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Impairment of episodic memory, a class of memory for spatiotemporal context of an event, is an early symptom of
Alzheimer’s disease. Both spatial and temporal information are encoded and represented in the hippocampal neurons, but
how these representations are impaired under amyloid b (Ab) pathology remains elusive. We performed chronic imaging of
the hippocampus in awake male amyloid precursor protein (App) knock-in mice behaving in a virtual reality environment to
simultaneously monitor spatiotemporal representations and the progression of Ab depositions. We found that temporal rep-
resentation is preserved, whereas spatial representation is significantly impaired in the App knock-in mice. This is because of
the overall reduction of active place cells, but not time cells, and compensatory hyperactivation of remaining place cells near
Ab aggregates. These results indicate the differential impact of Ab aggregates on two major modalities of episodic memory,
suggesting different mechanisms for forming and maintaining these two representations in the hippocampus.
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Significance Statement

Spatiotemporal memory impairments are common at the early stage of Alzheimer’s disease patients. We demonstrate the dif-
ferent impairment patterns of place and time cells in the dorsal hippocampus of head-fixed App knock-in mouse by in vivo
two-photon calcium imaging over months under the virtual reality spatiotemporal tasks. These results highlight that place
cells were preferentially and gradually damaged by nearby Ab aggregates, whereas time cells were less vulnerable. We further
show these impairments were because of neuronal hyperactivity that occurs near the Ab deposition. We suggest the differen-
tial and gradual impairment in two major modalities of episodic memory under Ab pathology.

Introduction
Alzheimer’s disease (AD) is the most common type of dementia
characterized by gradual memory dysfunctions. One early clini-
cal symptom of AD is the impairment of episodic memory, a
memory of the place and time of an event (Morris et al., 1982;
Ergorul and Eichenbaum, 2004; Carrasco et al., 2000; Kraus et

al., 2013; Moodley et al., 2015). The hippocampus is a crucial
brain region for the formation of episodic memory. In the hippo-
campus, place cells encode an animal’s position by firing at a spe-
cific location and provide the basic elements for forming a
cognitive map of a context (O’Keefe and Dostrovsky, 1971;
O’Keefe and Nadel, 1978; Cacucci et al., 2008; Zhao et al., 2014;
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Cayzac et al., 2015; Mably et al., 2017). The hippocampus also
bears time cells that fire sequentially in a temporally defined task
in context-specific manner (Pastalkova et al., 2008) and are
implicated in the perception of seconds-order time intervals
(MacDonald et al., 2011, 2013). At this point, it is not clear
whether time cells are involved in memory of episodes that typi-
cally have a long duration of time. Nevertheless, understanding
whether these two classes of cells are differently affected by AD
pathologies such as Ab accumulation will be of great clinical
importance.

Early reports showed place cell dysfunctions in AD model
mice such as declined intersession stability, disrupted remapping,
and expanded field size (Zhao et al., 2014; Mably et al., 2017; Jun
et al., 2020). However, these studies have several limitations.
First, the results were obtained by using tetrode recording in
acute experiments, which is significantly limited in duration
compared with the progression of the disease. The number of
observed cells was limited. Also, there is no spatial information
in relation to the pathologic changes. In contrast, AD pathology
develops over decades even before the typical clinical or behav-
ioral symptom manifests itself (Sasaguri et al., 2017). Early
changes might be subtle and only occur in a small subset of neu-
rons near the initial site of deposition or future sites of the depo-
sition. Previous studies have focused on changes occurring at
specific time points between control and AD model mice; how-
ever, longitudinal monitoring of large populations of neurons
have the potential to be more informative and better identify
long-term changes in activity and how these develop over time
in relation to the pathologic changes (Berkowitz et al., 2018;
McQuail et al., 2021). Likewise, such techniques are a prerequi-
site for identifying changes in neuronal properties occurring
across distributed populations of neurons, such as synchronous
firing, which cannot be detected unless a sufficiently large num-
ber of neurons are monitored simultaneously.

To capture a holistic view of the impact of Ab pathology on
the circuit activity, we used two-photon microscopy to visualize
the activity of;1000 neurons per animal and Ab depositions in
the dorsal hippocampal CA1 region of awake head-fixed knock-
in mice carrying humanized App with Arctic, Swedish, and
Beyreuther/Iberian mutations crossed with Thy1-G-CaMP7-
T2A-DsRed2 animals (Saito et al., 2014; Sato et al., 2020).
Serendipitously, this animal allows for fluorescent detection of
Ab depositions in live, unstained brain tissue. By placing this ani-
mal in a virtual reality setup, we found that place cells were
impaired in the hippocampus especially in the vicinity of Ab dep-
ositions, whereas time cells were more resilient, suggesting distinct
mechanisms for the formation of spatial- and temporal-encoding
cells. This is the first longitudinal observation of hippocampal ac-
tivity at the single-cell level simultaneous while monitoring Ab
accumulation, providing versatile information to understand the
pathogenesis of episodic memory in AD as well as revealing a
therapeutic target or timing for this intractable disease.

Materials and Methods
Animals. Animal experiments were carried out in accordance with

the institutional guidelines and protocols approved by RIKEN and
Kyoto University. The animals were maintained on a 12 h light/12 h
dark cycle. The behavioral experiments were performed in the dark
phase. AD model mice were male single App knock-in that carry the
Arctic, Swedish, and Beyreuther/Iberian mutations (AppNL-G-F/NL-G-F; Saito
et al., 2014). To observe the hippocampal CA1 neural circuit, the mice were
crossed with transgenic mice coexpressing G-CaMP7 and DsRed2 via 2A
peptide sequence from the Thosea asigna virus under the Thy1 promoter

(Thy1-G-CaMP7-T2A-DsRed2 mice; Manita et al., 2015; Sato et al., 2015).
For simplicity, Thy1-G-CaMP7-T2A-DsRed21/� mice are shown as wild-
type (WT)-G-CaMP7 mice, and AppNL-G-F/NL-G-F/Thy1-G-CaMP7-T2A-
DsRed21/� mice are shown as AD-G-CaMP7mice in this article.

Surgery. The surgery was performed in 2.5-month-old mice. Under
anesthesia with 1.5% isoflurane, three anchor screws were inserted into
the skull, and a stainless head plate (25 mm length, 4 mm width, 1 mm
thickness) with a circular opening (7 mm inner diameter and 10 mm
outer diameter; Sato et al., 2020) was attached to the skull with dental
cement (SHOFU). The center of the circular opening was set at 2.0 mm
posterior and 2.0 mm lateral to the bregma over the left hippocampus.
Several days after the attachment of the head plate, a 2.5 mm-diameter
circular craniotomy was performed at the center of the opening of the
head plate. The bare minimum of cortex was removed to expose the cal-
losal surface above the hippocampus by aspiration, and an imaging win-
dow was implanted. The imaging window consisted of a polycarbonate
ring (2.5 mm outer diameter, 2.0 mm inner diameter, and 1.0 mm
height) with a round coverslip (2.5 mm diameter, 0.17 mm thickness;
Matsunami Glass) attached at the bottom. To decrease the brain move-
ment, a cohesive silicone sheeting (0.005 mm thickness; Specialty
Manufacturing) was attached to the bottom of coverslip. No noticeable
differences of task performances, place cell properties, and learning abil-
ity were observed after the surgery (Dombeck et al., 2010; Sakaguchi et
al., 2012). After recovery for 1 month, the mice were handled by a trainer
for 10min and then habituated to a Styrofoam cylinder treadmill (width
10 cm and diameter 20 cm) for 10–30min per day, which was repeated
for 5 d. The behavioral training began after 3 d of water restriction. All
mice were kept at;80% of presurgery body weight.

Virtual reality setup. The virtual reality (VR) setup consists of a
Styrofoam cylinder treadmill and an interactive VR projection system
(Sato et al., 2017). A single wide LCD monitor displayed VR graphics.
The LCDmonitor was placed 30 cm in front of the mouse on the tread-
mill. This covers an 81° horizontal field of view and a 51° vertical field
of view. Rotation of the treadmill was detected by a USB optical detec-
tor (G400, Logitech). The VR paradigm consists of two components,
a fixed-distance task and a fixed-time task, alternated without inter-
val. In the fixed-distance task, a computer-generated virtual land-
scape (OmegaSpace 3.1, Solidray) as viewed from the mouse’s virtual
position was interactively displayed on the LCD monitor. The virtual
linear track (120 cm, 60 bins) consists of wall (4 cm high) and floor
(9 cm wide) with black-and-white patterns. Three large objects were
placed outside the track as distal cues (a building, a mountain, and a
tower). Three zones (120 cm in length, at 30, 60, 90 cm from the start
of the track) were marked with different wall patterns and color and
served as visual cues for reward delivery points. In the fixed-time
task, a still scene of the end wall is shown for 3 s, which automatically
switched to the scene of the start of the track, shown for 1 s. During
this period, the mice are still allowed to run on the trackball, but the
movement is not reflected in the VR.

