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The hippocampus is a key brain area to encoding and storing memories. Hippocampal place cells encode the position of an animal in
space by firing when the subject is at a specific location in the environment. Therefore, place cells are considered essential to spatial
memory and navigation. It has recently been revealed that place-cell activity is not constant even in a familiar environment, but changes
dynamically over time. However, the mechanism behind these changes in activity is not yet fully understood. In this study, the activity of
hippocampal CA1 neurons of male mice was tracked during repeated performances of a spatial task in a virtual reality environment. By
comparing place-cell ensemble representations among repeated performance of the task, the overlap rate of the active place-cell popu-
lation was found to be time dependent but independent of the number of tasks within a fixed time. These findings suggest that place codes
change automatically and at a constant speed. Furthermore, the dynamics of place-cell activity were found to be suppressed by an NMDA
receptor antagonist. In summary, the spontaneously dynamic nature of place-cell activity is at least in part regulated by NMDA receptors,
and the dynamics may encode temporal information of episodes.
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Introduction
Memories are critical to animal life. However, the method by
which memories are formed and maintained in neural networks
is poorly understood. Neural activity in individual cells has been
recorded over days, weeks, and even months in an attempt to
understand the mechanism underlying memory storage. Many
studies have focused on the hippocampus, which has been shown
to play an important role in episodic memory formation (Scoville
and Milner, 1957; Tulving and Markowitsch, 1998; Rolls, 2010;
Allen and Fortin, 2013). Some hippocampal neurons called place
cells are active at distinct locations within a given space, thus
suggesting that these cells provide the spatial information for

episodic memory (O’Keefe and Dostrovsky, 1971; O’Keefe and
Nadel, 1978; Moser et al., 2015). The prominent feature of these
cells is that they allow a quantitative assessment of neural activity
dynamics in the hippocampus. Classical electrophysiological re-
cordings have reported that some place cells in the hippocampal
CA1 area have place fields that are stable for �100 d (Thompson
and Best, 1990). By contrast, recent electrophysiological record-
ings have revealed that the activity of place cells varies with time
during repeated exposure to the same environment (Manns et al.,
2007; Mankin et al., 2012). Because of difficulties in tracking the
same neurons over a long period of time by using electrophysio-
logical recordings, the comprehensive characterization of the
neural dynamics of hippocampal cells has not been achieved us-
ing this method. However, recent advances in calcium imaging
techniques provide the ability to track large numbers of neurons
over days and weeks (Huber et al., 2012; Ziv et al., 2013). Track-
ing the activity of thousands of hippocampal CA1 cells by using
calcium imaging has revealed that the activity of place cells
changes dynamically over time, but the locations of their place
fields generally remain stable (Ziv et al., 2013). Such kinds of
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Significance Statement

Place-cell activity in the hippocampal CA1 area is not stable even in a familiar environment, but changes dynamically over time.
However, the mechanism behind these changes is unknown. Using in vivo calcium imaging, activity of CA1 neurons were tracked
during multiple sessions with variable intervals. The overlap rate of the active place-cell population was constant regardless of the
number of tasks within a fixed time. Furthermore, the dynamics were suppressed by an NMDA receptor antagonist. This NMDA
receptor-dependent, continuous change in the place-cell activity may encode temporal information of episodes.
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dynamic neural representation have also
been found in other brain areas, such as
the parietal cortex (Driscoll et al., 2017).
Theoretical work suggests that unstable
neural codes can be useful to learning be-
cause this instability prevents the settling
of learning in the local minima (Rokni et
al., 2007). Neural dynamics in the hip-
pocampus may also be important in en-
coding the temporal information of
episodes, i.e., events occurring at different
times in the same place are assigned dif-
ferent neural codes in the hippocampus
(Manns et al., 2007; Mankin et al., 2012;
Ziv et al., 2013; Rubin et al., 2015). How-
ever, the mechanism responsible for the
temporal dynamics of hippocampal activ-
ity is unknown. In the present study, the
detailed dynamics of activity in the popu-
lations of place cells and the mechanism
underlying these dynamics were investi-
gated. One possibility is that a new place
code is assigned for each new episode (Fig.
1A, left). In this case, the rate of change
would depend on the frequency of the ex-
perience. Alternatively, place codes may
change automatically and at a constant
speed (Fig. 1A, right). To distinguish be-
tween these hypotheses, the calcium activ-
ity of mouse hippocampal CA1 neurons
was imaged during the repeated perfor-
mance of a spatial memory task, and the
rates of change in the activity of place-cell
populations over multiple sessions were
measured. The contribution of NMDA
receptors to the dynamics of place-cell ac-
tivity was also tested.

