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Abstract 62 

Impairment of episodic memory, a class of memory for spatiotemporal context of an event, 63 

is an early symptom of Alzheimer’s disease. Both spatial and temporal information are encoded and 64 

represented in the hippocampal neurons, but how these representations are impaired under amyloid 65 

β (Aβ) pathology remains elusive. We performed chronic imaging of the hippocampus in awake 66 

male amyloid precursor protein (App) knock-in mice behaving in a virtual reality environment to 67 

simultaneously monitor spatiotemporal representations and the progression of Aβ depositions. We 68 

found that temporal representation is preserved, while spatial representation is significantly 69 

impaired in the App knock-in mice. This is due to the overall reduction of active place cells but not 70 

time cells, and compensatory hyperactivation of remaining place cells near Aβ aggregates. These 71 

results indicate the differential impact of Aβ aggregates on two major modalities of episodic 72 

memory, suggesting different mechanisms for forming and maintaining these two representations in 73 

hippocampus. 74 

  75 
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Significance Statement 76 

 Spatiotemporal memory impairments are common at the early stage of Alzheimer’s disease 77 

patients. We demonstrate the different impairment patterns of place and time cells in the dorsal 78 

hippocampus of head-fixed App knock-in mouse by in vivo two-photon calcium imaging over 79 

months under the virtual reality spatiotemporal tasks. These results highlight that place cells were 80 

preferentially and gradually damaged nearby Aβ aggregates, while time cells were less vulnerable. 81 

We further show these impairments were due to neuronal hyperactivity that occurs near the Aβ 82 

deposition. We suggest the differential and gradual impairment in two major modalities of episodic 83 

memory under Aβ pathology. 84 

 85 
  86 
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Introduction 87 

Alzheimer’s disease (AD) is the most common type of dementia characterized by gradual 88 

memory dysfunctions. One early clinical symptom of AD is the impairment of episodic memory, a 89 

memory on the place and time of an event (Morris et al., 1982; Ergorul and Eichenbaum, 2004; 90 

Carrasco et al., 2010; Kraus et al., 2013; Moodley et al., 2015). The hippocampus is a crucial brain 91 

region for the formation of episodic memory. In hippocampus, place cells encode an animal’s 92 

position by firing at a specific location and provide the basic elements for forming a cognitive map 93 

of a context (O’Keefe and Dostrovsky, 1971; O’Keefe and Nadel, 1978; Cacucci et al., 2008; Zhao 94 

et al., 2014; Cayzac et al., 2015; Mably et al., 2017). The hippocampus also bears time cells which 95 

fire sequentially in a temporally defined task in context-specific manner (Pastalkova et al., 2008) 96 

and are implicated in the perception of seconds-order time intervals (MacDonald et al., 2011, 2013). 97 

At this point, it is not clear whether time cells are involved in memory of episodes that typically 98 

have a long duration of time. Nevertheless, understanding whether these two classes of cells are 99 

differently affected by AD pathologies such as Aβ accumulation will be of great clinical importance. 100 

Early reports showed place cell dysfunctions in AD model mice such as declined 101 

inter-session stability, disrupted remapping, and expanded field size (Zhao et al., 2014; Mably et al., 102 

2017; Jun et al., 2020). However, these studies have several limitations. First, the results were 103 

obtained by using tetrode recording in acute experiments, which are significantly limited in duration 104 

compared with the progression of the disease. The number of observed cells was limited. Also, there 105 

is no spatial information in relation to the pathological changes. In contrast, AD pathology develops 106 

over decades even before the typical clinical or behavioral symptom manifest (Sasaguri et al., 2017). 107 

Early changes might be subtle and only occur in small subset of neurons near the initial site of 108 

deposition, or future sites of the deposition. Previous studies have focused on changes occurring at 109 

specific time points between control and AD model mice, however longitudinal monitoring of large 110 

populations of neurons, have the potential to be more informative and better identify long-term 111 

changes in activity and how these develop over time in relation to the pathological changes 112 
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(Berkowitz et al., 2018; Mcquail et al., 2021). Likewise, such techniques are a prerequisite for 113 

identifying changes in neuronal properties occurring across distributed populations of neurons, such 114 

as synchronous firing, that cannot be detected unless a sufficiently large number of neurons are 115 

monitored simultaneously. 116 

To capture a holistic view of the impact of Aβ pathology on the circuit activity, we 117 

employed two-photon microscopy to visualize the activity of ~1000 neurons per animal and Aβ 118 

depositions in the dorsal hippocampal CA1 region of awake head-fixed knock-in mice carrying 119 

humanized App with Arctic, Swedish and Beyreuther/Iberian mutations crossed with 120 

Thy1-G-CaMP7-T2A-DsRed2 animals (Saito et al., 2014)(Sato et al., 2020). Serendipitously, this 121 

animal allows for fluorescent detection of Aβ depositions in live, unstained brain tissue. By placing 122 

this animal in a virtual reality set up, we found that place cells were impaired in the hippocampus 123 

especially in the vicinity of Aβ depositions, while time cells were more resilient, suggesting distinct 124 

mechanisms for the formation of spatial- and temporal-encoding cells. This is the first longitudinal 125 

observation of hippocampal activity at the single cell level simultaneous while monitoring Aβ 126 

accumulation, providing versatile information to understand the pathogenesis of episodic memory 127 

in AD as well as revealing a therapeutic target or timing for this intractable disease. 128 

  129 
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MATERIALS AND METHODS 130 

Animals 131 

Animal experiments were carried in accordance with the institutional guidelines and 132 

protocols approved by the RIKEN and Kyoto University. The animals were maintained on a 133 

12-hour light/12-hour dark cycle. The behavioral experiments were performed in the dark phase. 134 

AD model mice were male single App knock-in that carry the Arctic, Swedish and 135 

Beyreuther/Iberian mutations (AppNL-G-F/NL-G-F) (Saito et al., 2014). To observe the hippocampal 136 

CA1 neural circuit, the mice were crossed with transgenic mice co-expressing G-CaMP7 and 137 

DsRed2 via 2A peptide sequence from the Thosea asigna virus under the Thy1 promoter 138 

(Thy1-G-CaMP7-T2A-DsRed2 mice) (Manita et al., 2015; Sato et al., 2015). For simplicity, 139 

Thy1-G-CaMP7-T2A-DsRed2+/- mice are shown as wild type (WT)-G-CaMP7 mice, and 140 