Behavioral tasks. The mice were head fixed on the cylinder treadmill.
A waterspout connected to a pump (O’Hara & Co.) was positioned
within the reach of their tongue. The mice began the fixed-distance task
by running from one end of the virtual linear track to seek water rewards
delivered at one of the three target zones. Mice were rewarded immedi-
ately when they entered the reward zone. The reward was located at the
middle target zones (green) in sessions #1–15 (#1–5, #6–10, and #11–15:
early, middle, and late periods, respectively) and at the distal target zone
(blue) in sessions #16–20 (relearning period). Mice were water restricted
for 3 d before starting tasks. Mice ran from the start point of the virtual
linear track and received 5ml water three times, delivered every second,
as a reward when entering green area. On reaching the end wall, the mice
moved to the fixed-time task. VR was stopped for 3 s, after which the start
scene of the track was shown for 1 s. The mice were then allowed to re-
sume the fixed-distance tasks again. Mice performed these tasks at 4 and
7months old. One session lasted 10min, and two sessions were conducted
on each day with at least 3 h interval. A total 20 sessions were conducted
in 10d. Behavioral data were collected at 50Hz by custom software writ-
ten in LabView (National Instruments). The sessions were removed from
further analyses if a mouse did not run.1 lap (120 cm).
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Data acquisition. Calcium imaging during awake behavior was per-
formed using a two-photon microscope (Nikon A1 MP) equipped with
a 16� NA 0.8 objective and external GaAsP photomultiplier tubes. A Ti-
sapphire laser (Mai Tai eHP DeepSee, Spectra-Physics) tuned at 910 nm
was used to excite G-CaMP7 and DsRed2. The signal was separated by a
570 nm dichroic mirror, a 495–540 nm bandpass filter for G-CaMP7,
and a 575–630 nm bandpass filter for DsRed2. Images of 512 � 512 pix-
els (;532mm � 532mm) were acquired at 15Hz using a resonant-galvo
scanner.

Detections of Ca21 activity. The imaging movie was acquired using
NIS-Elements software at 15Hz (Nikon), converted to TIF files, and
aligned to reduce misalignment caused by brained movement using the
TurboReg ImageJ plugin. A maximum intensity image was obtained from
the movie. After a median image of all frames was subtracted from each
image of the aligned images, the noise was removed by applying a median
filter (5 � 5 pixels). Then, image maximum intensity was calculated from
a stack of the denoised image. The imaging movie was smoothed by a spa-
tio-temporal median filter (7 � 7 � 3 pixels cuboid neighborhood), and
the footprint with spatial weight of each cell in the movie was identified by
a modified non-negative matrix factorization algorithm (Takekawa et al.,
2017). To avoid interference with neighboring cell footprints, a footprint
,40 SD in the whole imaging area was removed. If two footprints had
overlapping areas larger than 20%, the smaller one was removed. Using
the remaining footprints, the calcium trace of each cell was calculated
from the movie and was smoothed by the low-pass filter and the
Savitzky-Golay smoothing filter. The basal level of calcium trace was
determined from the mode and set to zero. Calcium intensities higher
than an arbitrary threshold (0.05, approximately equal to 3 SD of cal-
cium signals) in the rising phase of fluorescence transient were
detected as activity, and the event rate (% of total measurement time)
was obtained from active frames divided by the total number of

recording frames for each cell. We here define a cell as hyperactive if it
has event rate of .10%, which roughly corresponds to the top 95th
percentile value (10.68%) in 4-month-old WT-G-CaMP7 mice (see Fig.
3A,B). The same value was used in all subsequent sessions and all ages.
The total recorded frames, from both fixed-distance and fixed-time
tasks, were classified into run and stop phases. Run and stop phases
were calculated by running and stopping frames on the treadmill. The
obtained footprints were used to calculate the cell activity in all
sessions.

To identify the same cell over multiple sessions, the new footprints
were constructed by comparing footprints obtained in the first 10 ses-
sions from 4-month-old mice. When more than half the area of one
footprint in a session overlapped with one footprint in another session,
and the distance between their centroids was ,5 pixels, the larger of the
two footprints remained. If a footprint was matched over three times in
10 sessions, it remained, and these footprints were used for constructing
multiple footprints. In other sessions, the footprint of a cell that was
matched to one of the constructed multiple footprints was used for the
analysis to trace the same cell over months (see Figs. 5D,E, 11D,E).

Analysis of virtual place cells. Data from the fixed-distance task were
used to detect the virtual place cells. Two analyses, regression analysis (Miri
et al., 2011) and mutual information (MI) analysis (Ziv et al., 2013; Sato et
al., 2020), were used. Regression analysis was conducted as follows:

Y ¼ b01bX;

where Y is a measured variable, b is the weight matrix of regression
expressing how the weighted sum of another variable X can reconstruct
Y, and b 0 is the population Y intercept. The term is considered as the
offset value of the linear regression. If we hypothesized that the place

Figure 1. Emergence of G-CaMP7- and DsRed2-positive aggregates in AD-G-CaMP7 mice in vivo. A, Virtual navigation task and two-photon microscopic calcium imaging of hippocampal neuronal activity.
The mice alternated between a fixed-distance task and a fixed-time task. During the fixed-distance task, the mice freely ran through a track with three areas marked with checkerboard patterns and different
colors. The water reward was given at one of the areas. During the fixed-time task, the mouse is shown a fixed image of the end wall for 3 s and the start location of the track for 1 s. During this period, the
mice were allowed to run on the trackball, but the movement was not reflected in the virtual reality (VR). These two tasks were alternated without interval. B, In vivo two-photon microscopic images at differ-
ent depths (left, alveus; middle, stratum oriens; right, stratum pyramidale) in a 4-month-old AD-G-CaMP7 mouse, implanted with an imaging window above the hippocampal dorsal CA1 region. Numbers
show depth from alveus. Most of G-CaMP7- and DsRed2-positive (G7D2) aggregates were observed at stratum oriens. C, A side view of three-dimensional reconstructions (532mm� 532mm� 170mm)
of WT-G-CaMP7 and AD-G-CaMP7 mice both at 4months old. Note the presence of aggregates in the stratum oriens from the AD-G-CaMP7 image, but they are largely absent in the WT-G-CaMP7. D,
Appearance of Ab aggregates at stratum oriens of hippocampal CA1 region in AD-G-CaMP7 mouse. Ab aggregates were not observed in 2-month-old AD-G-CaMP7 mouse but appeared at 2.5months. E,
Fluorescent images of hippocampal sections of WT-G-CaMP7 (left), AD-G-CaMP7 (middle), and AppNL-G-F/NL-G-F mice (right) at 14 months old. The sections were counterstained with Hoechst 33258.
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cells fired because of a visit by the animals at a spe-
cific location, we can use the linear regression
method as described above to find the weights of
each place cell at spatial bins. First, we divided the
linear track length in 60 bins (one bin = 10 units)
and formed a matrix of place vectors. Each session
had 8,989 imaging frames for 10min, so the
dimension of place vectors was 60 � 8,989. For
each bin, if the position of a cell on the linear track
at a specific frame was inside that bin, a value of
one was assigned. Otherwise zero was assigned.
These place vectors formed a matrix of Values 1
and 0 and was assigned as X in the above equation.
We calculated the spike matrix of all detected cells
and assigned this matrix (number of cells by 8,989
frames) as Y in the above equation. By doing this,
we wanted to calculate b , the regression weights,
with a dimension of (number of cells by 60 bins).
The resultant weight matrix b showed how
strongly each cell encoded each bin. After obtain-
ing the weight matrix through regression, the
weight matrix was Z-scored, with an intention of
normalization over sessions and animals. Then for
each bin, we looked for cells with a higher value of
weight. To do this, we picked cells that had a
weight as large as three or more (corresponding to
3 SDs of the weight matrix data before Z-score), for
each bin. With this method, we found several cells
for each spatial bin that encoded that specific bin
much stronger than other cells. We assigned these
cells as virtual place cells for that bin. Then we
gathered such virtual place cells for all 60 bins and
labeled them together as virtual place cells of that
session. Next, we calculated the MI and the peak of
mean calcium activity rate of each virtual place cell
in a mouse’s virtual linear track position (Ziv et al.,
2013; Sato et al., 2020). The mean calcium activity
rate was calculated for each bin in a session and
smoothed by a Gaussian filter (Gaussian window
size = 3 frames, s = 1.4). We defined the
smoothed average event frequency as a place field.
We also calculated MI and the maximum values of
place fields using data that were obtained by ran-
domly rotating the activity during running on each
trial. This process repeated 1000 times for each cell.
If MI and the maximum value of place field in real
data were .95th percentile of values obtained
from random permutation data, cells were consid-
ered as virtual place cells. Therefore, virtual place
cells were identified from regression and MI analy-
ses. Also, the cell was removed from place cell anal-
yses if the activity was.30% trials in a session.