Materials and Methods
Calcium imaging with a custom wide-field mi-
croscope. A custom wide-field microscope for
in vivo calcium imaging has previously been described (Hayashi et al.,
2017; Fig. 1B). Excitation light was emitted from a blue LED (LXK2-
PB14-P00, Lumileds). The light passed through an excitation filter
(FF480/40-25, Semrock) and was reflected by a dichroic mirror (FF506-
Di02-25�36, Semrock) onto the tissue through an objective lens (LUC-
Plan FLN20/0.45, Olympus). The fluorescent emissions collected by the
objective lens were passed through the dichroic mirror and an emission
filter (FF535/50 –25, Semrock). The fluorescence image was focused by a
tube lens (Nikkor 50 mm f/1.8D, Nikon) and was captured by a CMOS
camera (FL3-U3–13S2M-CS, FLIR Systems). The optical axis of the mi-
croscope was angled at 10° to be perpendicular to the pyramidal cell layer
of the CA1 hippocampal region (Fig. 1C).

Animals. All animal care and use was performed in accordance with
the protocols approved by Hokkaido University Institutional Animal
Care and Use Committee (Project License 16-0042). Adult male
C57BL/6J mice (10 –16 weeks old) were maintained on a 12 h light/dark
schedule, with lights off at 8:00 A.M. Behavioral tasks and recording
sessions occurred in the dark phase (9:00 A.M. to 3:00 P.M.).

Surgery. Cranial window preparation over the hippocampal CA1 area
followed a former description (Dombeck et al., 2010). The animals were
anesthetized using isoflurane and then injected subcutaneously with 0.1
mg/kg buprenorphine. The skull was exposed, and a small hole (�0.5
mm) was made over the right hemisphere (1.5 mm lateral to the midline,
2.3 mm posterior to the bregma). AAV1-syn-GCaMP6f-WPRE (Univer-

sity of Pennsylvania Vector Core) was diluted to 5 � 10 12 particles/ml in
PBS, and 150 nl was injected into CA1 (1.2 mm ventral from the brain
surface). One week after the viral injection, the animals were anesthetized
using isoflurane, and a 2.8-mm-diameter craniotomy was performed.
The dura was removed, and the underlying cortex was aspirated. A
stainless-steel cannula (2.76 mm outer diameter, 2.40 mm inner diame-
ter, 1.5 mm height) covered by a glass coverslip (0.12 mm thick) was
inserted over the dorsal CA1. Dental cement (Shofu) was used to glue a
titanium head plate (25 � 10 mm, 1 mm thick) to the skull.

Virtual reality system. The virtual reality (VR) system was previously
described (Hayashi et al., 2017; Figs. 1B, 2A,B). Mice ran along a virtual
linear track (1.8 m long) and received a small sugar water reward (4 �l) in an
unmarked goal zone (1.5 m from the start point of the track; Fig. 2B). The
reward was delivered immediately after the animal reached the goal zone.
Therefore, the animal did not need to memorize the position of the goal and
needed only to run through it to get the reward. Once the mice reached the
end of the track, they were transported back to the start of the track.

Behavioral training. At least 2 weeks after the cranial window implan-
tation, the mice underwent water restriction (2 ml per day) and began
training on the virtual linear track (10 or 15 min sessions per day, 5 d per
week). After 3– 4 weeks of training, mice that achieved high performance
levels (�10 rewards per single 10 min session) were used for the record-
ing session.

Pharmacology. Mice received intraperitoneal injections of either saline
or 10 mg/kg 3-[(R)-2-carboxypiperazin-4-yl)-propyl-1-phosphonic
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Figure 1. Two models for the dynamics of place-cell activity and schematic view of the experimental apparatus. A, Left, A new
place code is assigned for each new episode. In this case, the rate of change will depend on the frequency of the experience. Right,
Place codes change automatically and at constant speed. In this case, the rate will always be constant. B, Simplified schematic
representation of the imaging system. The blue line indicates the illumination pathway, and the green line indicates the light
collection pathway. Illumination light from a blue LED was collected with a condenser lens, passed through an excitation filter,
reflected off a dichroic mirror, and irradiated through an objective lens. The fluorescence image was focused on a CMOS camera. C,
Schematic representation of the experimental setup showing the chronic window implant above CA1. The optical axis of the
fluorescence microscope was angled at 10°.
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acid (CPP); Tocris Bioscience] after the first recording session and daily
thereafter for 2 d (see Fig. 6A).