AppNL-G-F/NL-G-F/Thy1-G-CaMP7-T2A-DsRed2+/- mice are shown as AD-G-CaMP7 mice in this 141 

report. 142 

 143 

Surgery 144 

The surgery was performed in 2.5-month-old mice. Under anesthesia with 1.5 % isoflurane, 145 

three anchor screws were inserted into the skull, and a stainless head-plate (25 mm length, 4 mm 146 

width, 1 mm thickness) with a circular opening (7 mm inner diameter and 10 mm outer diameter) 147 

(Sato et al., 2020) was attached onto the skull with dental cement (Shofu Inc., Japan). The center of 148 

the circular opening was set at 2.0 mm posterior and 2.0 mm lateral to the bregma over the left 149 

hippocampus. Several days after the attachment of head plate, a 2.5 mm-diameter circular 150 

craniotomy was performed at the center of the opening of the head plate. The bare minimum of 151 

cortex was removed to expose the callosal surface above the hippocampus by aspiration and an 152 

imaging window was implanted. The imaging window consisted of a polycarbonate ring (2.5 mm 153 

outer diameter, 2.0 mm inner diameter and 1.0 mm height) with a round coverslip (2.5 mm diameter, 154 

0.17 mm thickness, Matsunami Glass Ind, Osaka, Japan) attached at the bottom. To decrease the 155 
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brain movement, a cohesive silicone sheeting (0.005 mm thickness, Specialty Manufacturing Inc.) 156 

was attached to the bottom of coverslip. No noticeable differences of task performances, place cell 157 

properties, and learning ability were observed after the surgery (Dombeck et al., 2010; Sakaguchi et 158 

al., 2012). After recovery for one month, the mice were handled by a trainer for 10 min and then 159 

habituated on a Styrofoam cylinder treadmill (width 10 cm and diameter 20 cm) for 10-30 min per 160 

day, which was repeated for 5 days. The behavioral training began after 3 days of water restriction. 161 

All mice were kept at ~80 % of pre-surgery body weight. 162 

 163 

Virtual reality set up 164 

 The virtual reality (VR) set-up consists of a Styrofoam cylinder treadmill and an interactive 165 

VR projection system (Sato et al., 2017). A single wide LCD monitor displayed VR graphics. The 166 

LCD monitor was placed 30 cm in front of the mouse on the treadmill. This covers an 81° 167 

horizontal field of view and a 51° vertical field of view. Rotation of the treadmill was detected by a 168 

USB optical detector (G400, Logitech, Newark, CA). The VR paradigm consists of two components, 169 

a fixed distance task and a fixed time task, alternated without interval. In the fixed distance task, 170 

computer-generated virtual landscape (OmegaSpace 3.1, Solidray Co. Ltd., Yokohama, Japan) as 171 

viewed from mouse’s virtual position was interactively displayed on the LCD monitor. The virtual 172 

linear track (120 cm, 60 bins) consists of wall (4 cm high) and floor (9 cm wide) with 173 

black-and-white patterns. Three large objects were placed outside the track as distal cues (a building, 174 

a mountain and a tower). Three zones (120 cm in length, at 30, 60, 90 cm from the start of the track) 175 

were marked with different wall patterns and color and served as visual cues for reward delivery 176 

points. In the fixed time task, a still scene of the end wall is shown for three second, which 177 

automatically switched to the scene of the start of the track, shown for one second. During this 178 

period, the mice are still allowed to run on the trackball but the movement is not reflected in the 179 

VR. 180 

 181 
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Behavioral tasks 182 

The mice were head-fixed on the cylinder treadmill. A waterspout connected to a pump 183 

(O’Hara & Co., Ltd., Tokyo, Japan) was positioned within the reach of their tongue. The mice 184 

began the fixed distance task by running from one end of the virtual linear track to seek for water 185 

rewards delivered at one of the three target zones. Mice were rewarded immediately when they 186 

entered the reward zone. The reward was located at the middle target zones (green) in sessions 187 

#1-15 (#1-5, #6-10, and #11-15: early, middle, and late periods, respectively) and at the distal target 188 

zone (blue) in sessions #16-20 (relearning period). Mouse were water-restricted for 3 days before 189 

starting tasks. Mouse ran from the start point of virtual linear track and received 5 μl water for three 190 

times as a reward when entering green area delivered every second. Upon reaching the end wall, the 191 

mice moved to the fixed time task. VR was stopped for 3 seconds, after which the start scene of the 192 

track was shown for 1 second. The mice then allowed to resume the fixed-distance tasks again. 193 

Mice performed these tasks at 4 and 7 months old. One session lasted 10 min and two sessions were 194 

carried out on each day with at least three hours of interval. Total 20 sessions were carried out in 10 195 

days. Behavioral data were collected at 50 Hz by custom software written in LabView (National 196 

Instruments Co. Ltd). The sessions were removed from further analyses if a mouse did not run more 197 

than 1 lap (120 cm).  198 

 199 

Data acquisition 200 

 Calcium imaging during awake behavior was performed using a two-photon microscope 201 

(Nikon A1MP, Tokyo, Japan) equipped with a 16x NA 0.8 objective and external GaAsP 202 

photomultiplier tubes. A Ti-sapphire laser (MaiTai eHP DeepSee, Spectra-Physics, Santa Clara, CA) 203 

tuned at 910 nm was used to excite G-CaMP7 and DsRed2. The signal was separated by a 570 nm 204 

dichroic mirror, by a 495-540 nm bandpass filter for G-CaMP7 while by a 575–630 nm bandpass 205 

filter for DsRed2. Images of 512 × 512 pixels (about 532 μm × 532 μm) were acquired at 15 Hz 206 

using a resonant-Galvo scanner. 207 
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 208 

Detections of Ca2+ activity 209 

The imaging movie was acquired by NIS-Elements software at 15 Hz (Nikon, Tokyo, Japan), 210 

converted to TIF files and aligned to reduce misalignment caused by brained movement using the 211 

TurboReg ImageJ plug-in. A maximum intensity image was obtained from the movie. After a 212 

median image of all frames was subtracted from each image of the aligned images, the noise 213 

was removed by applying a median filter (5×5 pixels). Then, image maximum intensity was 214 

calculated from a stack of the denoised image. The imaging movie was smoothed by a 215 

spatio-temporal median filter (7×7×3 pixels cuboid neighborhood), and the footprint with spatial 216 

weight of each cell in the movie was identified by a modified non-negative matrix factorization 217 