Similarity between the place field of each cell in
consecutive sessions A (#n) and B (#n1 1) was analyzed by the Pearson
correlation coefficient (r ), as follows:

rðA;BÞ ¼ 1
N � 1

X
i

Ai �mA

sA

� �
Bi �mB

sB

� �
;

where N is the number of all bins, i is the bin number, Ai is the firing
rate at bin #i in session #n,mA is the average of firing rates, and sA is the
SD of firing rates. If similarity and peak shift of place field in a virtual
place cell between two consecutive sessions were over 0.5 and less than
68 cm, respectively, it was designated as stable place cell.

Place field size for each cell was calculated by counting the total num-
ber of bins with more than half of the maximum value in the place field.

Analysis of time cells. The data from the fixed-time task were used to
analyze the time cell activity. Time-locked activity was calculated during

the 3 s at the end of a lap and 1 s more at the beginning of the next lap,
where the mice were typically still running on the cylinder, plus 2 s
before and after (see Fig. 6A). The resultant time field was smoothed
with Gaussian function (Gaussian window size = five frames, s = 2.5).
To judge the significant time-locked activity, we compared the maxi-
mum value of a time field to that of 1000 random data permutations in
the end period of each lap for the same cell. The random permutation
was conducted in each lap. If the maximum value of time field in real
data was greater than the 95th percentile of the value obtained from the
permutated data, the cell was defined as time cell.

In addition to place cell stability analysis as mentioned above, a time
cell was identified as a stable time cell if the similarity of the time field
calculated by the Pearson correlation coefficient, was .0.5, and a peak
shift of time field was less than64 frames (= 66.7 ms) between two con-
secutive sessions.

Analysis of size and density of G-CaMP7 and DsRed2-positive aggre-
gates. The size of G-CaMP7 and DsRed2-positive (G7D2) aggregates

Figure 2. G7D2 aggregations are closely linked with aggregated Ab . A, Tissue staining of hippocampal CA1 regions
of 4-month-old (left) and 10-month-old (right) AD-G-CaMP7 mice with anti-human Ab antibody (82E1). Images in bot-
tom row are magnifications of white rectangle in the row above. B, Tissue staining of sections of hippocampal CA1
regions of 10-month-old WT-G-CaMP7 mice with 1-fluoro-2,5-bis (3-carboxy-4-hydroxystyryl) benzene. C, Shortest dis-
tance between Ab signals and area of Ab -DsRed2 overlap was quantified for each pixel at 10 months (n = 3).
Student’s t test (*p , 0.05, **p , 0.01). D, E, Immunostaining of sections of hippocampal CA1 regions from WT-G-
CaMP7 and AD-G-CaMP7 mice at 4 and 10months with anti-phospho-PHF-tau pSer2021Thr205 (AT8, D) and anti-phos-
phorylated a-synuclein (p-aSyn, E).
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was measured in the direction of mediolateral, anteroposterior, and dor-
soventral manually by using NIS-Elements software. The density of
G7D2 aggregates was analyzed by counting pixels with a fluorescent in-
tensity beyond threshold. The original image was processed with
MATLAB; unevenness of background was corrected and subtracted
from the original image. Then we calculated the density of aggregates
whose signals were more than the determined threshold. The threshold
(S) was set as follows:

S ¼ M1 3HWT ;

whereM is the mode, the most frequent intensity, of each image, HWT is
the half peak duration of the intensity histogram in WT-G-CaMP7. The
half-width of the intensity histogram is different between WT-G-CaMP7
and AD-G-CaMP7 because of high intensity aggregates, so the intensity
histogram ofWT-G-CaMP7 was used.

Analysis of distance to G7D2 aggregates. To examine the relation-
ships between G7D2 aggregates and cells, the shortest distance from
each cell to the center of the nearest G7D2 aggregates was measured for
each cell. The center of the aggregate is calculated by the schematic
ellipse, which was generated from the position and size of aggregates.

Immunostaining. Mice were anesthetized by intraperitoneal injection of
avertin and perfused intracardially with 4% paraformaldehyde (PFA) in
PBS. Brains were further fixed with 4% PFA in PBS at 4°C overnight.
Coronal sections were made at 60 mm thickness on a vibratome. For
immunostaining, antibodies to the N-terminal region (1–16) of Ab
(82E1; 1:1000; catalog #10 323, IBL International), Ser202- and
Thr205-phosphorylated-paired helical filament (PHF)-tau (AT8;
1:1000; catalog #MN1020, Invitrogen), and Ser129-phosphorylated
a-Synuclein (p-a-Syn; 1:1000; catalog #015–2591, Wako) were used.
To detect b -sheet structure of Ab (Sato et al., 2004), 1-Fluoro-2,5-bis
(3-carboxy-4-hydroxystyryl) benzene (FSB; 1:1000; catalog #341–
90811, Dojindo) was used. Hoechst 33 258 (1:2000; catalog #382061,
Calbiochem) was used for the nuclear staining. Images were obtained
by laser scanning confocal microscopes (FluoView FV1000 micro-
scope, Olympus, or BZ-X700 fluorescence microscope, KEYENCE).

For each color image, the intensity higher
than threshold (2 SDs of selected pixels in CA1
region) were detected as signals. By comparing
images of Ab and DsRed2, the pixel-by-pixel
distances of the Ab signals from the nearest
overlapping pixel (shortest distance from each
signal pixel to overlap pixels,10mm) between
Ab and DsRed2 were calculated.

Statistics. When only two groups were
compared, Student’s t tests or Wilcoxon rank
sum tests were used. When more than two
groups were compared, ANOVA was used,
and p values were adjusted for post hoc multi-
ple comparisons. Bar and dot plots are repre-
sented with mean 6 SEM. Violin plots are
represented with mean (black solid line) and
median (red dotted line). Each dot represents
the value of a session. Box plots are repre-
sented with mean (circle) and median
(midline).

Results
G-CaMP7 and DsRed2 form
fluorescent aggregates overlapping
with Ab deposition
Throughout the study, we used a hybrid
between AppNL-G-F/NL-G-F knock-in mice
and Thy1-G-CaMP7-T2A-DsRed2 trans-
genic mice (hereafter described as AD-
G-CaMP7). The AppNL-G-F/NL-G-F knock-
in mouse model enabled us to explore
the impacts of Ab pathology without

destroying endogenous gene loci or overexpression, unlike
other AD model mouse lines (Saito et al., 2014; Sasaguri et al.,
2017). This model exhibits progressive Ab pathology, but not
tau pathology or brain atrophy, which indicates we can
approach the neuronal dysfunctions under Ab pathogenesis.
On the other hand, Thy1-G-CaMP7-T2A-DsRed2 transgenic
mice coexpresses G-CaMP7 and DsRed2 proteins under Thy-
1 promotor (Sato et al., 2020). G-CaMP7 is a Ca21-sensitive
fluorescent protein that allows us to detect the neuronal activ-
ity in the form of calcium transients (Ohkura et al., 2012).
DsRed2 is a red fluorescent protein that shows stable fluores-
cence regardless of the neuronal activity. Here, we used it to
precisely align the imaging field across days. We imaged the
CA1 region of the dorsal hippocampus of AD-G-CaMP7
mice through an imaging window implanted in the overlying
cortex using a two-photon microscope (Fig. 1A).

In addition to expected dynamic G-CaMP7 signals reflect-
ing neuronal activity and static DsRed2 signals normally
seen in the stratum pyramidale of Thy1-G-CaMP7-T2A-
DsRed21/� (WT-G-CaMP7) mice, we found unexpected
static green- and red-fluorescent (G-CaMP7- and DsRed2-
positive fluorescent: G7D2) aggregates in the stratum oriens
of AD-G-CaMP7 mice (Fig. 1B,C). We did not detect aggre-
gates in strata pyramidale and radiatum. Such aggregates
were not seen in mice carrying either Thy1-G-CaMP7-T2A-
DsRed21/� or AppNL-G-F/NL-G-F locus only. The onset of the
aggregation was ;2–2.5 months of age, consistent with the
appearance of Ab in AppNL-G-F/NL-G-F mice (Saito et al.,
2014; Fig. 1D). Therefore, it is likely that the fluorescence
aggregates represent Ab depositions that take up G-CaMP7
and DsRed2 proteins. Consistent with in vivo imaging, the
green and red aggregates in brain sections were observed in

Figure 3. G7D2 aggregations expand with age in AD-G-CaMP7 mice. A, Progression of G7D2 aggregations in stratum oriens
in AD-G-CaMP7 mouse over 9 months. B, Growth of each G7D2 aggregation from 4 to 13months; n = 46, 55, 49, 61, 64, 56,
55, 43, 43, 43 aggregations in each month; p = 2.96 � 10�44 by two-way ANOVA effect of age, F(9,1405) = 27.53. Two-way
ANOVA followed by a Tukey–Kramer post hoc test (*versus 4 m, †versus 5 m, ‡versus 6 m; *p, 0.05, **p, 0.01, ***p,
0.001). C, Occupancy of G7D2 aggregations in the stratum oriens in 30mm thick and 532mm square stratum oriens in AD-G-
CaMP7 (n = 3) and WT-G-CaMP7 mice (n = 3); p = 2.38� 10�7 by two-way ANOVA effect of genotype, F(1,27) = 46.8. Two-
way ANOVA followed by a Tukey–Kramer post hoc test (*p, 0.05, ***p, 0.001). D, The growth of Ab aggregates from 4
to 14months. Each color represents each aggregate.
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the stratum oriens of AD-G-CaMP7 but not of WT-G-
CaMP7 mice (Fig. 1E).