Imaging sessions. The excitation light intensity was �0.04 mW/mm 2.
FlyCapture2 software (FLIR Systems) was used to capture images at 10
Hz for 10 min. The position of the blood vessels and other biological
landmarks were used to determine the imaging plane (Fig. 2C).

Image processing. ImageJ 1.49q (National Institutes of Health) and
MATLAB 2013a (MathWorks) were used for all analyses. Fluorescent
images were downsampled by a factor of four. The lateral displacements
of the brain were then corrected by image translation using TurboReg
(Thévenaz et al., 1998). An averaged image of the entire frame was used as
a reference for image alignment. Spatial filters corresponding to individ-
ual cells were identified using a principal component analysis- and inde-
pendent component analysis-based algorithm (Cellsort 1.0; Mukamel et
al., 2009). The contour of half-maximum intensity was calculated to
select spatial filters that followed a typical cell structure, and filters with
an area of contour �20 or �300 pixels or where the circularity of contour
was smaller than 0.7 were discarded.

Detection of calcium transients. Calcium activity was determined by
applying the spatial filters to the time-lapse image. The calcium tran-
sients were identified by searching each trace for the local maxima that

had a peak amplitude of more than three times the SD from the baseline
(defined as the average of the traces calculated over the entire session;
Fig. 2D).

Registration of cells across sessions. The threshold spatial filters for all
cells from each session were mapped onto a single image. Subsequently,
the other filters were aligned to the first day’s image via affine transform
using TurboReg. Following the alignment across all sessions, cell pairs
with a centroid distance �7.8 �m were registered as the same neuron.

Place fields. To analyze the place fields, calcium events that occurred
when the animal’s velocity was �1 cm/s were filtered out to eliminate
nonspecific activity at rest. The number of calcium transients in each bin
was divided by the total occupancy time of the mouse in the bin, and a
Gaussian smoothing filter was applied (� � 2 cm). The number of bins in
which a place field had a value �50% of its maximum calcium event rate
was used to determine its width. The position of the place field was
defined as its centroid.

For each place field of the cells, the mutual information between cal-
cium transients and the mouse’s location was calculated (Skaggs et al.,
1993). To assess the significance of spatial selectivity, Monte Carlo p
values were calculated. A total of 1000 distinct shuffles of the calcium
transient times were performed, and the mutual information for each
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Figure 2. Hippocampal activity during the VR task. A, View from the start point of the virtual linear track. B, Top view of the track. C, Sample image of mean fluorescence during an imaging session.
The contours of cells extracted from the fluorescent imaging movie are shown in orange circles (236 cells). D, Relative fluorescence changes (dF/F) for 12 cells. Identified calcium transients are shown
as red dots. E, Representative CA1 cell activity. Top, Place cell (mutual information � 1.7, Monte Carlo p value � 0.00); bottom, nonspecific cell (mutual information � 0.13, Monte Carlo p value �
0.48). The position of the mouse along the virtual track is shown by the blue line. Identified calcium activities during running are shown with red asterisks, and those during rest are shown with black
asterisks. F, Histograms of place-field position along the linear track. The black bar indicates the reward position.
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shuffle was calculated. The p value was defined as the fraction of shuffles
that exceeded the mutual information of the cell. Cells with p � 0.05 were
considered place cells.

Rate difference. The rate difference in the place field was determined by
calculating the unsigned rate difference between the peak calcium tran-
sient rates in the two recording sessions and by dividing the difference by
the sum of the two rates. If a cell did not have a statistically significant
place field in the second session, the rate was zero.

Population vector correlation. To compute the population vector (PV)
correlation between two sessions, the firing rate maps of all simultane-
ously recorded place cells were stacked into a 2D matrix (position � cell
identity). At each spatial bin, the firing rate vector of all cells represents
the PV for that spatial bin. To compare two recording sessions, the Pear-
son correlation coefficient was calculated between each pair of PVs at the
corresponding locations, and the correlation coefficients of all spatial
bins were averaged (Leutgeb et al., 2005).