(nNMF) algorithm (Takekawa et al., 2017). To avoid interference with neighboring cell footprints, a 218 

footprint less than 40 standard deviation (SD) in the whole imaging area was removed. If two 219 

footprints had overlapping areas larger than 20 %, the smaller one was removed. Using the 220 

remaining footprints, the calcium trace of each cell was calculated from the movie and was 221 

smoothed by the low-pass filter and the Savitzky-Golay smoothing filter. The basal level of calcium 222 

trace was determined from the mode and set to 0. Calcium intensities higher than an arbitrary 223 

threshold (0.05, approximately equal to 3SD of calcium signals) in the rising phase of fluorescence 224 

transient were detected as activity, and the event rate (% of total measurement time) was obtained 225 

from active frames divided by the total number of recording frames for each cell. We here defined a 226 

cell as hyperactive if it has event rate of more than 10 %, which roughly corresponds with the top 227 

95th percentile value (10.68 %) in 4-month-old WT-G-CaMP7 mice (see Figures 3A and 3B). The 228 

same value was used in all subsequent sessions and all ages. The total recorded frames, from both 229 

fixed distance and fixed time tasks, were classified into run and stop phases. Run and stop phases 230 

were calculated by running and stopping frames on the treadmill, respectively. The obtained 231 

footprints were used to calculate the cell activity in all sessions. 232 

 233 
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To identify the same cell over multiple sessions, the new footprints were constructed by 234 

comparing footprints obtained in the first 10 sessions from 4-month-old mice. When more than half 235 

area of one footprint in a session overlapped with one footprint in another session, and the distance 236 

between their centroids was less than 5 pixels, the larger of the two footprints remained. If a 237 

footprint was matched over three times in 10 sessions, it remained, and these footprints were used 238 

for constructing multiple footprints. In other sessions, the footprint of a cell that was matched to one 239 

of the constructed multiple footprints was used for the analysis to trace the same cell over months in 240 

Figures 5D, 5E, 11D and 11E. 241 

 242 

Analysis of virtual place cells 243 

Data from fixed distance task were used to detect the virtual place cells. Two analyses, 244 

regression analysis (Miri et al., 2011) and mutual information (MI) analysis (Ziv et al., 2013; Sato 245 

et al., 2020), were used. Regression analysis was carried out as follows:  246 

Y =  + βX 247 

where Y is a measured variable, β is the weight matrix of regression, expressing how the weighted 248 

sum of another variable X, can reconstruct Y, β0 is the population Y intercept. The term is 249 

considered as the offset value of the linear regression. If we hypothesized that the place cells fired 250 

because of the animals visit at a specific location, we can use the linear regression method as 251 

described above to find the weights of each place cell at spatial bins. First, we divided the linear 252 

track length in 60 bins (one bin = 10 units) and formed a matrix of ‘place vectors’. Each session had 253 

8989 number of imaging frames for 10 min, so the dimension of place vectors was 60×8989. For 254 

each bin, if the position of a cell on the linear track at a specific frame was inside that bin, a value of 255 

1 was given. Otherwise zero was given. These place vectors formed a matrix of values 1 and zero 256 

and was assigned as X in the above equation. We calculated the spike matrix of all detected cells 257 

and assigned this matrix (number of cells-by-8989 frames) as Y in the above equation. By doing 258 

this, we wanted to calculate β, the regression weights, with a dimension of (number of cells-by-60 259 
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bins). The resultant weight matrix β showed how strongly each cell encoded each bin. After 260 

obtaining the weight matrix through regression, the weight matrix was Z-scored, with an intention 261 

of normalization over sessions and animals. Then for each bin, we looked for cells with higher 262 

value of weight. To do this, we picked cells that had a weight as large as 3 or more (corresponding 263 

to 3 standard deviations of the weight matrix data before Z-score), for each bin. With this method, 264 

we found several cells for each spatial bin that encoded that specific bin much stronger than other 265 

cells. We assigned these cells as virtual place cells for that bin. Then we gathered such virtual place 266 

cells for all 60 bins and labeled them together as virtual place cells of that session. Next, we 267 

calculated the MI and the peak of mean calcium activity rate of each virtual place cell in a mouse’s 268 

virtual linear track position (Ziv et al., 2013; Sato et al., 2020). The mean calcium activity rate was 269 

calculated for each bin in a session and smoothed by a Gaussian filter (Gaussian window size = 3 270 

frames, sigma = 1.4). We defined the smoothed average event frequency as a place field. We also 271 

calculated MI and the maximum values of place fields using data which were obtained by randomly 272 

rotating the activity during running on each trial. This process repeated 1000 times for each cell. If 273 

MI and the maximum value of place field in real data were greater than 95th percentile of values 274 

obtained from random permutation data, cells were considered as virtual place cells. Therefore, 275 

virtual place cells were identified from regression and MI analyses. Also, the cell was removed 276 

from place cell analyses if the activity was less than 30 % trials in a session. 277 

Similarity between the place field of each cell in consecutive sessions A (#n) and B (#n+1) 278 

was analyzed by the Pearson correlation coefficient (ρ), as follows: 279 

ρ (A,B) = ∑ ( )( ) 280 

where N is the number of all bins, i is the bin number, Ai is the firing rate at bin #i in session #n, μA 281 

is the average of firing rates, σA is the SD of firing rates. If similarity and peak shift of place field in 282 

a virtual place cell between two consecutive sessions were over 0.5 and less than ±8 cm, 283 

respectively, it was designated as stable place cell. 284 

Place field size for each cell was calculated by counting the total number of bins with more 285 
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than half of the maximum value in the place field. 286 

 287 

Analysis of time cells 288 

 The data from fixed time task were used to analyze the time cell activity. Time-locked 289 

activity was calculated during the 3 seconds at the ends of a lap and 1 more second at the beginning 290 

of next lap, where the mice were typically still running on the cylinder, plus 2 seconds before and 291 

after (Figure 6A). The resultant time field was smoothed with Gaussian function (gaussian window 292 

size = 5 frames, sigma = 2.5). To judge the significant time-locked activity, we compared the 293 

maximum value of a time field to that of 1000 random data permutations in the end period of each 294 

lap for the same cell. The random permutation was carried out in each lap. If the maximum value of 295 

time field in real data was greater than the 95th percentile of the value obtained from the permutated 296 

data, cell was defined as time cell. 297 

As well as place cell stability analysis as mentioned above, a time cell was identified as a 298 

stable time cell, if the similarity of the time field calculated by the Pearson correlation coefficient, 299 

was greater than 0.5 and a peak shift of time field was less than ± 4 frames (= 66.7 msec) between 300 

two consecutive sessions. 301 

 302 

Analysis of size and density of G-CaMP7 and DsRed2-positive (G7D2) aggregates 303 