The aggregates reacted with two Ab markers—82E1, which
detects the N terminus of Ab , and FSB, which detects the
b -pleated sheet structure (Fig. 2A,B). The signals for FSB were
mainly detected in stratum oriens and much sparser in stratum
radiatum, whereas those for 82E1 were detected in both. G7D2
aggregates more closely colocalized with the staining with FSB
than 82E1, indicating that the aggregates represent highly aggre-
gated Ab (Fig. 2C). We also stained the section with antibodies
for phosphorylated tau (AT8), the main component of

neurofibrillary tangles (Fig. 2D), and for Ser129-phosphorylated
a-synuclein (p-aSyn; Fig. 2E; Kaneko et al., 2007; Muntané et
al., 2008). Signals for AT8 and p-aSyn were seldom colocalized
with aggregates in 4-month-old tissue, but at 10months, both
signals colocalized with the aggregates, indicating that these
pathogenic proteins are gradually entangled in the aggregates.

We chronically imaged the same visual field over
ninemonths. The number, size, and density of the G7D2 aggre-
gates increased in all three dimensions with age (Fig. 3A–D).
These results suggest that the fluorescent aggregates seen in AD-
G-CaMP7 mice represent Ab depositions. We therefore used

Figure 4. Behavior in VR is not largely affected in AD-G-CaMP7 mice. A–H, Examples of behavior of 4-month-old WT-G-CaMP7 (A, E) and AD-G-CaMP7 (B, F) mice at early (A, B) and late
(E, F) periods. The time spent at each location and speed are shown (C, D, G, H). I–K, Violin plots of running speed (I), time in reward zone (J), and total distance (K) in early (E), middle (M),
late (L), and relearning (R) periods of 4- and 7-month-old WT-G-CaMP7 and AD-G-CaMP7 mice. Four months old: WT = five mice (20–25 sessions), AD = five mice (24–25 sessions).
Sevenmonths old: WT = four mice (18–20 sessions), AD = four mice (20 sessions). I, Four months old: p = 0.43 by two-way ANOVA effect of genotype, F(1,186) = 0.62. Sevenmonths old: p =
0.82 by two-way ANOVA effect of genotype, F(1,149) = 0.05. J, Four months old: p = 0.94 by two-way ANOVA effect of genotype, F(1,186) = 0.0066. Sevenmonths old: p = 0.0057 by two-way
ANOVA effect of genotype, F(1,149) = 7.88. K, Four months old: p = 0.63 by two-way ANOVA effect of genotype, F(1,186) = 0.23. Sevenmonths old: p = 0.78 by two-way ANOVA effect of geno-
type, F(1,149) = 0.08.
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this animal to observe the disease progression in vivo while mon-
itoring the neuronal activity.

BothWT-G-CaMP7 and AD-G-CaMP7 mice learn to seek
reward under virtual reality task
We used a VR task that allows symmetric measure of spatial and
temporal representations in the hippocampus by fixing either
one of the parameters at a time while leaving the other ad libitum
to the mice (Fig. 1A; Sato et al., 2017). In the fixed-distance task,
the mouse freely runs through a segment of fixed length at its
own speed to finish the lap. The visual cues are updated as the
mice run for water rewards delivered at a fixed position on the
track. In contrast, in the fixed-time task, the mice spend a fixed
duration of 4 s with fixed visual cues. The mice can still freely

run on the trackball, but the cues are
not updated except that the scene
switches from the end of the track to
the start at 3 s. The mice alternate
between the fixed-distance and fixed-
time tasks during a single session,
which was conducted twice a day.

Both WT-G-CaMP7 and AD-G-
CaMP7 mice ran intermittently on the
track in early sessions (#1–5) of the
training at 4months of age. Then they
started behaving in a more stereotypic
manner by running faster and stopping
only in the reward zone in the later ses-
sions (#6–15), even after the reward
was shifted to another zone (#16–20;
Fig. 4A–H), consistent with our earlier
study (Sato et al., 2020). There were no
differences in running speed, time
spent in the reward zone, and travel
distance between the genotypes at 4
and 7months (Fig. 4I–K), indicating
the normal gross motor functions of
AD-G-CaMP7 mice under Ab
pathology.

Neurons in the vicinity of Ab
aggregates became hyperactive in
AD-G-CaMP7 mice with age
We monitored the activity of dorsal
hippocampal CA1 pyramidal neurons
in the stratum pyramidale from 4 to
7months of age (Fig. 5A,B). The num-
ber of active cells in each session ranged
from 351–768 (median 558) in WT and
from 355–791 (median 525) in AD
mice. We then aligned images across
different sessions and identified a total
9256 51 cells in WT and 9366 53 cells
in AD mice. The G7D2 aggregates in
the overlaying stratum oriens were
approximated by ellipses and projected
to the stratum pyramidale to detect cells
beneath the aggregates. The neuronal
activity while the mice are alternating
the two tasks was detected by G-
CaMP7 imaging and was processed
through a non-negative factorization-
based method (Takekawa et al., 2017;
Sato et al., 2020; Fig. 5C). The fraction

of active neurons in each session per detected neurons in the
imaging field gradually declined with age in both genotypes but
especially in AD-G-CaMP7 mice (Fig. 5D,E, age effect: F(1,330) =
38.21, p = 0.0024, genotype effect: F(1,330) = 9.36, p, 0.001). This
indicates that the number of active cells decreased with age dur-
ing longitudinal Ca21 imaging, especially in AD-G-CaMP7
mice.

Although there was a reduction in the fraction of active neu-
rons in each session in AD-G-CaMP7 (Fig. 5D), overall behavior
largely did not change with our task (Fig. 4). We wondered
whether there is any compensatory mechanism in the remaining
neurons. In 4-month-old animals, there was a significant
increase of event rate (Fig. 6A). We defined a cell as hyperactive