Experimental design and statistical analysis. Calcium activity was re-
corded from 19 imaging sites in 16 mice for the long-term imaging ex-
periment or from 13 imaging sites in 13 mice for the CPP experiment.
Recordings with low image quality (blurry images or inconsistent focal
plane throughout the experiment) were discarded. Statistical analysis was
performed using GraphPad Prism 5 (GraphPad Software), MATLAB
2013a, and R v3.4.3. Data were first tested for normality by using a
Shapiro–Wilk test and for the homogeneity of variance with Bartlett’s
test or the F test. Normally distributed data with equal variance were
compared with a paired/unpaired Student’s t test or one-way repeated-
measures ANOVA followed by Tukey’s post hoc comparisons, as stated in
the figure legends. If the data were not normally distributed, nonpara-
metric tests (Mann–Whitney U test, Wilcoxon signed rank test, Kruskal–
Wallis test, Friedman test, or two-way repeated-measures ANOVA on
aligned rank transformed data) were used. Statistical significance was set
at p � 0.05 for all statistical analyses.

Results
Place-cell activity in the virtual environment
Place-cell activity in the hippocampal CA1 region was recorded
using a combination of a genetically encoded calcium indicator
GCaMP6f and wide-field fluorescent imaging (Figs. 1B,C, 2C).
The mouse was head fixed on a spherical treadmill that allowed it
to run freely (Fig. 1B). A custom VR system for rodents was used
to present spatial cues (Fig. 2A,B; Hölscher et al., 2005; Dombeck
et al., 2010; Youngstrom and Strowbridge, 2012; Hayashi et al.,
2017). The activity patterns of the hippocampal CA1 cells were
repeatedly measured in the same task with varying task intervals
(Figs. 2C,D, 3A). In all recording sessions (n � 8 recording sites,
7 mice, 172– 492 cells per site), the activity of the mice and their
reward rate did not vary (Fig. 4A,B). Approximately one-fourth
of cells exhibited location-specific activity. The basic properties
of place-cell activity such as mean calcium event rate, fraction of
cells having a significant place field, spatial information content,
number of place fields, and place-field width did not change
throughout the sessions (Fig. 4C–G). Considering that GCaMP6f
was expressed under human Synapsin I promoter, which allows
neuron-specific expression, both excitatory and inhibitory neu-
rons were imaged (Nathanson et al., 2009). However, only pyra-
midal cells were included in the analyses because inhibitory
neurons do not show clear place-specific activity (Wilson and
McNaughton, 1993). Time-lapse recordings showed that the ma-
jority of place cells were only active in a subset of sessions, as
described in previous studies (Fig. 3B; Ziv et al., 2013; Rubin et al.,
2015).

The spatial distribution of place fields was inhomogeneous, as
reported previously (Fig. 3F; Dombeck et al., 2010; Ziv et al.,
2013). Previous studies showed that the place fields of CA1 cells
accumulate around the goal zone during goal-oriented tasks
(Markus et al., 1995; Hollup et al., 2001; Dupret et al., 2010;

Gauthier and Tank, 2018). However, in the present study, place-
field density was not higher around the reward zone than around
other areas (Fig. 3F), much as in the study by Duvelle et al.
(2019).

