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Abstract
Background and Objective: Sharp waves (SWs)/ripples are high-frequency oscillations emitted by the hippocampus mainly during
slow-wave sleep or quiet rest states and contribute to offline memory consolidation. They are thought to be initiated in the CA3 subregion
and propagate to the downstream regions, including the CA1 area, the subiculum and the entorhinal cortex. At the same time, they also
propagate from the CA3 subregion back to the dentate gyrus. However, neither the role of the CA3-to-DG backpropagation nor its circuit
mechanism has been fully understood. Hilar mossy cells receive direct synaptic inputs from CA3 pyramidal cells and make synaptic
connections with granule cells in the dentate gyrus. Methodology: The synaptic inputs to mossy cells and granule cells in response to
SWs were investigated by using whole-cell recordings and extracellular recordings from acute brain slices that spontaneously emit SWs,
therefore, mossy cells or granule cells were patch-clamped, while recording the local field potentials from the CA3 stratum pyramidale.
Results: Results of this study showed that the mossy cells exhibited excitatory synaptic responses to SWs earlier than granule cells. The
time lags of EPSPs relative to the SW onsets were 7.3±3.9 msec in mossy cells and 15.7±7.8 msec in granule cells (SDs of 10 and 3 cells,
respectively, p = 0.023, studentʼs t-test). Furthermore, the ratio of the SW responsive cells was significantly higher in the mossy cells than
the granule cells (mossy cell: 10/17 cells, granule cell: 3/15 cells, p = 0.036, Fisherʼs exact test). Conclusion: It can be concluded that the
synaptic responses of mossy cells to SWs were likely stochastic but more reliable than those of granule cells. Our findings shed light on
a novel mechanism underlying the SW backpropagation and provide a new perspective about memory consolidation.
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out of 48 mice sacrificed. One to three slices per mouse were

INTRODUCTION

used in the experiments. All efforts were made to minimize the
animalsʼ suffering and the number of animals used.

Hippocampal sharp waves (SWs)/ripples spontaneously
1,2

occur in the hippocampus and are believed to contribute to
memory consolidation3 because inhibiting SWs/ripples during

SW detection: The SWs were detected by thresholding filtered

post-training rest periods impairs the performance in spatial

traces on the basis of the signal-to-noise ratio. To detect SWs,

4

memory task . The extensive recurrent collateral system of

LFP traces were band-pass filtered at 2-30 Hz and SW peak

pyramidal cells in the CA3 area plays a role in the initiation of

times were determined at a threshold at above the

SWs/ripples. The SWs/ripples are then transmitted to the CA1

mean+5×SD of the baseline noise. The SW onset times were

area through the Schaffer collaterals5. However, CA3 pyramidal

determined at a threshold at above the mean+SD within

cells elaborate axonal collaterals in the opposite direction to

50 msec before the SW peak time. The detected events were

6

the Schaffer collaterals and project back to the dentate hilus .

scrutinized by eye and manually rejected if they were

The synaptic activity through the backward projection has

erroneously detected.

been evaluated mainly by electrical stimulation and how these
synapses are activated during spontaneous activity remains

Slice preparation: Acute slices were prepared from the medial

unclear. To address this question, the researchers focused on

to ventral part of the hippocampal formation. Postnatal

SWs, which occur spontaneously in the CA3 subregion and

21-30 day old male ICR mice were deeply anesthetized with

backpropagate to the dentate gyrus. This study identified

isoflurane and decapitated. The brains were rapidly removed

mossy cells in the dentate hilus as candidate cells that

and horizontally sliced (400 µm thick) at an angle of 12.7E to

mediated the SW backpropagation because these neurons are
likely the only type of excitatory neurons that receive direct

the fronto-occipital axis using a vibratome and an ice-cold
oxygenated (95% O2, 5% CO2) cutting solution consisting of