Figure 5. Chronic two-photon calcium imaging of the same pyramidal cell population. A, DsRed2 fluorescence images of strata
pyramidale and oriens in 4- and 7-month-old WT-G-CaMP7 and AD-G-CaMP7 mice. B, Magnification of white rectangles (#1, #2,
#3, #3’) in A. The same cell population was traced over three months in WT-G-CaMP7 and AD-G-CaMP7 mice even near a G7D2
aggregate. C, Maximum intensity projection images (top) and ROIs detected by non-negative matrix factorization method (bot-
tom) in 4- and 7-month-old WT-G-CaMP7 and AD-G-CaMP7 mice. D, Violin plots of the fraction of active cell numbers in 4- and
7-month-old WT-G-CaMP7 and AD-G-CaMP7 mice. Violin plots are represented with mean (black solid line) and median (red dot-
ted line). Four months old: WT = five mice (99 sessions), AD = five mice (95 sessions). Sevenmonths old: WT = 3 mice (60 ses-
sions), AD = four mice (80 sessions); p = 0.0024 by two-way ANOVA effect of genotype, F(1,330) = 9.36, p = 1.87 � 10�9 by
two-way ANOVA effect of age, F(1,330) = 38.21. E, Breakdown of D to early (E), middle (M), late (L), and relearning (R) periods of
4- and 7-month-old WT-G-CaMP7 and AD-G-CaMP7 mice. Four months old: p = 0.043 by two-way ANOVA effect of genotype,
F(1,186) = 4.15. Sevenmonths old: p = 0.0018 by two-way ANOVA effect of genotype, F(1,132) = 5.78. Two-way ANOVA followed
by a Tukey–Kramer post hoc test (*p, 0.05, ***p, 0.001).
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Figure 6. Increase of hyperactive cells near G7D2 aggregates in AD-G-CaMP7 mice. A, Cumulative histograms and violin plots of event rate of active neurons. Event rate of 4- and 7-month-old WT-G-
CaMP7 and AD-G-CaMP7 mice in total frames. Fourmonths old: WT = five mice (57,090 cells), AD = five mice (53,776 cells); p = 1.50 � 10�237, Z = �32.91. Sevenmonths old: WT = four mice
(42,032 cells), AD = four mice (40,076 cells), p = 0.00, Z =�44.10. Wilcoxon rank sum test (***p, 0.001). B, Examples of G-CaMP7 fluorescence of hyperactive (red) and nonhyperactive (blue) cells.
Hyperactive cells were defined as those having activity in�10% of all frames. C, Violin plots of proportion of hyperactive cells among all active cells in early (E), middle (M), late (L), and relearning (R)
periods during 10min imaging in 4- and 7-month-old WT-G-CaMP7 and AD-G-CaMP7 mice. Fourmonths old: WT = five mice (20–25 sessions), AD = five mice (24–25 sessions), p = 5.78� 10�8 by
two-way ANOVA effect of genotype, F(1,186) = 31.98. Sevenmonths old: WT = four mice (18–20 sessions), AD = four mice (20 sessions), p = 2.15 � 10�8 by two-way ANOVA effect of genotype,
F(1,149) = 35.12. Two-way ANOVA followed by a Tukey–Kramer post hoc test (*p, 0.05, **p, 0.01). D, Example of the maximum intensity projection image at the stratum oriens and the cell map of
the stratum pyramidale with cellular activities indicated with red dots (�10%), orange dots (8–10%), yellow dots (6–8%), green dots (4–6%), light blue dots (2–4%), blue dots (,2%), and G7D2
aggregates with a pink ellipse from 7-month-old AD-G-CaMP7 mice. E, Cumulative histograms and violin plots of shortest distance from G7D2 aggregates to hyperactive cell (red) and nonhyperactive cells
(black) in 4- and 7-month-old AD-G-CaMP7 mice. Fourmonths old: AD = four mice (hyperactive = 4165 cells, nonhyperactive = 40 494 cells), p = 0.011, Z =�2.54. Sevenmonths old: AD = four mice
(hyperactive = 4,275 cells, nonhyperactive = 35,801 cells), p = 7.92� 10�14, Z =�7.47. Wilcoxon rank sum test (***p, 0.001). F, Cumulative histograms and violin plots of event rate of active neu-
rons. Event rate of WT-G-CaMP7 and AD-G-CaMP7 mice in run frames (top) and stop frames (bottom). RUN 4months old: p = 1.24 � 10�86, Z = �19.73; 7months old: p = 2.53 � 10�86, Z =
�19.69. STOP 4months old: p = 1.15� 10�170, Z =�27.85; 7months old: p = 6.48� 10�210, Z =�30.92. Wilcoxon rank sum test (***p, 0.001). G, Examples of G-CaMP7 fluorescence traces
of RUN hyperactive and STOP hyperactive cells. Hyperactive cells were defined as those having activity rate in�10% of frames either running (for RUN hyperactive cells) or resting (for STOP hyperactive
cells) period. H, I, Violin plots of proportion of RUN (H) and STOP (I) hyperactive cells in early (E), middle (M), late (L), and relearning (R) periods in 4- and 7-month-old WT-G-CaMP7 and AD-G-CaMP7
mice. H, RUN 4months old: p = 0.0013 by two-way ANOVA effect of genotype, F(1,186) = 10.72; 7months old: p = 3.72 � 10�7 by two-way ANOVA effect of genotype, F(1,149) = 28.31. I, STOP
4months old: p = 7.00� 10�7 by two-way ANOVA effect of genotype, F(1,186) = 26.39. 7months old: p = 2.13� 10�5 by two-way ANOVA effect of genotype, F(1,149) = 19.28. Two-way ANOVA fol-
lowed by a Tukey–Kramer post hoc test (*p, 0.05, **p, 0.01). J, K, Cumulative histograms and violin plots of shortest distance from G7D2 aggregates to each hyperactive cells (red) in comparison
with distance to all cells (black) during run (J) and stop (K) in 4- and 7-month-old AD-G-CaMP7 mice. J, RUN 4months old: AD = four mice (hyperactive = 16,167 cells, nonhyperactive = 28,492 cells); p
= 5.26� 10�20, Z =�9.16; 7months old: AD = four mice (hyperactive = 16,994 cells, nonhyperactive = 23,082 cells), p = 1.43� 10�11, Z =�6.75. K, STOP 4months old: AD = four mice (hyper-
active = 1939 cells, nonhyperactive = 42,720 cells), p = 0.0055, Z =�2.78; 7months old: AD = four mice (hyperactive = 2,050 cells, nonhyperactive = 38,026 cells), p = 3.44� 10�20, Z =�9.20.
Wilcoxon rank sum test (**p, 0.01, ***p, 0.001).
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if it has event rate of .10%, which
roughly corresponds to the top 95th

percentile value of event rate (10.68%)
seen in 4-month-old WT-G-CaMP7
mice (Fig. 6B, see above, Materials and
Methods). There was an increase of the
proportion of hyperactive cells starting
from 4-month-old AD-G-CaMP7 mice
comparable with WT-G-CaMP7 mice,
and the difference became more pro-
nounced in later ages (Fig. 6B,C). We
next examined the spatial distribution
of hyperactive neurons in relation to
the Ab aggregates (Fig. 6D). The
hyperactive neurons were located sig-
nificantly closer than other cells to
G7D2 aggregates at all ages (Fig. 6E).
These results demonstrate that Ab
decreases the overall number of active
neurons, while the activity of remaining
neurons increase, especially near the
G7D2 aggregates.

Place cells are decreased in AD-G-
CaMP7 mice
It is known that hippocampal neurons
show different activity depending on
animals’ behavior. While an animal is
running, the electroencephalogram
(EEG) predominantly shows theta
power, and a robust neuronal activity
is observed. In contrast, when an ani-
mal is stationary, the EEG shows non-
theta waves with occasional sharp
wave/ripple activity, and neuronal ac-
tivity is overall reduced, whereas syn-
chronicity increases. We therefore
wondered whether Ab has different
effects on neuronal activity depending
on the behavior status. We analyzed
hyperactive cells separately during run-
and-stop phases on both fixed-distance
and time tasks (Fig. 6F,G). As expected,
the neuronal activity was higher in the
run phase in both genotypes, but
there were more hyperactive cells in
AD-G-CaMP7 mice at 7months espe-
cially during the run phase (Fig. 6H,
I). Hyperactive cells were near G7D2
aggregates regardless of behavior sta-
tus (Figs. 6E,J,K).

While animals are running on the
track, hippocampal place cells specifi-
cally fire according to the location of
the animals. The place cells are pro-
posed to play an important role in spa-
tial memory formation (O’Keefe and
Dostrovsky, 1971; O’Keefe and Nadel,
1978). Therefore, it is of great interest
to test the properties of place cells in
this animal model. We could detect
place cells in the fixed-distance task of
our VR system (Fig. 7A), consistent

Figure 7. Age-dependent impairment of place cells in AD-G-CaMP7 mice. A, Examples of place cell activity. Position of a
mouse and Ca21 traces are shown. Place cell activities of cells #421, #440, and #347 are color coded. B, Activity heat maps of
the place cells detected in session #14 in 4- and 7-month-old WT-G-CaMP7 (top) and AD-G-CaMP7 (bottom) mice. The same cells
in session #15 are also shown. The cells are sorted by their place field positions on #14. C, Example of the cell map of the stratum
pyramidale with place cell peak positions and G7D2 aggregates with a pink ellipse from 4- and 7-month-old WT-G-CaMP7 and
AD-G-CaMP7 mice. The proportions of place cells are shown (bottom left). D, Violin plots of proportion of place cells among all
active cells in 4- and 7-month-old WT-G-CaMP7 and AD-G-CaMP7 mice. Four months old: WT = five mice (99 sessions), AD =
five mice (95 sessions). Seven months old: WT = four mice (77 sessions), AD = four mice (80 sessions); p = 1.56 � 10�7 by
two-way ANOVA effect of genotype, F(1,347) = 28.68; p = 0.34 by two-way ANOVA effect of age, F(1,347) = 0.90. E, Breakdown of
D to early (E), middle (M), late (L), and relearning (R) periods of 4- and 7-month-old WT-G-CaMP7 and AD-G-CaMP7 mice.
Four months old: p = 0.068 by two-way ANOVA effect of genotype, F(1,196) = 3.37. Sevenmonths old: p = 1.22� 10�8 by two-
way ANOVA effect of genotype, F(1,149) = 36.38. F, Violin plots of proportion of stable place cells among all active cells in 4- and
7-month-old WT-G-CaMP7 and AD-G-CaMP7 mice. Four months old: WT = five mice (94 sessions), AD = five mice (88 sessions).
Sevenmonths old: WT = four mice (71 sessions), AD = four mice (76 sessions); p = 2.06� 10�11 by two-way ANOVA effect of
genotype, F(1,325) = 48.24; p = 1.51� 10�4 by two-way ANOVA effect of age, F(1,325) = 14.71. G, Breakdown of F to early (E),
middle (M), late (L), and relearning (R) periods of 4- and 7-month-old WT-G-CaMP7 and AD-G-CaMP7 mice. Four months old: p
= 0.0024 by two-way ANOVA effect of genotype, F(1,174) = 9.48. Sevenmonths old: p = 4.63� 10�11 by two-way ANOVA effect
of genotype, F(1,139) = 51.05. H, Violin plots of place field size in 4- and 7-month-old WT-G-CaMP7 and AD-G-CaMP7 mice.
Four months old: WT = five mice (99 sessions), AD = five mice (94 sessions). Sevenmonths old: WT = four mice (77 sessions),
AD = four mice (80 sessions); p = 2.57 � 10�6 by two-way ANOVA effect of genotype; F(1,346) = 22.87, p = 0.0016 by two-
way ANOVA effect of age, F(1,346) = 10.12. I, Breakdown of H to early (E), middle (M), late (L), and relearning (R) learning periods
of 4- and 7-month-old WT-G-CaMP7 and AD-G-CaMP7 mice. Four months old: p = 0.067 by two-way ANOVA effect of genotype,
F(1,185) = 3.40. Sevenmonths old: p = 6.34 � 10�6 by two-way ANOVA effect of genotype, F(1,149) = 21.92. Two-way ANOVA
followed by a Tukey–Kramer post hoc test (*p, 0.05, **p, 0.01, ***p, 0.001).
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with previous reports (O’Keefe and
Dostrovsky, 1971; Cacucci et al., 2008;
Dombeck et al., 2010; Ravassard et al.,
2013; Ziv et al., 2013; Zhao et al., 2014;
Sato et al., 2020). Although a spatial map
was formed in both WT-G-CaMP7 and
AD-G-CaMP7 mice (Fig. 7B,C), the pro-
portion of place cells significantly
decreased in 7-month-old AD-G-CaMP7
mice compared with WT-G-CaMP7 (Fig.
7D). It was most obvious at middle and
late periods at 7months of age (Fig. 7E).