Effect of task schedule on the dynamics of place-cell activity
First, the effects of interval between sessions on the recurrence
probability of place-cell activity were evaluated. Recurrence
probability is defined as the probability of a cell to exhibit a sta-
tistically significant place field in one session and also have a place
field in a subsequent session (Ziv et al., 2013). Time-series data
indicated that recurrence probability was higher between 1-d-
interval sessions than 3-d-interval sessions (Fig. 4C, left; F(6,42) �
18.76, p � 0.0001, n � 8 animals, one-way repeated-measures
ANOVA followed by Tukey’s post hoc test). Thereafter, the effects
of task frequency per fixed time on recurrence probability were
tested. In the first trial block, mice performed the task every day
between the recording sessions (Fig. 3A, Days 1– 4). In the second
block, mice did not perform the task between the recording ses-
sions (Fig. 3A, Days 4 –7). In the last block, mice performed the
task every day again between the recording sessions (Fig. 3A, Days
7–10). No significant difference was observed in recurrence prob-
ability among these three trial blocks, thus indicating that task
frequency had no detectable effect on the speed of change of
place-cell activity (Fig. 3C, middle; F(2,14) � 1.9, p � 0.19, n � 8
animals, one-way repeated-measures ANOVA). One reason for a
cell to switch from place cell to non-place cell could be a change in
its activity level. To test this possibility, we tested the calcium
transient rates of the cells showing place-cell activity for at least
1 d. The rates for sessions when they did and did not exhibit
place-cell activity are shown as “Place cell (PC) sessions” and
“Non-PC sessions”, respectively. For each cell, the calcium event
rate was higher when it showed place-cell activity than when it
did not (Fig. 3E; U � 9,199,000, p � 0.0001, n � 6550 sessions for
PC sessions, n � 18170 sessions for Non-PC sessions, Mann–
Whitney U test). The result indicates that the change of place-cell
activity is mainly due to the change of mean activity rate and not
the spatial specificity of firing. The change of place-cell activity
between sessions was also assayed by comparing the peak calcium
transient rate in the place field. For this purpose, the normalized
change in calcium transient rate (rate difference: unsigned rate
difference divided by rate sum) was used (Leutgeb et al., 2005).
Time-series data indicated a higher rate difference between 3-d-
interval sessions (Fig. 3D, left; H � 62.81, p � 0.0001, n � 895–
702 cells, Kruskal–Wallis test followed by Dunn’s post hoc test).
These results were consistent with higher recurrence ratios in
3-d-interval sessions compared with 1-d-interval sessions. The
comparison of the rate difference in different task frequencies
resulted in a significant but small difference between sessions
(Fig. 3D, middle; H � 9.797, p � 0.0075, n � 856 –702 cells,
Kruskal–Wallis test followed by Dunn’s post hoc test). Although
the task frequency did not have an effect on place-cell activity at
the population level (Fig. 3C, middle), the result suggests that task
frequency had an effect on the activity at cellular level. Compar-
isons between the first day and each day indicated that recurrence
probability and rate difference exhibited a monotonic decrease
and increase, respectively, with time (Fig. 3C, right, D, right).

To assess the effect of visual landmarks or rewards on the
dynamics of place-cell activity, the relationship between place-
field location and the recurrence probability was analyzed. As
shown in Figure 3F, the recurrence probability of the place cells
was not dependent on their place-field location (F(17,126) � 1.53,
p � 0.094, n � 8 animals, one-way repeated-measures ANOVA).
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Figure 3. Long-term imaging of CA1 place-cell activity. A, Experimental timeline. After at least 3 weeks of pretraining, a series of four recording sessions was conducted on Days 1– 4; another
series of four recording sessions was conducted on Days 7–10. B, Place-field maps for the same cells on multiple days of the recording session. Maps are ordered by the place fields’ centroid position
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probability between first day session and other sessions. D, Left, Changes in the peak transient rates (rate difference) for adjacent sessions. Middle, Rate difference for sessions with a 3 d interval.
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position. The black bar indicates the reward position. Data are shown as mean � SEM. Asterisks indicate significant differences: *p � 0.05, **p � 0.01, ***p � 0.001; otherwise not significant.
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Thereafter, the effects of time and task
frequency on place-field stability were
evaluated. No significant difference was
found in place-field shift when either the
interval or task frequency was varied
(Fig. 5A,B, left; F(6,42) � 1.622, p � 0.17,
n � 8 animals, one-way repeated-
measures ANOVA; and B, right; F(2,14) �
0.63, p � 0.55, n � 8 animals, one-way
repeated-measures ANOVA). Another
measure of place-field stability, namely,
PV correlation, was not different between
sessions with 1- and 3-d-intervals (Fig.
5C, left; Q � 3.536, p � 0.74, n � 8 ani-
mals, Friedman test). Furthermore, the
task frequency did not affect the PV cor-
relation between sessions (Fig. 5C, right;
Q � 4.00, p � 0.15, n � 8 animals, Fried-
man test). These results are consistent
with previous observations indicating that
the place-field location for familiar envi-
ronments is generally stable over time
(Thompson and Best, 1990; Lever et al.,
2002; Ziv et al., 2013). To characterize the
dependence of place-field location on sta-
bility, the place-field locations for two
consecutive sessions were plotted (Fig.
5D). The place fields around the start and
end were more stable than those in other
areas. However, the place fields around
the reward zone did not show higher
stability.

