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ABSTRACT

During behavioral states of immobility, sleep, and anesthesia, the hippocampus generates high-frequency
oscillations called ripples. Ripples occur simultaneously with synchronous neuronal activity in the
neocortex, known as slow waves, and contribute to memory consolidation. During these ripples, various
neocortical regions exhibit modulations in spike rates and local field activity irrespective of whether they
receive direct synaptic inputs from the hippocampus. However, little is known about the subthreshold
dynamics of the membrane potentials of neocortical neurons during ripples. We patch-clamped layer 2/3
pyramidal cells in the posterior parietal cortex (PPC), a neocortical region that is involved in allocentric
spatial representation of behavioral exploration and sequential series of relevant action potentials during
ripples. We simultaneously monitored the membrane potentials of post hoc-identified PPC neurons and the
local field potentials of the hippocampus in anesthetized mice. More than 50% of the recorded PPC
neurons exhibited significant depolarizations and/or hyperpolarizations during ripples. Histological in-
spections of the recorded neurons revealed that the ripple-modulated PPC neurons were distributed in the
PPC in a spatially non-biased fashion. These results suggest that hippocampal ripples are widely but
selectively associated with the subthreshold dynamics of the membrane potentials of PPC neurons even
though there is no monosynaptic connectivity between the hippocampus and the PPC.
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INTRODUCTION

Cortico-hippocampal interactions, particularly during sleep and quiet wakefulness, are instru-
mental in memory consolidation [1, 2]. During behavioral states or under anesthesia, spontaneous
activity in the neocortex is modulated by slow (0.5-4 Hz) oscillations [3], which are dominant
during non-rapid eye movement sleep. On the other hand, hippocampal activity during non-rapid
eye movement sleep is dominated by ripples, high-frequency oscillations that contribute to
memory consolidation [4, 5]. Hippocampal neurons are sequentially reactivated during ripples in a
more time-compressed manner than the temporally patterned sequences of neuronal spikes that
occur during active exploration before sleep [6-8]. Compressed spike sequences are also observed
in the posterior parietal cortex (PPC) [9], in which neuronal activity is modulated during hip-
pocampal ripples [10, 11]. Moreover, magnetic resonance imaging (MRI) and voltage-sensitive dye
imaging [12, 13] have demonstrated that PPC activity is increased immediately after hippocampal
ripples. However, the relationship between hippocampal ripples and the subthreshold dynamics of
membrane potentials of PPC neurons has received little attention.

Although there are no direct synaptic interactions between the hippocampus and the PPC,
studies using artificial electrical stimulation have revealed a functional relationship between these
regions [14-16]. However, the intrinsic interrelations of spontaneous neuronal activity under more
physiological conditions are not yet well understood. We hypothesize that spontaneously occur-
ring hippocampal ripples exert a functional impact on PPC neuronal activity and that this
interaction is reflected in the subthreshold dynamics of the membrane potentials of PPC neurons.
We simultaneously recorded the membrane potentials of layer 2/3 pyramidal cells in the PPC and
local field potentials (LFPs) from the hippocampal CA1 stratum pyramidale using in vivo whole-
cell patch-clamp recording techniques and extracellular field recording techniques, respectively.

MATERIALS AND METHODS

Animal ethics

ICR mice (Japan SLC, Shizuoka, Japan) were used in these experiments. The animal experiments
were performed with the approval of the Animal Experiment Ethics Committee of the Uni-
versity of Tokyo (approval number: P29-9) 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 Proper Conduct of Animal Experiment and
Related Activities in 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. 40 of 1995). All animals were housed under a 12-h dark-light cycle (lights on from 7:00 to
19:00) at 22 + 1 °C with ad libitum access to food and water.
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Surgery

Whole-cell recordings were obtained from postnatal 28- to 40-day-old male ICR mice as pre-
viously described [17-19]. The mice were anesthetized with intraperitoneal urethane (2.25 g/kg).
Anesthesia was confirmed by the absence of the paw withdrawal, whisker movement, and
eyeblink reflexes. The skin was subsequently removed from the head, and the animal was placed
on a stereotaxic apparatus (SR-6M-HT, Narishige, Tokyo, Japan). A craniotomy (2.5 X 2.0
mm?) was performed above the right hemisphere centered 2.0 mm posterior to bregma and 2.5
mm ventrolateral to the sagittal suture, and the dura was surgically removed. The exposed
cortical window was covered with 1.7% agar at a thickness of 1.5 mm.