The size of G-CaMP7 and DsRed2 (G7D2) aggregates was measured in the direction of 304 

mediolateral, anteroposterior, and dorsoventral manually by using NIS-Elements software. The 305 

density of G7D2 aggregates was analyzed by counting pixels with a fluorescent intensity beyond 306 

threshold. The original image was processed with MATLAB; unevenness of background was 307 

corrected and subtracted from the original image. Then we calculated the density of aggregates 308 

whose signals were more than determined threshold. The threshold (S) was set as follows: 309 

S = M + 3H  310 

where M is the mode, the most frequent intensity, of each image, HWT is the half peak duration of 311 
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the intensity histogram in WT-G-CaMP7. The half width of intensity histogram is different between 312 

WT-G-CaMP7 and AD-G-CaMP7 due to high intensity aggregates, so that of WT-G-CaMP7 was 313 

used. 314 

 315 

Analysis of distance to G7D2 aggregates 316 

To examine the relationships between G7D2 aggregates and cells, the shortest distance 317 

from each cell to the center of the nearest G7D2 aggregates was measured for each cell. The center 318 

of the aggregate is calculated by the schematic ellipse, which was generated from the position and 319 

size of aggregates. 320 

 321 

Immunostaining 322 

 Mice were anesthetized by intraperitoneal injection of avertin and perfused intracardially 323 

with 4 % paraformaldehyde (PFA) in PBS. Brains were further fixed with 4 % PFA in PBS at 4°C 324 

overnight. Coronal sections were made at 60 μm thickness on a vibratome. For immunostaining, 325 

antibodies to the N-terminal region (1-16) of Aβ (82E1; 1:1000, IBL, #10323), Ser202- and 326 

Thr205-phosphorylated-paired helical filament (PHF)-tau (AT8; 1:1000, Invitrogen, MN1020), and 327 

Ser129-phosphorylated α-Synuclein (p-α-Syn; 1:1000, Wako, #015-25191) were used. 328 

1-Fluoro-2,5-bis (3-carboxy-4-hydroxystyryl) benzene (FSB) (1:1000, Dojindo, #341-90811) was 329 

used for detecting β-sheet structure of Aβ (Sato et al., 2004). Hoechst 33258 (1:2000, Calbiochem, 330 

382061) was used for the nuclear staining. Images were obtained by laser scanning confocal 331 

microscopes (Fluoview FV1000 microscope, Olympus, Tokyo, Japan or BZ-X700 fluorescence 332 

microscope, Keyence, Osaka, Japan). 333 

 For each color image, the intensity higher than threshold (2SD of selected pixels in CA1 334 

region) were detected as signals. By comparing images of Aβ and DsRed2, the pixel-by-pixel 335 

distances of the Aβ signals from nearest overlapping pixel (shortest distance from each signal pixel 336 

to overlap pixels < 10 μm) between Aβ and DsRed2 were calculated. 337 
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 338 

Statistics 339 

When only two groups were compared, Student’s t tests or Wilcoxon rank sum tests were used. 340 

When more than two groups were compared, analysis of variance (ANOVA) was used. P values 341 

were adjusted for post hoc multiple comparisons. Bar and dot plots are represented with mean ± 342 

SEM. Violin plots are represented with mean (black solid line) and median (red dotted line). Each 343 

dot represents the value of a session. Box plots are represented with mean (circle) and median 344 

(mid-line). 345 

  346 
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RESULTS 347 

G-CaMP7 and DsRed2 form fluorescent aggregates overlapping with Aβ deposition 348 

Throughout the study, we used a hybrid between AppNL-G-F/NL-G-F knock-in mice and 349 

Thy1-G-CaMP7-T2A-DsRed2 transgenic mice (hereafter described as AD-G-CaMP7). The 350 

AppNL-G-F/NL-G-F knock-in mouse model enabled us to explore the impacts of Aβ pathology without 351 

destroying endogenous gene loci or overexpression, unlike other AD model mouse lines (Saito et al., 352 

2014)(Sasaguri et al., 2017). This model exhibits progressive Aβ pathology, but not tau pathology or 353 

brain atrophy, which indicates we can approach the neuronal dysfunctions under Aβ pathogenesis. 354 

On the other hand, Thy1-G-CaMP7-T2A-DsRed2 transgenic mice co-expresses G-CaMP7 and 355 

DsRed2 proteins under Thy-1 promotor (Sato et al., 2020). G-CaMP7 is a Ca2+-sensitive fluorescent 356 

protein that allows us to detect the neuronal activity in the form of calcium transients (Ohkura et al., 357 

2012). DsRed2 is a red fluorescent protein that shows stable fluorescence irrespective of the 358 

neuronal activity. Here, we used it to precisely align the imaging field across days. We imaged CA1 359 

region of dorsal hippocampus of AD-G-CaMP7 mice through an imaging window implanted in 360 

overlaying cortex using a two-photon microscope (Figure 1A).  361 

In addition to expected dynamic G-CaMP7 signals reflecting neuronal activity and static 362 

DsRed2 signals normally seen in the stratum pyramidale of Thy1-G-CaMP7-T2A-DsRed2+/- 363 

(WT-G-CaMP7) mice, we found unexpected static green- and red-fluorescent (G-CaMP7- and 364 

DsRed2-positive fluorescent: G7D2) aggregates in the stratum oriens of AD-G-CaMP7 mice 365 

(Figures 1B and 1C). We did not detect aggregates in strata pyramidale and radiatum. Such 366 

aggregates were not seen in mice carrying either Thy1-G-CaMP7-T2A-DsRed2+/- or AppNL-G-F/NL-G-F 367 

locus only. The onset of the aggregation was around 2-2.5 months of age, consistent with the 368 

appearance of Aβ in AppNL-G-F/NL-G-F mice (Saito et al., 2014) (Figure 1D). Therefore, it is likely that 369 

the fluorescence aggregates represent Aβ depositions that take up G-CaMP7 and DsRed2 proteins. 370 