Effect of NMDA receptor antagonism
on the dynamics of place-cell activity
NMDA receptors have been identified as
an important molecule in both synaptic
plasticity and hippocampal memory
(Malenka and Nicoll, 1993; Steele and
Morris, 1999; Nakazawa et al., 2004). Pre-
vious studies have shown that the inhibi-
tion of NMDA receptors sustains LTP at
perforant path– dentate gyrus synapses
and promotes the retention of hippocam-
pal memory (Villarreal et al., 2002; Shino-
hara and Hata, 2014; Sachser et al., 2016).
These studies have led to the idea that the
change in place-cell activity might also be
an NMDA receptor-dependent process.
To test this hypothesis, the NMDA recep-
tor antagonist CPP was systemically
administered straight after the first re-
cording session and daily thereafter for 2 d
(Fig. 6A). The drug administration had no
effect on either running speed or reward
rate (Fig. 6K,L). The recurrence probabil-
ity of place-cell activity for the 3-d-
interval was significantly increased in the
CPP group compared with the saline
group (Fig. 6B; U � 2, p � 0.032, n � 5
mice for saline, n � 5 mice for CPP, Man-
n–Whitney U test). The rate difference in
the CPP group was lower than that in the
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saline group (Fig. 6C; U � 76390, p � 0.0005, n � 514 cells for
saline, n � 344 cells for CPP, Mann–Whitney U test). These
results indicated that NMDA receptor antagonism interfered
with the change in place-cell activity. At the same time, no signif-
icant difference was observed in the amount of place-field shift
between the saline and CPP groups (Fig. 6D; U � 1, p � 1.0, n �
5 mice for saline, n � 5 mice for CPP, Mann–Whitney U test).
The PV correlation between the two sessions was also found to be
the same between the saline and CPP groups (Fig. 6E; U � 1, p �
1.0, n � 5 mice for saline, n � 5 mice for CPP, Mann–Whitney U
test). Although CPP had no effect on place-cell properties includ-
ing mean calcium event rate (Fig. 6F), number of place field per
cell (Fig. 6G), or place-field width (Fig. 6H), it had a significant
effect on place-cell ratio (Fig. 6I) and spatial information content
(Fig. 6J). These results suggest that NMDA receptor antagonism
affects not only the recurrence rate of place cells but also some
place-cell properties.

Discussion
The activity of hippocampal CA1 neurons was tracked during the
repeated performances of a spatial task. By comparing the place-
cell ensemble representations among repeated performance of
the task, the overlap rate of the active place-cell population was
found to be independent of the number of exposures to the en-
vironment within a fixed time but was dependent on elapsed
time. The administration of an NMDA receptor antagonist sup-
pressed this change in place-cell activity.

Effect of task frequency on the dynamics of place-cell activity
A previous long-term imaging study has shown that an active
population of hippocampal CA1 place cells changes dynamically
over time even when the animal is repeatedly exposed to a famil-
iar environment (Ziv et al., 2013). In that study, place-cell activity
was repeatedly measured with a constant interval. Therefore, it
could not be determined whether the change of place-cell activity
was triggered by the task sessions or if the activity changed auto-
matically and continuously (Fig. 1A). To answer this question,
place-cell activity in the CA1 area was recorded repeatedly at
variable time intervals. The experiments determined that the rate
of change of place-cell activity was constant regardless of the task
frequency (Fig. 3C,D). These results support the constant rate
model (Fig. 1A, right). This constant rate of change in place-cell
activity provides support for the idea that place-cell dynamics
work as a time code for memories of multiple events (Manns et
al., 2007; Mankin et al., 2012; Ziv et al., 2013; Rubin et al., 2015;
Cai et al., 2016). According to this hypothesis, the temporal prox-
imity of any two episodes is encoded as the overlap rate of the
active CA1 population. However, it cannot be denied that there
are other factors modulating the rate of change in place-cell ac-