synaptic inputs from CA3 pyramidal cells. In addition, the

(in mM) 222.1 sucrose, 27 NaHCO3, 1.4 NaH2PO4, 2.5 KCl,

axonal fibers of the mossy cells are enriched in the inner

1 CaCl2, 7 MgSO4 and 0.5 ascorbic acid. This cutting angle

one-third of the molecular layer and innervate the proximal

preserved more Schaffer collaterals in the slices11. One to three

7-9

dendrites of granule cells . A recent study has demonstrated

slices per mouse were used in the experiments. Slices were

that mossy cells cannot only excite granule cells but can also

incubated at 37EC for 30 min and were maintained for at least

indirectly inhibit them by activating nearby GABAergic

1.0 h at room temperature in a submerged chamber filled with

interneurons10. Thus, the synaptic inputs to mossy cells and

oxygenated artificial cerebrospinal fluid (aCSF) containing (in

granule cells in response to SWs were investigated by using

mM) 127 NaCl, 3.5 KCl, 1.24 NaH2PO4, 1.3 MgSO4, 2.4 CaCl2, 26

whole-cell recordings and extracellular recordings from acute

NaHCO3 and 10 d-glucose.

brain slices that spontaneously emit SWs 11.

In vitro electrophysiology: Recordings were performed in a
MATERIALS AND METHODS

submerged chamber perfused at 8 mL minG1 with oxygenated
aCSF at 33-35EC. Whole-cell current-clamp recordings were

Animal ethics: Animal experiments were performed with the

obtained from hilar mossy cells and dentate granule cells in

approval of the animal experiments ethics committee at the

the dentate gyrus visualized with infrared-differential

University of Tokyo (approval No. P24-8) and according to the

interference contrast microscopy (IR-DIC). Patch pipettes

University of Tokyo guidelines for the care and use of

(3-8 MS) were filled with a potassium-based solution

laboratory animals. These experimental protocols were

consisting of (in mM) 135 potassium gluconate, 4 KCl,

conducted in accordance with the Fundamental Guidelines

10 HEPES, 10 creatine phosphate, 4 Mg-ATP, 0.3 Na3-GTP,

for the Proper Conduct of Animal Experiments and Related

0.3 EGTA and 0.2% biocytin. Local field potentials (LFPs) were

Activities in Academic Research Institutions (Ministry of

recorded from the CA3 stratum pyramidale using borosilicate

Education, Culture, Sports, Science and Technology, Notice

glass pipettes (0.6-1 MS) filled with aCSF. Once a satisfactory

No. 71 of 2006), the Standards for Breeding and Housing and

whole-cell recording was obtained, the firing properties of the

Pain Alleviation for Experimental Animals (Ministry of the

neuron were identified by applying an 800 msec current from

Environment, Notice No. 88 of 2006) and the Guidelines on the

-200 to +200 pA at steps of 50 pA. For each neuron, spike

Method of Animal Disposal (Prime Ministerʼs Office, Notice

responses to a brief inward current were examined. The data

No. 40 1995). Whole-cell recordings were made from 25 mice,

were recorded for 100-300 sec and were used only when the
2
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0.4% NeuroTrace 435/455 Blue Fluorescent Nissl Stain
(Thermo Fisher Scientific; N21479) for overnight at 4EC.
Fluorescent images were acquired using a confocal
microscope (FV1200 Olympus, Tokyo, Japan) and were
subsequently merged.

membrane potential was stabled (Z-scores of the mean of
membrane potentials per 30 sec were between -2 and 2). The
signals were digitized at 20 kHz and were filtered with a band
of 1-1,000 Hz. The EPSPs were detected at a threshold at
above 1 mV, defined as noise level. To define the SW
onset-triggered EPSPs, only the single EPSP that had the
highest amplitude was selected during a period of ±100 msec
from each SW onset time. The peak latency was determined
by computing the peak time from Gaussian-filtered traces and
the time lag was calculated from the SW onset time. To
analyze the SW participation probability, the 99% confidence
interval was estimated in randomly phase-shifted timings of
EPSPs for shuffled surrogates from each cell. Data were
analyzed offline using custom-made MATLAB routines
(Math Works, Natick, MA) and the summarized data were
reported as the means±standard deviations (SDs) unless
otherwise noted. The p<0.05 was considered statistically
significant.