Electrophysiology

Whole-cell recordings were obtained from neurons in the PPC (AP: 1.2-3.5 mm posterior to
bregma; ML: 0.60-2.51 mm from the sagittal suture; DV: 40-520 im ventral to the dura) or the
retrosplenial cortex (RSC; AP: 1.5-3.2 mm posterior to bregma; ML: 0.44-0.60 mm from the
sagittal suture; DV: 170-630 Um ventral to the dura) using borosilicate glass electrodes (4-7
MQ). Principal cells were identified on the basis of their regular spiking properties and by post
hoc histological analysis. For current-clamp recordings, the intrapipette solution consisted of the
following reagents (in mM): 135 K-gluconate, 4 KCI, 10 HEPES, 10 creatine phosphate, 4
MgATP, 0.3 Na,GTP, 0.3 EGTA (pH 7.3), and 0.2% biocytin. The recorded membrane po-
tentials were corrected offline by compensating liquid junction potentials as described previously
[19]; hereafter, the corrected membrane potentials were analyzed. At the beginning of each
experiment, we injected 500-ms rectangular currents of —200-200 pA into the cell in 50-pA
ascending steps to examine whether it was a putative excitatory or inhibitory neuron based on its
spike responses; note that in general, excitatory and inhibitory neurons exhibit regular-spiking
and fast-spiking firing patterns, respectively. Regular-spiking neurons were selected for the
subsequent analyses. Cells were discarded when the series resistance exceeded 75 MQ or the
mean of the corrected membrane potentials exceeded —55 mV. Moreover, the recordings were
truncated when the resting potential increased by more than 8 mV from its value at the onset of
the recording. LFPs were obtained from the CA1 stratum pyramidale using a tungsten electrode
(UEWMGCSEKNNM, FHC, Bowdoin, ME, USA) coated with Dil. The location of the tungsten
electrode was detected by post hoc observation of the Dil track. The signals from the glass
electrodes were amplified using a MultiClamp 700B amplifier, the signals from the tungsten
electrode were amplified using a DAM80 AC differential amplifier, and all signals were digitized
at a sampling rate of 20 kHz using either a Digidata 1320A or 1440A digitizer that was
controlled by pCLAMP 10.7 software (Molecular Devices, San Jose, CA, USA). The data were
analyzed offline using custom-made MATLAB (R2018b, Natick, MA, USA) routines.

Histology

Following each experiment, the electrode was carefully removed from the brain. To visualize the
patch-clamped neurons, the mice were transcardially perfused with 4% paraformaldehyde, and
the brains were fixed in 4% paraformaldehyde overnight. We then recovered the morphology of
the recorded neurons by two following methods. The method was randomly chosen regardless
of neuronal firing pattern, the age of the mouse, or other recording conditions. (i) The brains
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were coronally or sagittally sectioned at a thickness of 100 [tm using a vibratome. The sections
were incubated with 2 pg/ml streptavidin-Alexa Fluor 594 conjugate and 0.2% Triton X-100 for
4 h, followed by incubation with 0.1% Hoechst 33342 (H1399, Thermo Fisher Scientific, Wal-
tham, MA, USA) or 0.4% NeuroTrace 435/455 (N21479, Thermo Fisher Scientific, Waltham,
MA, USA) for 4 h. (ii) For a separate preparation, brains from a different subset were coronally
sectioned at a thickness of 500 [im using a brain slicer (MBS-S0.5C, Brain Science Idea, Osaka,
Japan). These sections were fixed in 10% paraformaldehyde with 0.1% Hoechst 33342 at 4 °C for
30 min. After the solution was rinsed off, the sections were incubated in IsoScaleSQ with 2 pg/
mL streptavidin-Alexa Fluor 594 conjugate for 30 min at 37 °C [20]. Fluorescent images were
acquired using a confocal microscope (FV1200, Olympus, Tokyo, Japan) and were subsequently
merged.

