten electrode (2.0-5.0 MQ). Whole-cell
recordings were obtained from neurons in layer 2/3 of the gRSC (AP:
2.0-4.0 mm posterior to bregma; mL: 0.08-0.4 mm ventrolateral to the
sagittal suture; DV: 0.1-0.5 mm ventral to the dura) using borosilicate
glass electrodes (3.5-7.5 MQ). The liquid junction potentials were
automatically corrected. The intrapipette solution consisted of the
following reagents: 135 mM K-gluconate, 4 mM KCl, 10 mM HEPES, 10
mM creatine phosphate, 4 mM MgATP, 0.3 mM NayGTP, 0.3 mM EGTA,
and 0.2% biocytin (pH 7.3). Neurons were excluded if the mean resting
membrane potential was greater than — 55 mV or if the action potential
was less than — 20 mV. Signals recorded with tungsten electrodes and
glass electrodes were amplified using a DAM80 AC differential amplifier
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and a MultiClamp 700B amplifier, respectively. Both types of signals
were digitized at a sampling rate of 20 kHz using a Digidata 1440A
digitizer.

The brains were fixed in 4% paraformaldehyde, coronally sectioned,
and incubated with 2 pug/mL streptavidin-Alexa Fluor 594 conjugate for
4 h (only in the case of whole-cell patch clamp recordings). They were
incubated with 0.4% NeuroTrace 435/455 for 1.5 h.

LFP recordings were performed in both the RSC and PFC to verify the
synchronization of slow waves in the RSC with those in the neocortex
(Fig. 1A, B). Cross-correlation analysis was conducted on the two
bandpass-filtered LFPs within the frequency range of 0.2 to 2 Hz, and the
maximum cross-correlation and corresponding time lag were plotted for
each recording (Fig. 1C, D, n = 5 mice). The data demonstrated syn-
chronization of slow waves between the RSC and PFC, as evidenced by
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Fig. 2. Some neurons in the gRSC are not slow-wave locked. (A) Left: A post hoc biocytin-based identification of an SO neuron. Middle: Representative traces of
membrane potentials of SO neurons and LFP. Right: Representative cross-correlogram of membrane potentials (Vm) of an SO neuron and LFP. (B) Left: A post hoc
biocytin-based identification of a non-SO neuron. Middle: Representative traces of membrane potentials of non-SO neurons and LFP. Right: Representative cross-
correlogram of membrane potentials of a non-SO neuron and LFP. (C) Histogram of the correlation coefficients between membrane potentials and LFPs. Red in-
dicates SO neurons and blue indicates non-SO neurons. (D) Depolarization rate of membrane potentials of SO neurons and non-SO neurons.

the presence of a peak at approximately O s in all recorded data.

To investigate whether the membrane potentials of individual neu-
rons in layer 2/3 of the gRSC are synchronized with slow waves, we
conducted whole-cell patch-clamp recording from these neurons while
simultaneously recording LFP from the RSC. It is worth noting that while
almost all neurons in the neocortex show synchronization with slow
waves, we observed an interesting phenomenon in which some neurons
were synchronized with slow waves while others were not (Fig. 2A, B).
To differentiate between these two types of neurons, we calculated the
cross-correlation between the LFP and the membrane potential for each
recording (Fig. 2A, B). We then utilized the EM algorithm to classify the
correlation coefficients into two distinct groups (Fig. 2C). Of the 40
neurons examined, 21 neurons with low correlation coefficients (—0.60
+0.13) are classified as slow oscillating (SO) neurons, while the
remaining 19 neurons with high correlation coefficients (—0.025
+ 0.058) are classified as non-slow oscillating (non-SO) neurons. To
further analyze the membrane potentials, we employed the MAUDS
method (Seamari et al., 2007) to categorize them into depolarized and
hyperpolarized phases. Interestingly, non-SO neurons exhibited a higher
frequency of depolarization compared to SO neurons (Fig. 2D, Z = 5.0,
P=47 ><10_7, n =21 (SO) and 19 (non-SO) neurons from 34 mice,
Wilcoxon rank sum test).

Previous studies have observed that slow waves in the neocortex are
associated with synchronized firing activity and membrane potential
dynamics (Sheroziya and Timofeev, 2014; Volgushev et al., 2006).
However, we identified neurons in the gRSC that exhibited asynchro-
nous membrane potentials with slow waves. The occurrence of neurons
displaying transient asynchronous activity with slow waves during
slow-wave sleep has been documented in the neocortex (Todorova and

53

Zugaro, 2019). In addition, slow waves have been found to occasionally
skip the DOWN state in the entorhinal cortex (Hahn et al., 2012). In
contrast to these previous examples, non-SO neurons in the gRSC
consistently showed asynchrony with slow waves, suggesting different
mechanisms of slow wave asynchrony between the gRSC and other
regions.

We compared the position of each soma. Patched neurons were
labeled with biocytin contained in the intrapipette solution (Fig. 3A, B).
Soma positions were measured along three axes: anteroposterior (AP)
distance from the bregma, distance from the border between agranular
RSC (aRSC) and gRSC, and depth from the pia. Analysis of the soma
positions revealed no significant anatomical distribution bias between
the two types of neurons (Fig. 3C-E, AP distance from the bregma:
Z = —0.30, P =0.77; distance from the border: Z =1.15, P = 0.25;
depth from the pia: Z=0.36, P = 0.72, n = 12 (SO) and 10 (non-SO)
neurons from 21 mice, respectively, Wilcoxon rank sum test,
respectively).