RESULTS
The membrane potentials were recorded from mossy
cells or granule cells while the local field potentials were
recorded from the CA3 stratum pyramidale (Fig. 1, left).
Reconstructed post hoc recorded neuron and visualized by a
confocal microscope. The morphology of the recorded
cells was confirmed using biocytin reconstruction and
counterstaining with NeuroTrace Nissl (Fig. 1, right). The SWs
occurred spontaneously in all acute slices used. The
whole-cell recordings were obtained from a total of 17 mossy
cells and 15 granule cells. To ensure the reliability of the
electrophysiological experiments, the verification was
conducted so that each data passed rejection criteria. Under
I = 0 conditions, the mean resting potentials of the mossy cells
and granule cells were -61.2±4.3 mV and -70.8±4.8 mV,
respectively (mean±SD of 17 and 15 cells, respectively,
p = 1.53×10G6, t30 = 5.97, Studentʼs t-test). The membrane
capacitances were 131.3±25.8 pF in mossy cells

Histology: For the visualization of patch-clamped neurons, the
slices were fixed in 4% paraformaldehyde and 0.05%
glutaraldehyde at 4EC overnight. After the solution was
washed out, the sections were incubated with 0.2% Triton
X-100, streptavidin-Alexa Fluor 594 conjugate (1:500) and

(a)

Mossy cell (MC)
Vm

LFP

(b)

50 mV
400 pA
200 msec
Nissl
biocytin

Granule cell (GC)
Vm

50 mV
400 pA
200 msec
LFP

Fig. 1(a-b): Experimental designs. LFPs were recorded from the hippocampal CA3 subregion. (a) Left: A mossy cell (MC) was
current-clamp recorded and biocytin was injected through a whole-cell pipette. Right: The recorded neuron was
reconstructed post-hoc and was visualized by a confocal microscope (red). The section was counterstained with
NeuroTrace (blue) and (b) Same as MC but for a granule cell (GC)
3
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Fig. 2(a-b): Mossy and granule cells were divided into responsive and nonresponsive to SW. The representative traces
demonstrate membrane potentials (top) and LFPs (middle) of (a) Mossy cells and (b) Granule cells. The wavelet
spectrums of LFPs were shown (bottom). Left: Responsive cells, Right: Nonresponsive cells. Each cell number is linked
to Fig. 3c. The boxed parts are magnified in the insets, in which the LFP traces are band pass-filtered between
2-30 Hz and 150-250 Hz
and 49.2±18.9 pF in granule cells (p = 3.25×10G11, t30 = 10.18,
studentʼs t-test). The membrane resistances were
145.6±39.3 MS in mossy cells and 348.0±244.1 MS in
granule cells (p = 1.95×10G3, t30 = 3.40, Studentʼs t-test). The
representative traces of membrane potentials and LFPs are
shown in Fig. 2. Occasional source events in LFP traces were a
complex of ripples and SWs (Fig. 2a, b, left, inset). In both
mossy cells and granule cells, some neurons were depolarized
during SWs (Fig. 2a, b, left), whereas others exhibited no
obvious responses to SWs (Fig. 2a, b, right).
To define this disparity of the membrane potential
responses during SWs, the researchers focused on the
response of individual cells. The representative histograms
showed the EPSP frequency during the ±100 msec period
relative to the SW onset in both responsive cells (Fig. 3a, b,
left) and nonresponsive cells (Fig. 3a, b, right). The SW
participation probability was defined as the ratio of the