Hippocampal ripple detection

To detect hippocampal ripple events, hippocampal LEP traces were bandpass filtered at 150-250
Hz, and the root-mean-square (RMS) power was calculated in the band with a bin size of 20 ms.
The threshold for ripple detection was set to 4 X standard deviations (SDs) above the mean. The
onsets and offsets of the ripples were marked at the points when the ripple power first exceeded
and dropped below 4 X SDs above the mean, respectively, and events with a duration of <20 ms
were excluded.

Determination of action potential thresholds

The threshold of each action potential was set as the membrane potential value at which the time
differential of the membrane potential crossed 10 V/s [21]. Then, among all the thresholds, we
defined the top 90% value as the action potential threshold of each neuron.

Definition of subthreshold membrane potential activity

The amplitudes of the subthreshold fluctuations of PPC neurons triggered by ripples were
detected within 0 to +100 ms from the ripple onset. For all ripple events, the maximum absolute
changes in membrane potential were detected as the polarizations (AV,,), and the baseline AV,
was determined as the mean of the membrane potentials within —20 to 0 ms from the ripple
onset. When the relative value of AV,, was positive or negative, the event was defined as de-
polarization (i.e., the Up state) or hyperpolarization (i.e., the Down state), respectively. If the
AV, was zero, the event was excluded from the analysis because of the zero-division problem.

Statistical analysis

Data analyses were performed using MATLAB. For comparison of the cumulative probability of
AV, being locked to the ripple onset and to times other than the ripple onset, the Kolmogorov-
Smirnov test was used. P < 0.05 was considered statistically significant. A given neuron was
defined as non-responsive when its AV,, was not significant. For comparison of the ratio of cell
types in the PPC and the RSC, the chi-squared test was used. To investigate correlations between
depolarization or hyperpolarization of PPC neurons and the age of the animal, the ¢-test of no
correlation was used.
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RESULTS

We obtained whole-cell patch-clamp recordings from PPC layer 2/3 neurons and extracellular
recordings of LFPs from the hippocampal CA1 stratum pyramidale of urethane-anesthetized
mice and investigated the AV,, dynamics of PPC neurons and hippocampal ripples (Fig. 1).

We found that the subthreshold AV,, responses immediately after the ripple onset varied
among cells and roughly identified three types of PPC neurons: (i) depolarizing cells (Fig. 2A-
C), (ii) non-responsive cells (i.e., neither significantly depolarizing nor hyperpolarizing; see
Materials and methods) (Fig. 2D-F), and (iii) hyperpolarizing cells (Fig. 2G-I). More specif-
ically, for each PPC neuron, we plotted the cumulative distributions of AV,, for all recorded
ripple events by separating cases of AV, > 0 (depolarization) and AV,, < 0 (hyperpolarization);
note that AV,, varied from ripple event to ripple event even within the same cell. For each cell,
we compared the overall AV, distributions to their surrogates, i.e., the baseline AV, distri-
butions obtained across all recording periods without ripple events (see Materials and methods),
and detected significant differences between the real and surrogate datasets using the Kolmo-
gorov-Smirnov test. These ripple-associated depolarizations and hyperpolarizations in PPC
neurons were likely observed at Down-to-Up and Up-to-Down transitions, respectively (Fig. 2A,
D, G). Of a total of 24 PPC neurons from 21 mice, 13 (54%) cells exhibited significant AV,
changes (P < 0.05; Table 1). Of these 13 PPC neurons, three neurons were significantly depo-
larized (Fig. 3A, red and filled), and seven were significantly hyperpolarized (Fig. 3A, blue and
filled). The remaining three neurons exhibited both significant depolarizations and hyperpo-
larizations as a whole (Fig. 3A, green and filled); that is, they tended to respond to every ripple
event with either depolarization or hyperpolarization. Neither depolarization nor hyperpolar-
ization of PPC neurons was significantly correlated with the age of the animal (P = 0.86, t;; =
0.18, R> =298 X 107° (depolarization), n = 13 neurons, ¢-test of no correlation; P = 0.16, t;; =
1.53, R> = 0.17 (hyperpolarization), n = 13 neurons, f-test of no correlation).