Consistent with in vivo imaging, the green and red aggregates in brain sections were observed in the 371 

stratum oriens of AD-G-CaMP7, but not of WT-G-CaMP7 mice (Figure 1E). 372 
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The aggregates reacted with two Aβ markers - 82E1 that detects the N-terminus of Aβ and 373 

FSB that detects the β-pleated sheet structure (Figures 2A and 2B). The signals for FSB were 374 

mainly detected in stratum oriens and much sparser in stratum radiatum while those for 82E1 were 375 

detected in both. G7D2 aggregates more closely colocalized with the staining with FSB than 82E1, 376 

indicating that the aggregates represent highly aggregated Aβ (Figure 2C). We also stained the 377 

section with antibodies for phosphorylated tau (AT8), the main component of neurofibrillary tangles 378 

(Figure 2D) and for Ser129-phosphorylated α-synuclein (p-αSyn) (Figure 2E) (Kaneko et al., 379 

2007; Muntané et al., 2008). Signals for AT8 and p-αSyn were seldom colocalized with aggregates 380 

in 4-month-old tissue, but at 10 months, both signals colocalized with the aggregates, indicating that 381 

these pathogenic proteins are gradually entangled in the aggregates.  382 

We chronically imaged the same visual field over 9 months. The number, size and density 383 

of the G7D2 aggregates increased in all three dimensions with age (Figures 3A-D). These results 384 

suggest that the fluorescent aggregates seen in AD-G-CaMP7 mice represent Aβ depositions. We 385 

therefore used this animal to observe the disease progression in vivo while monitoring the neuronal 386 

activity. 387 

 388 

Both WT-G-CaMP7 and AD-G-CaMP7 mice learn to seek reward under virtual reality task 389 

We used a virtual reality (VR) task that allows symmetric measure of spatial and temporal 390 

representations in hippocampus by fixing either one of the parameters at a time while leaving the 391 

other ad libitum to the mice (Figure 1A) (Sato et al., 2017). In the fixed distance task, the mice 392 

freely run through a segment of fixed length at its own speed to finish the lap. The visual cues are 393 

updated as the mice run for water rewards delivered at a fixed position on the track. In contrast, in 394 

the fixed time task, the mice spend a fixed duration of 4 sec with fixed visual cues. The mice can 395 

still freely run on the trackball but the cues are not updated except that the scene switches from the 396 

end of the track to the start at 3 sec. The mice alternate between the fixed distance and fixed time 397 

tasks during single session, which was carried out twice a day. 398 



 

 18 

Both WT-G-CaMP7 and AD-G-CaMP7 mice ran intermittently on the track in early 399 

sessions (#1-5) of the training at 4 months of age. Then they started behaving in a more stereotypic 400 

manner by running faster and stopping only in the reward zone in the later sessions (#6-15), even 401 

after the reward was shifted to another zone (#16-20) (Figures 4A-H), consistent with our earlier 402 

study (Sato et al., 2020). There were no differences in running speed, time spent in the reward zone, 403 

and travel distance between the genotypes at 4 and 7 months (Figures 4I-K), indicating the normal 404 

gross motor functions of AD-G-CaMP7 mice under Aβ pathology. 405 

 406 

Neurons in the vicinity of Aβ aggregates became hyperactive in AD-G-CaMP7 mice with age 407 

We monitored the activity of dorsal hippocampal CA1 pyramidal neurons in the stratum 408 

pyramidale from 4 to 7 months of age (Figures 5A and 5B). The number of active cells in each 409 

session ranged from 351 to 768 (median 558) in WT and from 355 to 791 (median 525) in AD mice. 410 

We then aligned images across different sessions and identified total 925 ± 51 cells in WT and 936 411 

± 53 cells in AD mice. The G7D2 aggregates in the overlaying stratum oriens were approximated 412 

by ellipses and projected to the stratum pyramidale to detect cells beneath the aggregates. The 413 

neuronal activity while the mice are alternating the two tasks was detected by G-CaMP7 imaging 414 

and was processed through non-negative factorization-based method (Takekawa et al., 2017; Sato et 415 

al., 2020) (Figure 5C). The fraction of active neurons in each session per detected neurons in the 416 

imaging field was gradually declined with age in both genotypes, but especially in AD-G-CaMP7 417 

mice (Figures 5D and 5E, age effect: F(1,330) = 38.21, P = 0.0024, genotype effect: F(1,330) = 9.36, P 418 

< 0.001). This indicates that the number of active cells decreased with age during longitudinal Ca2+ 419 

imaging especially in AD-G-CaMP7 mice. 420 

While there was a reduction in the fraction of active neurons in each session in 421 

AD-G-CaMP7 (Figure 5D), overall behavior largely did not change with our task (Figure 4). We 422 

wondered if there is any compensatory mechanism in the remaining neurons. In 4-month-old 423 

animals, there was a significant increase of event rate (Figure 6A). We defined a cell as hyperactive 424 



 

 19 

if it has event rate of more than 10 %, which roughly corresponds to the top 95th percentile value of 425 

event rate (10.68 %) seen in 4-month-old WT-G-CaMP7 mice (Figure 6B, see method). There was 426 

an increase of the proportion of hyperactive cells starting from 4 months old AD-G-CaMP7 mice 427 

comparable with WT-G-CaMP7 mice and the difference became more pronounced in later ages 428 

(Figure 6B and 6C). We next examined the spatial distribution of hyperactive neurons in relation to 429 

the Aβ aggregates (Figure 6D). The hyperactive neurons were located significantly closer than 430 

other cells to G7D2 aggregates at all ages (Figure 6E). These results demonstrate that Aβ decrease 431 

the overall number of active neurons while the activity of remaining neurons increase, especially 432 

near the G7D2 aggregates. 433 

 434 

Place cells are decreased in AD-G-CaMP7 mice 435 

It is known that hippocampal neurons show different activity depending on animals’ 436 

behavior. While an animal is running, the electroencephalogram (EEG) predominantly shows theta 437 

power and a robust neuronal activity is observed. In contrast, when an animal is stationary, EEG 438 

shows non-theta wave with occasional sharp wave/ripple activity and neuronal activity is overall 439 

reduced while synchronicity increases. We therefore wondered if Aβ has different effects on 440 

neuronal activity depending on the behavior status. We analyzed hyperactive cells separately during 441 

run and stop phases on both fixed distance and time tasks (Figures 6F and 6G). As expected, the 442 

neuronal activity was higher in run phase in both genotypes but there were more hyperactive cells in 443 