number of SWs that was accompanied by at least one EPSP to
that of the total number of the recorded SWs. The probabilities
were compared to that of 10,000 randomly generated
surrogates. Among17 mossy cells and 15 granule cells, 10 and
3 cells, respectively, exhibited the SW participation
probabilities that were significantly higher than the 99%
confidence interval (Fig. 3c). These cells were defined as
responsive cells and were thought to be activated by the
CA3-to-DG SW backpropagation. The ratio of the responsive
cells was significantly higher in the mossy cells than the
granule cells (Fig. 3d, p = 0.036, Fisherʼs exact test). The time
lags of EPSPs relative to the SW onsets were 7.3±3.9 msec in
mossy cells and were significantly shorter than 15.7±7.8 msec
in granule cells (Fig. 3e, SDs of 10 and 3 cells, respectively,
p = 0.023, t11 = 2.64, Studentʼs t-test). Therefore, mossy cells
participated in the SW backpropagation more frequently than
granule cells.
4
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Fig. 3(a-e): Mossy cells participate more frequently in the SW backpropagation. The representative histograms of the EPSP
frequencies during ±100 msec relative to the SW onsets. Responsive (left) and nonresponsive (left) cells of (a) Mossy
cells and (b) Granule cells were shown, (c) Mossy cells participated more frequently in SWs than granule cells. Red
circles indicate responsive cells. Gray bars indicate the 99% confidence intervals of the corresponding cells, (d) Mossy
cells were more responsive to SWs than granule cells. *p = 0.036, Fisherʼs exact test and (e) In responsive cells, the
timings of the EPSP onsets relative to the SW onsets were compared between mossy and granule cells. *p = 0.023,
t11 = 2.64, Studentʼs t-test, n = 10 mossy cells and 3 granule cells
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Fig. 4(a-b): SW amplitudes correlate to the EPSP probabilities and the EPSP amplitudes in mossy and granule cells. (a) SW
participation probabilities were correlated roughly positively with the SW amplitudes and (b) EPSP amplitudes were
correlated positively with the SW amplitudes. Mossy cell: p = 7.15×10G3, granule cell: p = 3.11×10G5,
Jonckheere-Terpstra trend test, n = 10 mossy cells and 3 granule cells
EPSPs immediately after the generation of CA3 SWs, whereas
others exhibited no apparent responses. Mossy cells were
more SW-responsive than granule cells and the activation of
mossy cells was faster than that of granule cells. Thus, mossy
cells are likely to play a more major role in the SW
backpropagation.
Previous studies have demonstrated that mossy cells
receive large barrages of synaptic inputs induced by fimbria
stimulation12,13. Consistent with these studies, spontaneous
activity may also efficiently activate mossy cells. Compared to
mossy cells, granule cells exhibited more static membrane
potentials and were less activated by SWs. This may be merely
because mossy cells are activated monosynaptically by CA3
pyramidal cells whereas granule cells are activated
disynaptically via mossy cell activity. However, another
explanation is possible. Mossy cells are known to modulate
excitatory as well as inhibitory synaptic inputs to the dentate

The SWs varied in amplitude from event to event (Fig. 2).
This variation may reflect the activity levels or the activity
patterns in CA3 neurons. The researchers thus focused on
individual SW events and examined how the amplitudes of
SWs influence on the probabilities of SW-triggered EPSPs in
mossy cells and granule cells. Indeed, the EPSP-occurrence
probabilities increased with the SW amplitudes (Fig. 4a).
Furthermore, when EPSPs occurred in response to SWs, the
EPSP amplitudes were also correlated positively with the SWs
amplitudes (Fig. 4b, mossy cell: p = 7.15×10G3; granule cell:
p = 3.11×10G5; Jonckheere-Terpstra trend test).
DISCUSSION
The findings in the present study indicated that the mossy
cells and granule cells were separated into two groups based
on their responses to SWs; some neurons responded with
6
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gyrus9. Thus, mossy cells activated during SWs may thereafter

SIGNIFICANT STATEMENT

activate GABAergic interneurons in the hilus and inhibit the
Sharp waves (SWs)/ripples initiated in the CA3 subregion
are transmitted to the CA1 subregion and also back to the
dentate gyrus. Although it is known that this backpropagation
has a crucial role in memory, the mechanism is not completely
understood. The contributions of mossy cells and granule
cells to the SW backpropagation were investigated using
whole-cell recordings and extracellular recordings. The
findings suggest that mossy cells play a major role in relaying
SWs backward to the dentate gyrus.

SW propagation to the granule cells. Incidentally, CA3c
neurons are reported to make collateralization not only in the
hilus but also in the granule cell layer and inner molecular
layer9. Therefore, it is possible that a portion of the granule
cells received monosynaptic inputs from CA3 neurons during
SWs.
To our knowledge, this study is the first to record the
synaptic responses to SWs in mossy cells and granule cells.
These cells exhibited diverse responses during SWs. The
variability suggests that a few select cells participate in the SW
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