Whole-cell recording
-60 mV - W

_1 20 mvV
500 ms

Filtered LFP (150 — 250 Hz) 500 ms
ripple 1t

LFP

Biocytin Nissl

3 ks

S

Fig. 1. Simultaneous recordings of the membrane potentials of PPC layer 2/3 pyramidal cells and hippo-
campal LFPs. (A) A representative image of a biocytin-visualized whole-cell recorded neuron (red) in Nissl
counterstained section (blue). (B) Top: A representative membrane potential trace recorded from a PPC
neuron. Middle: A representative LFP trace recorded from the hippocampus. Membrane potential and LFP
traces were simultaneously recorded. Bottom: The LFP trace after 150-to 250-Hz filtering. The red line
indicates the onset of a hippocampal ripple
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Fig. 2. Different patterns of the AV,, dynamics of PPC neurons during hippocampal ripples. (A) Repre-
sentative membrane potential fluctuations of PPC neurons (top) exhibiting depolarization during the
simultaneous recording of LFP traces (including ripples) from the hippocampus (bottom). Red indicates the
onset of hippocampal ripples. (B) Magnified traces of (A) (top, middle) and the average membrane po-
tential fluctuations of PPC neurons (bottom). (C) Cumulative probabilities of AV,,of PPC neurons at ripple
event times (real) and at times without ripples (surrogate). The D and P values were calculated by the
Kolmogorov-Smirnov test. (D-F) The same as (A-C) but for PPC neurons not exhibiting apparent re-
sponses. (G-I) The same as (A-C) but for PPC neurons exhibiting hyperpolarization
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Table 1. Statistics of all recorded neurons

Hyperpolarization Depolarization
PPC Neuron 1D P value D value P value D value Classification
1 0.0670 0.1883 0.0162 0.1923 Depolarization only
2 0.2824 0.1611 0.0318 0.2799
3 0.2653 0.0668 0.0013 0.1197
4 0.0044 0.1850 0.1828 0.1244 Hyperpolarization only
5 0.0006 0.2054 0.5185 0.0830
6 0.0036 0.1623 0.3878 0.1041
7 0.0319 0.2079 0.3417 0.1357
8 0.0159 0.0901 0.7720 0.0379
9 0.0004 0.1534 0.5197 0.0668
10 0.0040 0.1813 0.2495 0.1103
11 0.0001 0.2521 0.0032 0.2295 Both
12 0.0404 0.1558 0.0096 0.1567
13 0.0000 0.1989 0.0111 0.1177
14 0.7163 0.0987 0.7380 0.0822 Neither
15 0.3603 0.1006 0.3652 0.1040
16 0.2328 0.1498 0.0523 0.1788
17 0.5009 0.1608 0.6863 0.1233
18 0.0582 0.2952 0.5610 0.1536
19 0.5333 0.1511 0.5024 0.1576
20 0.2839 0.0773 0.0920 0.0909
21 0.6164 0.0671 0.6614 0.0664
22 0.8002 0.0643 0.7923 0.0725
23 0.7078 0.1160 0.6929 0.1191
24 0.1483 0.1583 0.7231 0.1099
Hyperpolarization Depolarization
RSC Neuron ID P value D value P value D value Classification
1 0.1885 0.1934 0.0165 0.1935 Depolarization only
2 0.0199 0.1223 0.5499 0.0737 Hyperpolarization only
3 0.0008 0.1752 0.7832 0.0671
4 0.0000 0.2487 0.0507 0.1503
5 0.0444 0.1995 0.3287 0.1268
6 0.0022 0.2403 0.0026 0.2240 Both
7 0.1063 0.1681 0.6145 0.0986 Neither
8 0.4997 0.1116 0.3961 0.1326
P and D values are calculated by the Kolmogorov-Smirnov test.