AD-G-CaMP7 mice at 7 months especially during the run phase (Figures 6H and 6I). Hyperactive 444 

cells were near G7D2 aggregates irrespective of behavior status (Figures 6E, 6J and 6K). 445 

While animals are running on the track, hippocampal place cells specifically fire according 446 

to the location of the animals. The place cells are proposed to play an important role in spatial 447 

memory formation (O’Keefe and Dostrovsky, 1971; O’Keefe and Nadel, 1978). Therefore, it is of 448 

great interest to test the properties of place cells in this animal model. We could detect place cells in 449 

the fixed distance task of our VR system (Figure 7A), consistent with previous reports (O’Keefe 450 
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and Dostrovsky, 1971; Cacucci et al., 2008; Dombeck et al., 2010; Ravassard et al., 2013; Ziv et al., 451 

2013; Zhao et al., 2014; Sato et al., 2020). Although a spatial map was formed in both 452 

WT-G-CaMP7 and AD-G-CaMP7 mice (Figures 7B and 7C), the proportion of place cells 453 

significantly decreased in 7-month-old AD-G-CaMP7 mice compared with WT-G-CaMP7 (Figure 454 

7D). It was most obvious at middle and late periods at 7 months of age (Figure 7E). 455 

We previously found that stability of place cells across days correlates with the cognitive 456 

value of the salient locations such as rewards and landmarks (Sato et al., 2020). We therefore tested 457 

if the stability of the place field is altered in AD-G-CaMP7 animals. For this purpose, place fields of 458 

a cell identified in a session was compared with those in the following session. In 4-month-old 459 

WT-G-CaMP7, 4.1 ± 0.3 % of total neurons (Figure 7F) or 21.7 ± 1.2 % of place cells had the same 460 

place field in the following session. In AD-G-CaMP7 mice, the stability was already lower than 461 

WT-G-CaMP7 mice at 4 months (WT-G-CaMP7: 4.06 ± 0.31 %, AD-G-CaMP7: 2.91 ± 0.21 % of 462 

total cells, P = 0.028). The ratio of stable place cells gradually increased as training in the 463 

WT-G-CaMP7 mice at 4 months of age (4 months, early period 1.2 ± 0.4 %, late period 5.2 ± 0.6 %, 464 

P < 0.001), whereas it remained low in AD-G-CaMP7 mice (4 months, early period 2.0 ± 0.7 %, 465 

late period 3.1 ± 0.3 %, P = 0.86) (Figure 7G). The differences became more obvious at 7 months 466 

of age.  467 

To compare the specificity of the information carried by the place cells, we measured the 468 

size of place field for each place cell. The place field size was larger in AD-G-CaMP7 mice than in 469 

WT-G-CaMP7 mice at 7 months old (Figures 7H and 7I). These results indicate that in 470 

AD-G-CaMP7 mice, place cell stability declined at first, and then the place cell number and the 471 

specificity decreased, leading to the impairment of spatial memory. 472 

 473 

Enrichment of place cells at reward location is impaired in AD-G-CaMP7 animals 474 

We have previously observed local enrichment of place cells at locations containing 475 

rewards or sensory cues (Sato et al., 2020). To test whether this property is impaired in 476 
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AD-G-CaMP7 animals, we plotted the distribution of place cells along the track. We found 477 

enrichment of place cells at the beginning and the end of the track (Figure 8A). In addition, we 478 

found that there was a significant enrichment of place cells in the reward zone compared with the 479 

non-rewarded zone, consistent with our previous study (Sato et al., 2020). This is due to the 480 

selective stabilization of the place cells near the reward compared with non-rewarded zone (Figure 481 

8B). In AD-G-CaMP7 mice, the stabilization was not observed both at 4 and 7 months old, and 482 

consequently, there was no enrichment of place cells at 7 months of age. However, although the 483 

number of stable cells were decreased in AD-G-CaMP7 mice, the position of place field was 484 

reproducible between the sessions at a level comparable to WT-G-CaMP7 (Figures 8C and 8D). 485 

These results indicate that the reward-induced formation of place cell map is impaired in 486 

AD-G-CaMP7 mice, leading to the reduced stability of place cell representations. 487 

 488 

Representation of time is not affected in AD-G-CaMP7 mice 489 

In addition to the spatial information, hippocampus bears neurons that encode elapsed time. 490 

Though time of different scales can be represented in different ways in the brain (Tsao et al., 2018), 491 

time cells encode time on the order of seconds (MacDonald et al., 2011, 2013), possibly providing 492 

the element for perception of longer time duration. We found a subpopulation of neurons having 493 

time-locked activities on the fixed time task of our VR task (Figure 9A), similar to the reported 494 

time cells in which they also fire during an empty temporal gap between the key events 495 

(MacDonald et al., 2011, 2013). These cells (about ~25 % of all detected cells) were formed 496 

similarly both in WT-G-CaMP7 and AD-G-CaMP7 mice in all ages (Figure 9B). The fraction of 497 

time cells was comparable and gradually increased with sessions both in WT-G-CaMP7 and 498 

AD-G-CaMP7 mice (Figures 9C and 9D). The stability of time cells was also comparable between 499 

genotypes with increment along sessions both in WT-G-CaMP7 and AD-G-CaMP7 mice (Figures 500 

9E and 9F). Comparison of the time window size in different ages and genotypes showed that it 501 

expanded, albeit slightly, in 7-month-old AD-G-CaMP7 mice compared with WT-G-CaMP7 mice 502 
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(Figures 9G and 9H), possibly indicating a sign that time cells are also impaired. Overall, however, 503 

these results indicate that the time cells are more resilient to the pathological change in Aβ 504 

progression compared with place cells.  505 

These two cell types are interchangeable with each other, which is also crucial for shaping 506 

cognitive map (Sato et al., 2020). Therefore, we compared the conversion of place and time cells 507 

into different cell types between adjacent sessions. Place cells tend to stay as place cells and time 508 

cells tend to stay as time cells (Figures 10A and 10B). A proportion that was smaller than the 509 

average (“All→” in Figures 10A and10B) was converted to other cell types, suggestive of 510 

non-random conversion of cell types. We observed that the stability of place cells (place cell → 511 

place cell) was lower than that of time cells (time cell → time cell) in AD-G-CaMP7 mice at 7 512 

months. These results show that the cells maintain their cell type specificity either as a place cell or 513 

a time cell but such ability is declined with aged AD-G-CaMP7 mice, confirming the idea of altered 514 

stability of these two classes of neurons. 515 

 516 

Place cells became hyperactive and lost spatial representations near G7D2 aggregates 517 