tivity. One possible candidate is adult neurogenesis in the dentate
gyrus of the hippocampus (Zhao et al., 2008). Although the pop-
ulation of newborn neuron is small in number (Kempermann et
al., 1997a), they are more active than mature neurons (Danielson
et al., 2016) and are known to have highly plastic synapses 4 – 6
weeks after generation (Ge et al., 2007). Therefore, these neurons
may affect the dynamics of neural activity and hippocampal-
based memory. In fact, new neurons in the dentate gyrus have
been shown to play a significant role in synaptic plasticity and
memory function (Clelland et al., 2009; Sahay et al., 2011; Na-
kashiba et al., 2012; Akers et al., 2014). Researchers have found
that the rate of neurogenesis can be modulated by exercise, envi-
ronmental enrichment, and stress (Gould et al., 1997; Kemper-
mann et al., 1997b; van Praag et al., 1999). Therefore, these
treatments may alter the rate of change in place-cell activity.

Does the decrease of overlap rate in place-cell population for
longer intervals (Fig. 3C) affect the retention of spatial memory?
The task used in this study did not require spatial memory; there-
fore, we could not behaviorally assess whether the interval length
(1 vs 3 d) affects the memory quality. However, using in vivo
calcium imaging and Bayesian decoding analysis, a previous
study showed that the ensemble activity of CA1 cells retain a
stable spatial representation for a month despite their activity
dynamically changing over time (Ziv et al., 2013). This stable
spatial representation by the CA1 cells results from their place
fields having stable spatial tuning (Figs. 3B, 5A). Therefore, de-
spite the smaller overlap in the place-cell population for longer
intervals, spatial representation in the CA1 is likely preserved.

Involvement of NMDA receptors in the dynamics of place-
cell activity
NMDA receptors are important in regulating synaptic plasticity
and controlling memory function (Morris et al., 1986; Malenka
and Nicoll, 1993). A number of studies have shown that blocking
NMDA receptors impairs memory acquisition (Morris et al.,
1986; Morris and Frey, 1997). In addition, the systemic adminis-
tration of NMDA receptor antagonist impairs the acquisition of
stable place code for novel environment (Kentros et al., 1998;
Silva et al., 2015). Furthermore, several articles have reported that
NMDA receptors are involved in memory retention. The antag-
onists of NMDA receptors block the decay of LTP in the per-
forant path– dentate gyrus synapses and enhance spatial memory
retention (Villarreal et al., 2002; Shinohara and Hata, 2014; Sach-
ser et al., 2016). These studies led to an idea that the rate of change
of place-cell activity is also an NMDA receptor– dependent pro-
cess. In the present study, the NMDA receptor blockade CPP
reduced the speed of change in place-cell activity (Fig. 6B,C),
thus indicating that NMDA receptors play an important role in
the dynamics of CA1 neural ensembles. In the experiments pre-
sented here, rate difference in the CPP group was lower than that
in the saline group (Fig. 6C), which would be the main cause of
the increase of recurrence probability for the CPP group. In ad-
dition to this, the place-cell ratio for the CPP group was �20%
higher than that for the saline group (Fig. 6I). This also partly
contributed to a �1.4-fold increase of recurrence probability for
the CPP group (Fig. 6B).

In the present study, the NMDA receptor antagonist was sys-
temically administered; therefore, the synapses critical for the
effect of the drug on the place-cell activity dynamics remain to be
identified. Moreover, whether the same synapses in the brain
govern the stability of the place code for both familiar and novel
environments is unclear. Previous studies revealed that the hip-
pocampal subregion-specific loss of NMDA receptor function