Since the RSC is one of the candidate regions for hippocampus-to-PPC propagation [22], we
further obtained whole-cell patch-clamp recordings from RSC layer 2/3 neurons and extracel-
lular recordings of LFPs from the hippocampal CA1 stratum pyramidale (Fig. 3). Of a total of
eight RSC neurons from seven mice, six (75%) cells exhibited significant AV, changes. Of these
six RSC neurons, one neuron was significantly less depolarized, whereas four were significantly
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Fig. 3. Classification of AV, patterns of PPC neurons during hippocampal ripples. (A) Distribution of the

P values for depolarization (abscissa) and hyperpolarization (ordinate) determined by the Kolmogorov-

Smirnov test. Each dot indicates a single neuron. Blue: Significantly hyperpolarized neurons during ripples.

Red: Significantly depolarized neurons. Green: Significantly depolarized and hyperpolarized neurons. Black:

Non-responsive neurons. Filled: PPC neurons. Open: RSC neurons. n = 24 neurons from 21 mice (PPC), n

= 8 neurons from 7 mice (RSC). (B) Top view of the coordinates of visualized recorded neurons in the PPC
(filled) and the RSC (open). n = 20 (PPC) and 8 (RSC) biocytin-identified neurons

hyperpolarized. The remaining neuron exhibited both significant depolarizations and hyper-
polarizations (Fig. 3A, open). The ratios of these cell types were not significantly different be-
tween the PPC and the RSC (P = 0.71, x> = 1.40, chi-squared test).

We investigated whether the differences in the AV,, responses of individual cells were
associated with their anatomical locations in the PPC. We succeeded in visualizing 20 PPC
neurons (83%) after the recordings. Post hoc histological analyses revealed no apparent rela-
tionship between spatial distribution and the response type in either the PPC or the RSC
(Fig. 3B).

DISCUSSION

In this study, we simultaneously monitored the membrane potentials of neurons in layer 2/3 of
the PPC and hippocampal ripples using a combination of in vivo whole-cell recording and field
recording techniques. We demonstrated that more than half of the recorded PPC neurons
exhibited temporal AV,, modulation that was associated with hippocampal ripple events at
subthreshold AV, levels.

Recent studies have proposed that hippocampal ripples during non-rapid eye movement
sleep mediate memory consolidation through the reactivation of neocortical neurons [23, 24].
From the spatiotemporal point of view, a study using MRI demonstrated that hippocampal
ripples precede the activation of the neocortex [13]. Moreover, voltage-sensitive dye imaging
previously confirmed that the activity of most neocortical regions, including the PPC, is
increased during hippocampal ripples [12]. Indeed, neuronal reactivation during hippocampal
ripples has been reported in several neocortical regions, including the PPC, even though they
receive no direct axonal projections from the hippocampus [25]. For example, a recent study
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showed that while an animal explores a circular platform, PPC neuronal activity exhibits
egocentric metrics and thereafter is replayed in a time-compressed manner approximately 100
ms after the onset of hippocampal ripples during post-task sleep [11]. We showed that the AV,,
of PPC neurons within 100 ms after ripple onset was different from the baseline AV,, during
non-ripple periods; note that our data were obtained from urethane-anesthetized mice, but
urethane anesthesia at least in part resembles natural sleep [26]. Interestingly, we found not only
ripple-locked depolarized neurons but also ripple-locked hyperpolarized neurons and both
ripple-locked depolarized and hyperpolarized neurons. In other words, a portion of PPC neu-
rons was either excited or inhibited during ripples. Additionally, some cells were both excited
during some ripple events and inhibited during other ripple events. This variety and flexibility in
AV, dynamics indicates that a population of PPC neurons is selectively defined to fire spikes
during ripples, whereas other populations are suppressed or occasionally fire spikes depending
on the ripple event, suggesting that complex coordination in microcircuit-specific excitation
generates the spike sequences of selected cell ensembles.