 Given the increase in the hyperactive cell population in the run phase in AD-G-CaMP7 518 

mice (Figures 6), we tested what information they carry. Among hyperactive cells, the proportion of 519 

place cells decreased in AD-G-CaMP7 mice, while that of time cells remained similar between 520 

genotypes (Figure 11A), phenocopying the overall tendency of place and time cells (Figures 7 and 521 

9). This resulted in an increase in the proportion of hyperactive non-place/non-time cells and 522 

hyperactive time cells (Figure11A). We next examined the spatial distribution of hyperactive and 523 

non-hyperactive place and time cells in relation to the G7D2 aggregates. At 4 months, both place 524 

and time cells were distributed similarly to each other in relation to the position of G7D2 aggregates, 525 

as well the cells which do not code either information (non-place/non-time cells) (Figure 11B). 526 

However, at 7 months, the place cells were distributed farther from the G7D2 aggregates than time 527 

cells or non-place/non-time cells. In other words, hyperactive cells in the vicinity of the G7D2 528 
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aggregates lost spatial information. Taken together, these results indicate that G7D2 aggregates 529 

locally impair spatial information more preferentially than temporal encoding. 530 

 Finally, we traced the same cells from 4 to 7 months and explored the impacts of G7D2 531 

aggregates on cellular dysfunctions. We first detected the cells in 4-month-old animals and then 532 

identified the same cells at 7 months (Figure 11C). We calculated the stability of each cell by 533 

counting how many sessions the cell was identified as a place cell (Figure 11D) or a time cell 534 

(Figure 11E) and segregated the cells into two groups, near (≤ 100 μm) and far (100-200 μm) from 535 

Aβ aggregates. The place cell at 4 months near the aggregate had higher chance to lose spatial or 536 

temporal information and become a hyperactive non-place/non-time cell than those far away at 7 537 

months (Figure 11D). This was more evident in stable place cells which shows higher chance of 538 

detection at 4 months. In contrast, time cells did not have such tendency (Figure 11E). These results 539 

revealed that place cells especially near G7D2 aggregates becomes hyperactive, but they cannot 540 

compensate for the function and rather lose spatial representations while time cells were more 541 

stable. 542 
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DISCUSSION 543 

The AppNL-G-F/NL-G-F mouse line (Saito et al., 2014) co-expressing G-CaMP7 and DsRed2 in 544 

pyramidal neurons under Thy1 promoter allowed us to simultaneously visualize Aβ aggregates 545 

(Figure 1C) and activities of the same neuronal populations (Figure 5C) in awake mice over 546 

months without tissue staining. The aggregates co-localized with the highly aggregated Aβ and 547 

affected the activity of nearby cells. This provides a unique opportunity to chronically and 548 

simultaneously image the Aβ pathogenesis and circuit impairment in the hippocampal CA1 region. 549 

We found that hippocampal place cells were specifically impaired in the AD-G-CaMP7 550 

animal (Figure 7), while time cells were spared (Figure 9). The fraction, stability, and field size of 551 

place cells were significantly impaired in the AD-G-CaMP7 mice, starting at 4 months and fully 552 

manifested by 7 months old. Because there were no differences in gross motor activities such as 553 

running speed and travel distance (Figure 4), we consider that this is due to a primary change in the 554 

properties of the cells, not secondary to a change in behavior. This is largely consistent with 555 

electrophysiological studies on APP-overexpressing mouse models (Zhao et al., 2014; Cayzac et al., 556 

2015; Mably et al., 2017). Also, the decline of spatial cognition was reported in 6-month-old 557 

AppNL-G-F/NL-G-F mice (Saito et al., 2014). Cognitively relevant locations such as reward sites slow 558 

down the turnover of the place cells (Figure 8), which may confer stability and enhancement of the 559 

positional memory encoding of the location. The decreased stability and number of place cells seen 560 

in AD-G-CaMP7 mice may thus represent the cellular counterpart of memory impairment. 561 

In contrast to place cells, we found the time cells were not affected by Aβ pathology until 7 562 

months old. The time cells observed here reproduced the essential properties of time cells reported 563 

by others using more demanding task (Pastalkova et al., 2008; Kraus et al., 2013; MacDonald et al., 564 

2013) in that they sequentially fire in the second-order temporal resolution in a manner reproducible 565 

in each lap (Figure 9). It is generally believed that the place cells and the time cells arise from the 566 

same population of hippocampal CA1 pyramidal neurons, which differently fire depending on the 567 

task and context. This is based on the observation that the firing of a time cell itself has positional 568 
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preference. Moreover, in experiments where an animal alternates between two tasks in singles 569 

session, a neuron can fire either as a place cell, or a time cell (Kraus et al., 2013; Eichenbaum, 570 

2014; Haimerl et al., 2019). Given that these neurons arise from the same population of cells, 571 

coupled with the specific deficits we observed in positional but not temporal coding, suggest a 572 

circuit mechanism underlying the formation of these two cell types, such as input specificity may 573 

explain the differential vulnerability of these cells to Aβ pathology (Figure 10). While place cells 574 

are formed as an integration of external and internal sensory input, time cells do not require external 575 

input except for cues indicating the start and end of events. The spatial information is transmitted 576 

from medial entorhinal cortex (MEC) to hippocampus (Brun et al., 2002; Brandon et al., 2014; Jun 577 

et al., 2020). Indeed, in this knock-in mice, MEC grid cells formation is significantly impaired in 578 

the presence of external cues (Jun et al., 2020). In contrast, the time cells are independent of MEC 579 

inputs (Sabariego et al., 2019). Rather, an input from the prefrontal cortex area is implicated (Kim 580 

et al., 2013). Also, a selective inactivation of medial septum affects place cells but not time cells 581 

(Wang et al., 2015). However, we do not rule out the possibility that the time cells also show 582 

impairment if task becomes more complex, for example, by making the task context-dependent 583 

(Sabariego et al., 2019).  584 

We found a reduction in the number of active neurons (Figure 5D). Before that occurred, 585 

we found that a subset of cells became hyperactive near Aβ (Figure 6). This is consistent with a 586 

previous study that hyperactive cells were linked with Aβ depositions in hippocampus (Busche et al., 587 