To investigate whether the difference between SO and non-SO neu-
rons is related to intrinsic membrane properties, we performed whole-
cell recordings when the square currents were injected into the soma.
Previous studies have shown differences in intrinsic membrane prop-
erties, such as first spike latency, between regular spiking and late
spiking neurons (Robles et al., 2020; Yousuf et al., 2020). We quantified
the intrinsic membrane properties of each cell type, including 1st spike
latency, spike full width at half maximum (FWHM), adaptation ratio,
input resistance, input capacitance, and membrane time constant.
Square step currents were applied for 1s, with the current value
increasing in increments of 25 pA or 50 pA from — 200 pA to 200 pA.
The time of spike onset was defined as when the slope of the membrane
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Fig. 3. SO and non-SO neurons did not differ in anatomical distribution. (A) Schematic view of the brain from the top. Red dots indicate SO neurons and Blue
dots indicate non-SO neurons. (B) Schematic view of brain coronal section. (C) AP distance from the bregma. (D) Distance from the boundary between aRSC and

gRSC. (E) Depth from the pia. Wilcoxon rank-sum test, respectively.

potential exceeded 25 mV/ms, and the time of spike termination was
defined as when the membrane potential returned to the same level as at
that time (Fontaine et al., 2014). 1st spike latencies were calculated
from the membrane potentials at the minimum current required to
generate an action potential. Adaptation ratios were calculated from the
membrane potentials at the minimum current at which action potentials
occurred at a frequency greater than 10 Hz. The interval between the
first two firings was referred to as ISlgyg, and the interval between the
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last two firings as ISIjst. Adaptation ratios were calculated using the
following formula. Adaptation ratio = ISIj,s/ISIfirst. Input resistances
were calculated based on the membrane potentials when a current of
— 50 pA was injected. Membrane time constants were calculated by
fitting an exponential function to the membrane potential within the
time range between 2 ms and 30 ms after the onset of a — 200 pA cur-
rent injection (Brennan et al., 2020; Kowalski et al., 2016). Input ca-
pacitances were calculated using the membrane time constants and
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Fig. 4. SO neurons and Non-SO neurons correspond to regular spiking neurons and late spiking neurons, respectively. (A) Top: Representative traces of
membrane potentials of SO neurons when step currents were injected. Bottom: Representative injected currents. (B) Top: Representative traces of membrane po-
tentials of non-SO neurons when step currents were injected. Bottom: Representative injected currents. (C-H) Comparison of membrane properties between SO and
non-SO neurons. (C) 1st spike latency. (D) Spike FWHM. (E) Adaptation ratio. (F) Membrane time constant. (G) Input capacitance. (H) Input resistance. (I) Mean

membrane potentials. (J) Standard deviation of membrane potentials. (K) Firing rate. * P < 0.05, ** P < 0.01, *** P < 0.0001, repectively, Wilcoxon rank-sum test,
respectively.
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input resistances. Significant differences between SO and non-SO neu-
rons were observed in all parameters (Fig. 4C-H, 1st spike latency:
Z = 2.3, P=0.023; spike FWHM: Z = —3.0, P = 0.0021; Adaptation
ratio: Z = —2.2, P = 0.029; Input resistance: Z = 3.0, P = 0.0024; Input
capacitance: Z=-4.8, P=1.7 ><10_6; Membrane time constant:
Z=-47,P=32 ><10’6, n = 17 (SO) and 19 (non-SO) neurons from 31
mice, respectively, Wilcoxon rank sum test, respectively). These differ-
ences, except for membrane time constants, were consistent with the
previous studies on the differences between regular and late spiking
neurons (Brennan et al., 2020; Robles et al., 2020; Yousuf et al., 2020).
In addition, we quantified the spontaneous activity of SO and non-SO
neurons (Fig. 4I-K, Mean membrane potentials: Z = —1.1, P = 0.28;
Standard deviation of membrane potentials: Z = —2.9, P = 0.0039;
Firing rate: Z = —3.6, P =3.1 x10™% n =17 (SO) and 19 (non-SO)
neurons from 31 mice, Wilcoxon rank sum test, respectively). These
results suggest that non-SO neurons are less active during slow waves.

Furthermore, we employed support vector machines to predict syn-
chrony or asynchrony with slow waves using all 6 parameters. Our
model achieved an accuracy of 97.3% in its prediction, supporting the
consistency of SO neurons with regular spiking neurons and non-SO
neurons with late spiking neurons.

These results suggest that regular spiking neurons in the gRSC are
predominantly involved in slow wave propagation, suggesting that slow
waves in the gRSC may originate from other neocortical regions.
Although late spiking neurons do not show synchronized membrane
potentials with neocortical slow waves, previous studies have suggested
that they receive inputs from the neocortex through multiple synaptic
connections (Robles et al., 2020). In addition, late spiking neurons
receive inputs from gRSC layer 5 neurons (Gao et al., 2021), suggesting
that they are not completely devoid of inputs associated with slow
waves. One of the recorded neurons exhibited the late spiking property
despite being classified as an SO neuron.

In summary, two types of neurons were identified in the RSC. Some
exhibited synchronous slow-wave membrane potentials, while others
exhibited asynchronous membrane potentials. Visualization of the
neurons showed no significant anatomical differences in their distribu-
tion. Analysis of intrinsic membrane properties revealed that synchro-
nous neurons were regular spiking neurons, whereas those lacking
synchronization were late spiking neurons. Given that late spiking
neurons receive inputs primarily from the subcortical regions (Brennan
et al., 2021), these results suggest that regular spiking neurons and late
spiking neurons transmit information in different directions between the
neocortex and the region beyond the neocortex.
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