We previously found that stability of
place cells across days correlates with the
cognitive value of the salient locations
such as rewards and landmarks (Sato et
al., 2020). We therefore tested whether the
stability of the place field is altered in AD-
G-CaMP7 animals. For this purpose, place
fields of a cell identified in a session were
compared with those in the following ses-
sion. In 4-month-old WT-G-CaMP7
mice, 4.16 0.3% of total neurons (Fig. 7F)
or 21.76 1.2% of place cells had the same
place field in the following session. In AD-
G-CaMP7 mice, the stability was already
lower than WT-G-CaMP7 mice at
4months (WT-G-CaMP7: 4.06 6 0.31%;
AD-G-CaMP7: 2.916 0.21% of total cells,
p = 0.028). The ratio of stable place cells
gradually increased as training proceeded
in the WT-G-CaMP7 mice at 4months of
age (4months, early period 1.2 6 0.4%,
late period 5.2 6 0.6%, p , 0.001),
whereas it remained low in AD-G-CaMP7
mice (4months, early period 2.0 6 0.7%,
late period 3.16 0.3%, p = 0.86) (Fig. 7G).
The differences became more obvious at
7months of age.

To compare the specificity of the infor-
mation carried by the place cells, we meas-
ured the size of place field for each place
cell. The place field size was larger in AD-
G-CaMP7 mice than in WT-G-CaMP7
mice at 7months old (Fig. 7H,I). These
results indicate that in AD-G-CaMP7
mice, place cell stability declined at first,
and then the place cell number and the
specificity decreased, leading to the impairment of spatial
memory.

Enrichment of place cells at reward location is impaired in
AD-G-CaMP7 animals
We have previously observed local enrichment of place cells
at locations containing rewards or sensory cues (Sato et al.,
2020). To test whether this property is impaired in AD-G-
CaMP7 animals, we plotted the distribution of place cells
along the track. We found enrichment of place cells at the be-
ginning and the end of the track (Fig. 8A). In addition, we
found a significant enrichment of place cells in the reward
zone compared with the nonrewarded zone, which is consist-
ent with our previous study (Sato et al., 2020). This is
because of the selective stabilization of the place cells near

the reward zone compared with the nonrewarded zone (Fig.
8B). In AD-G-CaMP7 mice, the stabilization was not
observed both at 4 and 7months old, and consequently, there
was no enrichment of place cells at 7months of age.
However, although the number of stable cells were decreased
in AD-G-CaMP7 mice, the position of place field was repro-
ducible among the sessions at a level comparable to WT-G-
CaMP7 (Fig. 8C,D). These results indicate that the reward-
induced formation of place cell map is impaired in AD-G-
CaMP7 mice, leading to the reduced stability of place cell
representations.

Representation of time is not affected in AD-G-CaMP7 mice
In addition to the spatial information, the hippocampus bears
neurons that encode elapsed time. Although time of different
scales can be represented in different ways in the brain (Tsao et

Figure 8. Peak position of stable place cells is preserved in AD-G-CaMP7 mice. A, B, The proportion of place cells (A) or
stable place cells (B) at each position among all detected cells in 4- and 7-month-old WT-G-CaMP7 (blue line) and AD-G-
CaMP7 (red line) mice. Density of place cells (A) or stable place cells (B) at 52–62 cm (pre-reward zone; R as shown in A and
B) and 40–50 cm (nonrewarded zone, NR, as shown in A and B). Median and mean values are shown by a midline and a
circle. A, Four months old: W = five mice (69 sessions), AD = five mice (63 sessions); p = 0.26 by two-way ANOVA effect of
genotype, F(1,260) = 1.28; p = 3.89� 10�5 by two-way ANOVA effect of position, F(1,260) = 17.52. Sevenmonths old: WT =
four mice (51 sessions), AD = four mice (56 sessions); p = 4.33 � 10�9 by two-way ANOVA effect of genotype, F(1,210) =
37.56; p = 6.21� 10�7 by two-way ANOVA effect of position, F(1,210) = 26.44. B, Four months old: WT = five mice (69 ses-
sions), AD = five mice (63 sessions); p = 0.019 by two-way ANOVA effect of genotype, F(1,260) = 5.54; p = 1.21� 10�5 by
two-way ANOVA effect of position, F(1,260) = 19.91. Sevenmonths old: WT = four mice (51 sessions), AD = four mice (56 ses-
sions); p = 1.25 � 10�10 by two-way ANOVA effect of genotype, F(1,210) = 45.86; p = 6.92 � 10�6 by two-way ANOVA
effect of position, F(1,210) = 21.27. Two-way ANOVA followed by a Tukey–Kramer post hoc test (**p, 0.01, ***p, 0.001).
C, Peak heat maps at session #N (N = 1–14) versus session # (N1 1). Reward position in sessions #1–15 is shown as green
line (60–80 cm) and in sessions #16–20 is shown as blue line (90–110 cm). D, Distributions of peak shifts of place cells in
WT-G-CaMP7 (blue line and bar) and AD-G-CaMP7 (red line and bar) mice. Lines show the fraction of place cells ! place
cells. Four months old: WT = five mice (8,675 cells), AD = five mice (7,078 cells); p = 0.29, Z = �1.05. Sevenmonths old:
WT = four mice (7,243 cells), AD = four mice (4,940 cells); p = 0.0011, Z =�3.25. Wilcoxon rank sum test (**p, 0.01).
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al., 2018), time cells encode time on the order of seconds
(MacDonald et al., 2011, 2013), possibly providing the element
for perception of a longer time duration. We found a subpopula-
tion of neurons having time-locked activities on the fixed-time
task of our VR task (Fig. 9A), similar to the reported time cells in
which they also fire during an empty temporal gap between the
key events (MacDonald et al., 2011, 2013). These cells (;25% of
all detected cells) were formed similarly both in WT-G-CaMP7

and AD-G-CaMP7 mice in all ages (Fig.
9B). The fraction of time cells was compa-
rable and gradually increased with sessions
both in WT-G-CaMP7 and AD-G-CaMP7
mice (Fig. 9C,D). The stability of time cells
was also comparable between genotypes
with increments along sessions both in
WT-G-CaMP7 and AD-G-CaMP7 mice
(Fig. 9E,F). Comparison of the time window
size in different ages and genotypes showed
that it expanded, albeit slightly, in 7-month-
old AD-G-CaMP7 mice compared with
WT-G-CaMP7 mice (Fig. 9G,H), possibly
indicating a sign that time cells are also
impaired. Overall, however, these results
indicate that the time cells are more resilient
to the pathologic change in Ab progression
compared with place cells.

These two cell types are interchange-
able, which is also crucial for shaping the
cognitive map (Sato et al., 2020).
Therefore, we compared the conversion of
place and time cells into different cell types
between adjacent sessions. Place cells tend
to stay as place cells, and time cells tend to
stay as time cells (Fig. 10A,B). A propor-
tion that was smaller than the average
(All!, Fig. 10A,B) was converted to other
cell types, suggestive of nonrandom con-
version of cell types. We observed that the
stability of place cells (place cell ! place
cell) was lower than that of time cells (time
cell ! time cell) in AD-G-CaMP7 mice at
7months. These results show that the cells
maintain their cell type specificity either as
a place cell or a time cell but such ability is
declined with aged AD-G-CaMP7 mice,
confirming the idea of altered stability of
these two classes of neurons.