4

(Figure legend continued.) content of place cells per unit time. Significance was evaluated by
two-way repeated-measures ANOVA on aligned rank-transformed data; main effect of drug:
F(1,8) � 5.3, p � 0.050; time: F(1,8) � 2.1, p � 0.19; and interaction: F(1,8) � 8.3, p � 0.02;
n � 5 animals for saline, and n � 5 animals for CPP. K, Running speed at each recording
session. Significance was evaluated by two-way repeated-measures ANOVA on aligned rank-
transformed data; main effect of drug: F(1,8) � 0.23, p � 0.65; time: F(1,8) � 0.17, p � 0.69;
and interaction: F(1,8) � 2.8, p � 0.13; n � 5 for saline, n � 5 for CPP). L, Number of rewards
for each session. Significance was evaluated by two-way repeated-measures ANOVA on aligned
rank-transformed data; main effect of drug: F(1,8) � 0.18, p � 0.68; time: F(1,8) � 0.15, p �
0.71; and interaction: F(1,8) � 2.7, p � 0.14; n � 5 for saline, n � 5 for CPP). Data are shown
as mean � SEM, unless otherwise indicated. Asterisks indicate significant differences: *p �
0.05, **p � 0.01, ***p � 0.001; otherwise, it is not significant.
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using the Cre/loxP system had different effects on place-cell
properties in the hippocampus (McHugh et al., 1996, 2007; Na-
kazawa et al., 2002). As well as within the hippocampus, brain
regions sending input to the hippocampus such as entorhinal
cortex affect the place-cell properties in the CA1 (Brun et al.,
2008; Hales et al., 2014; Schlesiger et al., 2015). Similarly, within
the hippocampus, the brain regions sending input to the hip-
pocampus, such as the entorhinal cortex, affect the place-cell
properties in the CA1 (Brun et al., 2008; Hales et al., 2014;
Schlesiger et al., 2015). In addition, glutamatergic neurons as well
as GABAergic interneurons have a significant impact on the ac-
tivity of place cells in the CA1 (Royer et al., 2012). However, the
sites responsible for days-to-weeks scale dynamics of place-cell
activity have not still been identified. Therefore, using the brain
region- or cell-type-specific manipulation of NMDA receptor
function, the synapses controlling the place-cell dynamics in the
CA1 remain to be identified in the future.

Dynamic changes in place-cell activity and stable
place representation
The synapse is widely believed to be the site for information
storage in the brain (Frey and Morris, 1997; Mayford et al., 2012).
A recent imaging study revealed that the synaptic turnover rate in
hippocampal CA1 cells is very high, with an estimated lifetime of
�1–2 weeks (Attardo et al., 2015). This highly dynamic nature of
synaptic turnover may be the basis for fluctuations in place-cell
activity. On the contrary, although the activity of place cells
changes dynamically over time, their place fields are generally
stable over days and weeks (Ziv et al., 2013; Rubin et al., 2015).
Moreover, the present study demonstrated that these changes in
place fields are not affected by elapsed time (Fig. 5B, left), task
frequency (Fig. 5B, right), or NMDA receptor blockade (Fig. 6B).
This highly stable nature of the place field suggests the existence
of a mechanism that stabilizes place fields against the continuous
synaptic modifications that occur in the hippocampus.
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Thévenaz P, Ruttimann UE, Unser M (1998) A pyramid approach to subpixel
registration based on intensity. IEEE Trans Image Process 7:27– 41.

Thompson LT, Best PJ (1990) Long-term stability of the place-field activity
of single units recorded from the dorsal hippocampus of freely behaving
rats. Brain Res 509:299 –308.

Tulving E, Markowitsch HJ (1998) Episodic and declarative memory: role
of the hippocampus. Hippocampus 8:198 –204.

van Praag H, Kempermann G, Gage FH (1999) Running increases cell pro-
liferation and neurogenesis in the adult mouse dentate gyrus. Nat Neuro-
sci 2:266 –270.

Villarreal DM, Do V, Haddad E, Derrick BE (2002) NMDA receptor antag-
onists sustain LTP and spatial memory: active processes mediate LTP
decay. Nat Neurosci 5:48 –52.

Wilson MA, McNaughton BL (1993) Dynamics of the hippocampal ensem-
ble code for space. Science 261:1055–1058.

Youngstrom IA, Strowbridge BW (2012) Visual landmarks facilitate rodent
spatial navigation in virtual reality environments. Learn Mem 19:84 –90.

Zhao C, Deng W, Gage FH (2008) Mechanisms and functional implications
of adult neurogenesis. Cell 132:645– 660.

Ziv Y, Burns LD, Cocker ED, Hamel EO, Ghosh KK, Kitch LJ, El Gamal A,
Schnitzer MJ (2013) Long-term dynamics of CA1 hippocampal place
codes. Nat Neurosci 16:264 –266.

5182 • J. Neurosci., June 26, 2019 • 39(26):5173–5182 Hayashi • NMDAR-Dependent Temporal Dynamics of Place Cells


	NMDA Receptor-Dependent Dynamics of Hippocampal Place Cell Ensembles
	Introduction
	Materials and Methods
	Results
	Discussion
	References