Hippocampal ripples provide allocentric information that is represented by the sequential
reactivation of hippocampal place cells, a phenomenon called memory replay [6-8]. Spikes are
triggered by large depolarizations that reach the spike threshold during ripples [27]. On the
other hand, the PPC encodes egocentric as well as allocentric information [11, 28, 29], but no
studies have described the subthreshold AV, of PPC neurons during ripples. Our study is the
first to show that, similar to those of hippocampal pyramidal cells, the depolarizations of a
specific population of PPC neurons are time-locked to hippocampal ripples. Intracellular re-
cordings from multiple neurons would confirm whether these ripple-associated depolarizations
of PPC neurons underlie the sequential reactivation of ripple-locked spikes in the PPC neuronal
population by allowing the calculation of the sequential delay in the latency of the de-
polarizations.

It remains unknown which brain regions mediate information transfer between the hip-
pocampus and the PPC. One candidate is the entorhinal cortex, which receives synaptic inputs
from the hippocampus and sends synaptic outputs to the PPC. More specifically, pyramidal
neurons in layer 5 of the medial entorhinal cortex receive monosynaptic excitatory inputs from
the hippocampal CA1 region after ripples [30]. Consistent with this phenomenon, the hippo-
campal-entorhinal-PPC route is believed to be involved in encoding location and navigation [29,
31]. Other candidates include the RSC and the postrhinal cortex, which make synaptic con-
nections with both the entorhinal cortex and the PPC [22, 32]. Aligned to hippocampal ripples,
we found the same fraction of depolarized and hyperpolarized neurons between the RSC and the
PPC, suggesting that these two regions play similar roles in transmitting neural information
from the hippocampus. Moreover, there were fewer depolarized neurons than hyperpolarized
neurons in the RSC as well as in the PPC during ripples, which is consistent with a previous
report showing that RSC excitatory neurons are inhibited immediately after hippocampal ripples
[33]. Simultaneous whole-cell recordings from the PPC and RSC and extracellular field re-
cordings from the hippocampus would provide precise evidence that the RSC mediates hip-
pocampus-to-PPC transmission by allowing analysis of the sequential delay of depolarization in
the PPC and RSC relative to the hippocampal ripple onset.

Previous studies have reported that somatosensory cortical myelination is immature until
postnatal day 30 [34] and that myelination in the corpus callosum is still in progress on
postnatal day 28 [35, 36]. Myelination of the primary sensory and motor cortices precedes that
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of associational cortical areas, including the PPC, the hippocampus, the entorhinal cortex, and
the RSC [37]. Since the maturation of axonal myelination is involved in the propagation of
neural activity, we asked whether the age of animals contributes to changes in membrane po-
tentials. However, the age (i.e., 28-to-40 day old) of the developing animals and membrane
potential changes were not significantly correlated. Simultaneous recording of the membrane
potentials of PPC neurons and hippocampal ripples from mature animals would reveal a more
precise relationship between age-dependent myelination and the propagation of hippocampal
ripples.

Because we recorded hippocampal ripples exclusively from anesthetized mice, their activities
did not convey spatial information; however, we found different types of PPC neurons in terms
of AV, during ripples. Simultaneous patch-clamp recordings from multiple PPC neurons in
awake animals will bridge the gap between the diversity in the AV,, dynamics of PPC neurons
and their physiological function by, for example, illustrating the intracellular mechanisms that
determine the PPC cell population that participates in the reactivation of egocentric and allo-
centric information.
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