Place cells became hyperactive and lost
spatial representations near G7D2
aggregates
Given the increase in the hyperactive cell
population in the run phase in AD-G-
CaMP7 mice (Fig. 6), we tested what infor-
mation they carry. Among hyperactive cells,
the proportion of place cells decreased in
AD-G-CaMP7 mice, whereas that of time
cells remained similar between genotypes
(Fig. 11A), phenocopying the overall tend-
ency of place and time cells (Figs. 7, 9).
This resulted in an increase in the propor-
tion of hyperactive nonplace/nontime cells
and hyperactive time cells (Fig. 11A). We
next examined the spatial distribution of

hyperactive and nonhyperactive place and time cells in relation to
the G7D2 aggregates. At 4months, both place and time cells were
distributed similarly to each other in relation to the position of
G7D2 aggregates, as well the cells which do not code either infor-
mation (nonplace/nontime cells) (Fig. 11B). However, at
7months, the place cells were distributed farther from the G7D2
aggregates than time cells or nonplace/nontime cells. In other

Figure 9. Time cells are unaffected in AD-G-CaMP7 mice. A, Examples of time cell activity. Raster activity of each lap from
single cell during the wait period are on top. Still image on VR switches at red dash. Averaged and smoothed activity on the
bottom. B, Activity heat maps of the time cells detected in session #14 in 4- and 7-month-old WT-G-CaMP7 (top) and AD-G-
CaMP7 (bottom) mice. The same cells in session #15 are also shown. The cells are sorted by their time field positions on #14.
C, Violin plots of proportion of time cells among all active cells in 4- and 7-month-old WT-G-CaMP7 and AD-G-CaMP7 mice.
Four months old: WT =five mice (99 sessions), AD = five mice (95 sessions). Sevenmonths old: WT = four mice (77 ses-
sions), AD = four mice (80 sessions); p = 0.63 by two-way ANOVA effect of genotype, F(1,347) = 0.23; p = 3.47 � 10�5 by
two-way ANOVA effect of age, F(1,347) = 17.60. D, Breakdown of C to early (E), middle (M), late (L), and relearning (R) peri-
ods of 4- and 7-month-old WT-G-CaMP7 and AD-G-CaMP7 mice. Four months old: p = 0.51 by two-way ANOVA effect of ge-
notype, F(1,186) = 0.44. Seven months old: p = 0.25 by two-way ANOVA effect of genotype, F(1,149) = 1.35. E, Violin plots of
proportion of stable time cells among all active cells in 4- and 7-month-old WT-G-CaMP7 and AD-G-CaMP7 mice.
Four months old: WT = five mice (94 sessions), AD = five mice (88 sessions). Sevenmonths old: WT = four mice (71 ses-
sions), AD = four mice (76 sessions); p = 0.77 by two-way ANOVA effect of genotype, F(1,325) = 0.084; p = 4.53� 10�6 by
two-way ANOVA effect of age, F(1,325) = 21.76. F, Breakdown of E to early (E), middle (M), late (L), and relearning (R) peri-
ods of 4- and 7-month-old WT-G-CaMP7 and AD-G-CaMP7 mice. Four months old: p = 0.49 by two-way ANOVA effect of ge-
notype, F(1,174) = 0.47. Sevenmonths old: p = 0.89 by two-way ANOVA effect of genotype, F(1,139) = 0.02. G, Violin plots of
time field size in 4- and 7-month-old WT-G-CaMP7 and AD-G-CaMP7 mice. Four months old: WT = five mice (99 sessions),
AD= five mice (95 sessions). Seven months old: WT = four mice (77 sessions), AD = four mice (80 sessions); p = 0.0014 by
two-way ANOVA effect of genotype, F(1,347) = 10.41; p = 0.37 by two-way ANOVA effect of age, F(1,347) = 0.79. H,
Breakdown of G to early (E), middle (M), late (L), and relearning (R) periods of 4- and 7-month-old WT-G-CaMP7 and AD-G-
CaMP7 mice. Four months old: p = 0.13 by two-way ANOVA effect of genotype, F(1,186) = 2.26. Seven months old:
p= 0.0018 by two-way ANOVA effect of genotype, F(1,149) = 10.13. Two-way ANOVA followed by a Tukey–Kramer post hoc
test (*p, 0.05, **p, 0.01).
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words, hyperactive cells in the vicinity of the
G7D2 aggregates lost spatial information.
Together, these results indicate that G7D2
aggregates locally impair spatial information
more preferentially than temporal encoding.

Finally, we traced the same cells from 4
to 7months and explored the impacts of
G7D2 aggregates on cellular dysfunctions.
We first detected the cells in 4-month-old
animals and then identified the same cells
at 7months (Fig. 11C). We calculated the
stability of each cell by counting how
many sessions the cell was identified as a
place cell (Fig. 11D) or a time cell (Fig.
11E) and segregated the cells into two
groups, near (�100mm) and far (100–
200mm) from Ab aggregates. The place
cell at 4months near the aggregate had a
higher chance to lose spatial or temporal
information and become a hyperactive
nonplace/nontime cell than those far away
at 7months (Fig. 11D). This was more evi-
dent in stable place cells, which shows a
higher chance of detection at 4months. In
contrast, time cells did not have such a
tendency (Fig. 11E). These results revealed
that place cells, especially near G7D2
aggregates, becomes hyperactive, but they
cannot compensate for the function and
rather lose spatial representations, whereas
time cells were more stable.

Discussion
The AppNL-G-F/NL-G-F mouse line (Saito et al., 2014) coexpressing
G-CaMP7 and DsRed2 in pyramidal neurons under Thy1 pro-
moter allowed us to simultaneously visualize Ab aggregates
(Fig. 1C) and activities of the same neuronal populations (Fig.
5C) in awake mice over months without tissue staining. The
aggregates colocalized with the highly aggregated Ab and affected
the activity of nearby cells. This provides a unique opportunity to
chronically and simultaneously image the Ab pathogenesis and
circuit impairment in the hippocampal CA1 region.

We found that hippocampal place cells were specifically
impaired in the AD-G-CaMP7 animal (Fig. 7), whereas time cells
were spared (Fig. 9). The fraction, stability, and field size of place
cells were significantly impaired in the AD-G-CaMP7 mice,
starting at 4months and fully manifested by 7months old.
Because there were no differences in gross motor activities such
as running speed and travel distance (Fig. 4), we consider that
this is because of a primary change in the properties of the cells,
not secondary to a change in behavior. This is largely consistent
with electrophysiological studies on APP-overexpressing mouse
models (Zhao et al., 2014; Cayzac et al., 2015; Mably et al., 2017).
Also, the decline of spatial cognition was reported in 6-month-
old AppNL-G-F/NL-G-F mice (Saito et al., 2014). Cognitively relevant
locations such as reward sites slow down the turnover of the place
cells (Fig. 8), which may confer stability and enhancement of the
positional memory encoding of the location. The decreased stabil-
ity and number of place cells seen in AD-G-CaMP7 mice may
thus represent the cellular counterpart of memory impairment.

In contrast to place cells, we found the time cells were not
affected by Ab pathology until 7months old. The time cells

observed here reproduced the essential properties of time cells
reported by others using more demanding tasks (Pastalkova et
al., 2008; Kraus et al., 2013; MacDonald et al., 2013) in that they
sequentially fire in the second-order temporal resolution in a
manner reproducible in each lap (Fig. 9). It is generally believed
that the place cells and the time cells arise from the same popula-
tion of hippocampal CA1 pyramidal neurons, which differently
fire depending on the task and context. This is based on the ob-
servation that the firing of a time cell itself has positional pref-
erence. Moreover, in experiments where an animal alternates
between two tasks in a single session, a neuron can fire either as
a place cell or a time cell (Kraus et al., 2013; Eichenbaum, 2014;
Haimerl et al., 2019). Given that these neurons arise from the
same population of cells, coupled with the specific deficits we
observed in positional but not temporal coding, this suggests a
circuit mechanism underlying the formation of these two cell
types, such as input specificity, which may explain the differen-
tial vulnerability of these cells to Ab pathology (Fig. 10).
Although place cells are formed as an integration of external
and internal sensory input, time cells do not require external
input except for cues indicating the start and end of events. The
spatial information is transmitted from the medial entorhinal
cortex (MEC) to the hippocampus (Brun et al., 2002; Brandon
et al., 2014; Jun et al., 2020). Indeed, in these knock-in mice,
MEC grid cells formation is significantly impaired in the pres-
ence of external cues (Jun et al., 2020). In contrast, the time cells
are independent of MEC inputs (Sabariego et al., 2019); rather,
an input from the prefrontal cortex area is implicated (Kim et
al., 2013). Also, a selective inactivation of the medial septum
affects place cells but not time cells (Wang et al., 2015).
However, we do not rule out the possibility that the time cells
also show impairment if a task becomes more complex, for
example, by making the task context dependent (Sabariego et
al., 2019).

Figure 10. Place cells and time cells stay as the same cell type in the following session. A–B, Violin plots of ratio of place
cells (green) or time cells (orange) in session # (N1 1) in relation to all cells, place cells or time cells in session #N in 4- and
7-month-old WT-G-CaMP7 mice (A) and AD-G-CaMP7 mice (B). For comparison, the proportion of place cells and time cells
in session #(N1 1) are shown. †: versus All ! Place cell, #: versus All ! Time cell. A, Four months old: WT = five mice
(94 sessions); p = 0.47 by two-way ANOVA effect of precell type, F(1,558) = 0.53; p = 1.63 � 10�12 by two-way ANOVA
effect of postcell type, F(2,558) = 28.51. Sevenmonths old: WT = four mice (71 sessions); p = 0.059 by two-way ANOVA effect
of precell type, F(1,420) = 3.59; p = 1.34� 10�15 by two-way ANOVA effect of postcell type, F(2,420) = 37.2. B, Four months
old: AD = five mice (87–88 sessions); p = 0.0044 by two-way ANOVA effect of precell type, F(1,520) = 8.20; p = 5.57 �
10�9 by two-way ANOVA effect of postcell type, F(2,520) = 19.72. Seven months old: AD = four mice (76 sessions); p = 2.54
� 10�14 by two-way ANOVA effect of precell type, F(1,450) = 62.05; p = 1.15� 10�16 by two-way ANOVA effect of postcell
type, F(2,450) = 39.87. Two-way ANOVA followed by a Tukey–Kramer post hoc test (*p, 0.05, **p, 0.01, ***p, 0.001).
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Figure 11. Place cells lost spatial information near G7D2 aggregates but not time cells. A, Violin plots of proportion of hyperactive nonplace/nontime cells, hyperactive place cells, hyperac-
tive time cells, and hyperactive place/time cells among hyperactive cells in 4- and 7-month-old AD-G-CaMP7 and WT-G-CaMP7 mice. Four months old: WT = five mice (99 sessions), AD = five
mice (95 sessions). Seven months old: WT = four mice (77 sessions), AD = four mice (80 sessions). Hyperactive nonplace/nontime cell: p = 0.0012 by two-way ANOVA effect of genotype,
F(1,347) = 10.73; p = 5.60 � 10�4 by two-way ANOVA effect of age, F(1,347) = 12.13. Hyperactive place cell: p = 2.80� 10�9 by two-way ANOVA effect of genotype, F(1,347) = 37.23; p =
0.52 by two-way ANOVA effect of age, F(1,347) = 0.42. Hyperactive time cell: p = 0.018 by two-way ANOVA effect of genotype, F(1,347) = 5.64; p = 1.57� 10�5 by two-way ANOVA effect of
age, F(1,347) = 19.19. B, Cumulative histograms and violin plots of shortest distance from G7D2 aggregates to nonhyperactive nonplace/nontime cells (light gray), nonhyperactive place cells
(light green), nonhyperactive time cells (yellow), hyperactive nonplace/nontime cells (dark gray), hyperactive place cells (green), and hyperactive time cells (orange) in 4- and 7-month-old WT-
G-CaMP7 and AD-G-CaMP7 mice. Hyperactive place cells are far from G7D2 aggregates. AD = four; four mice in 4- and 7-month-old nonhyperactive nonplace/nontime cell = 22,407, 18,446
cells; nonhyperactive place cell = 1,288, 903 cells; nonhyperactive time cell 4,928, 3,783 cells Hyperactive nonplace/nontime cell = 5,998, 6,529 cells; hyperactive place cell = 5,257, 4,427 cells;
hyperactive time cell = 5,553, 6,560 cells. Four months old: p = 0.070 by two-way ANOVA effect of cell type, F(2,45425) = 2.67. Sevenmonths old: p = 1.35� 10�17 by two-way ANOVA effect
of cell type, F(2,40642) = 38.88. C, Example of the maximum intensity projection image at the stratum oriens and the cell map of the stratum pyramidale with cell type indicated with green
(hyperactive place cell), light green (nonhyperactive place cell), orange (hyperactive time cell), yellow (nonhyperactive time cell), blue (hyperactive place/time cell), cyan (nonhyperactive place/
time cell), dark gray (hyperactive nonplace/nontime cell), light gray (nonhyperactive nonplace/nontime cell), and white (inactive cell) dots and G7D2 aggregates with pink ellipses from 4- and
7-month-old AD-G-CaMP7 mice. D, E, Violin plots showing the number of sessions of 20 at 4 months where the cells were detected as place cells (D) or time cells (E) and the number of ses-
sions at 7 months where the cells were detected as hyperactive nonplace/nontime cells. The cells were segregated�00mm (red) or 100–200mm (gray) from the Ab aggregate (at 7 months
old). The cells with higher chance of becoming place cells had a higher chance of becoming a hyperactive nonplace/nontime cells at 7 months. The cells near the aggregate had larger chance
of becoming hyperactive nonplace/nontime cells. Such a tendency was not present in time cells. D, AD = four mice; 100–200mm (n = 398, 219, 79, 51, 37 cells), �100mm (n = 1204, 644,
316, 170, 136 cells); p = 2.70� 10�7 by two-way ANOVA effect of distance, F(1,3244) = 26.57; p = 3.40� 10�46 by two-way ANOVA effect of session number, F(4,3244) = 56.57. E, AD = four
mice; 100–200mm (n = 234, 241, 135, 85, 89 cells), �100mm (n = 731, 775, 475, 224, 265 cells); p = 1.33� 10�5 by two-way ANOVA effect of distance, F(1,3244) = 19.02; p = 0.019 by
two-way ANOVA effect of session number, F(4,3244) = 2.96. Two-way ANOVA followed by a Tukey–Kramer post hoc test (#: versus 0; †: versus 1–2; ‡: versus 3–4; $: versus 5–6; *p , 0.05,
**p, 0.01, ***p, 0.001).
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We found a reduction in the number of active neurons (Fig.
5D). Before that occurred, we found that a subset of cells became
hyperactive near Ab (Fig. 6). This is consistent with a previous
study that found that hyperactive cells were linked with Ab dep-
ositions in the hippocampus (Busche et al., 2008). We addition-
ally revealed the elevated hyperactive cells in awake AD mice.
The relationship between neuronal hyperactivity and Ab depo-
sitions was also shown in AD patients (Sperling et al., 2009).

The relationship among the inactivity of neurons, the hyper-
activity of the remaining cells, and Ab aggregates is not known
at this point. It has been generally conceived that Ab aggregates
are less toxic than freely floating amyloid. As opposed to this, we
observed cells near the aggregates that are hyperactive and lose
spatial information. This could be a direct effect of Ab aggre-
gates on the function of neurons in the vicinity. Alternatively, it
could be because of Ab oligomers, which are associated with the
amyloid plaques as visualized by an oligomer-specific antibody
(Lin et al., 2007; Shankar et al., 2009). In either case, our results
propose that cells are more severely affected in the vicinity of
Ab plaque.

Ab is known to reduce synaptic transmission and plasticity
(Shankar et al., 2007; Keskin et al., 2017; He et al., 2019). On the
other hand, the hyperactivity of remaining neurons can be a
direct effect of Ab , for example, via inhibition of glutamate
reuptake (Zott et al., 2019) or an indirect effect such as the dys-
function of inhibitory neurons by Ab or homeostatic scaling.
The Ab peptide is released from neurons activity-dependently
(Yamamoto et al., 2015). This support the idea of an aggravating
cycle; Ab peptide release ! neuronal hyperactivity increases
near the Ab aggregate ! more Ab peptide release (Zott et al.,
2019). Moreover, we suggest that hyperactivity could be one rea-
son that spatial dysfunction occurs. Previously, it was demon-
strated that hyperactive neurons lose orientation and direction
selectivity in the sensory cortex of APP23�PS45 mice
(Grienberger et al., 2012). In this study, we show that cells near
Ab aggregates became hyperactive and concomitantly lost spa-
tial information, indicating the relationships between hyperactiv-
ity and spatial memory dysfunctions. Indeed, Ab -dependent
impairment of slow-wave propagation, related to the breakdown
of slow-wave activity, was rescued by enhancing GABAergic in-
hibition in the AD mouse model (Busche et al., 2015). The effect
on place cells by suppressing neuronal activity should also be
explored. The technique in this study can be thus beneficial for
drug assessment in the evaluation of cellular dysfunctions and
Ab depositions in each stage of AD.
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