2008). We additionally revealed the elevated hyperactive cells in awake AD mice. The relationship 588 

between neuronal hyperactivity and Aβ depositions was also shown in AD patients (Sperling et al., 589 

2009). 590 

The relationship among the inactivity of neurons, the hyperactivity of the remaining cells, 591 

and Aβ aggregates is not known at this point. It has been generally conceived that Aβ aggregates are 592 

less toxic than freely floating amyloid. As opposed to this, we observed cells near the aggregates are 593 

hyperactive and lose spatial information. This could be a direct effect of Aβ aggregates on the 594 
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function of neurons in the vicinity. Alternatively, it could be due to Aβ oligomer, which is associated 595 

with the amyloid plaques as visualized by an oligomer specific antibody (Lin et al., 2007; Shankar 596 

et al., 2009). In either case, our results propose that cells are more severely affected in the vicinity 597 

of Aβ plaque. 598 

Aβ is known to reduce synaptic transmission and plasticity (Shankar et al., 2007; Keskin et 599 

al., 2017; He et al., 2019). On the other hand, the hyperactivity of remaining neurons can be a direct 600 

effect of Aβ, for example, via inhibition of glutamate reuptake (Zott et al., 2019) or an indirect 601 

effect such as the dysfunction of inhibitory neurons by Aβ or homeostatic scaling. The Aβ peptide is 602 

released from neurons activity-dependently (Yamamoto et al., 2015). This support the idea of an 603 

aggravating cycle; Aβ peptide release  neuronal hyperactivity increases near the Aβ aggregate 604 

 more Aβ peptide release (Zott et al., 2019). Moreover, we suggest that hyperactivity could be 605 

one reason that spatial dysfunction occurs. Previously, it was demonstrated that hyperactive neurons 606 

lose orientation and direction selectivity in the sensory cortex of APP23×PS45 mice (Grienberger et 607 

al., 2012). In this study, we show that cells near Aβ aggregates became hyperactive and 608 

concomitantly lost spatial information, indicating the relationships between hyperactivity and 609 

spatial memory dysfunctions. Indeed, Aβ-dependent impairment of slow-wave propagation, related 610 

to the breakdown of slow-wave activity, was rescued by enhancing GABAergic inhibition in AD 611 

mouse model (Busche et al., 2015). The effect on place cells by suppressing neuronal activity 612 

should also be explored. The technique in this study can be thus beneficial for drug assessment in 613 

the evaluation of cellular dysfunctions and Aβ depositions in each stage of AD. 614 

  615 
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Figure 1. Emergence of G-CaMP7- and DsRed2-positive aggregates in AD-G-CaMP7 mice in 776 
vivo 777 
A. Virtual navigation task and two-photon microscopic calcium imaging of hippocampal neuronal 778 

activity. The mice alternated a fixed distance task and a fixed time task. During the fixed distance 779 

task, the mice freely run through a track with three areas marked with checker-board patterns and 780 

different colors. The water reward was given at one of the areas. During the fixed time task, the 781 

mouse is shown a fixed image of the end wall for three seconds and a scene of start location of the 782 

track for one second. During this period, the mice were allowed to run on the trackball, but the 783 

movement was not reflected in the VR. These two tasks were alternated without interval. 784 

B. In vivo two-photon microscopic images at different depth (left; alveus, middle; stratum oriens, 785 

right; stratum pyramidale) in a 4-month-old AD-G-CaMP7 mouse, implanted with an imaging 786 

window above hippocampal dorsal CA1 region. Numbers show depth from alveus. Most of 787 

G-CaMP7- and DsRed2-positive (G7D2) aggregates were observed at stratum oriens.  788 

C. A side view of three-dimensional reconstructions (532 μm x 532 μm x 170 μm) of WT-G-CaMP7 789 

and AD-G-CaMP7 mice both at 4 months old. Note the presence of aggregates in the stratum oriens 790 

from the AD-G-CaMP7 image while they are largely absent in the WT-G-CaMP7. 791 

D. Appearance of Aβ aggregates at stratum oriens of hippocampal CA1 region in AD-G-CaMP7 792 

mouse. Aβ aggregates were not observed in 2 months old AD-G-CaMP7 mouse but appeared at 2.5 793 

months old. 794 

E. Fluorescent images of hippocampal sections of WT-G-CaMP7 (left), AD-G-CaMP7 (middle) and 795 

AppNL-G-F/NL-G-F mice (right) at 14-month-old. The sections were counterstained with Hoechst 33258. 796 
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Figure 2. G7D2 aggregations are closely linked with aggregated Aβ 798 

A. Tissue staining of hippocampal CA1 regions of 4-month-old (left) and 10-month-old (right) 799 

AD-G-CaMP7 mice with anti-human Aβ antibody (82E1). Images in bottom row are magnifications 800 

of white rectangle in the top. 801 

B. Tissue staining of sections of hippocampal CA1 regions of 10-month-old WT-G-CaMP7 mice 802 

with anti-human Aβ (82E1, top) and with 1-fluoro-2,5-bis (3-carboxy-4-hydroxystyryl) benzene 803 

(FSB, bottom). 804 

C. Shortest distance between Aβ signals and area of Aβ-DsRed2 overlap was quantified for each 805 

pixel at 10 months (n = 3). Student t-test (*: P < 0.05, **: P < 0.01). 806 

D, E. Immunostaining of sections of hippocampal CA1 regions from WT-G-CaMP7 and 807 

AD-G-CaMP7 mice at 4 and 10 months with anti-phospho-PHF-tau pSer202+Thr205 (AT8, D) and 808 

anti-phosphorylated α-synuclein (p-αSyn, E). 809 
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Figure 3. G7D2 aggregations expand with age in AD-G-CaMP7 mice 811 

A. Progression of G7D2 aggregations in stratum oriens in AD-G-CaMP7 mouse over 9 months.  812 

B. Growth of each G7D2 aggregation from 4 to 13 months. n = 46, 55, 49, 61, 64, 56, 55, 43, 43, 43 813 

aggregations in each month. P = 2.96 10-44 by Two-way ANOVA effect of age, F(9,1405) = 27.53. 814 

Two-way ANOVA followed by a Tukey–Kramer post hoc test (*: vs. 4m, †: vs. 5m, ‡: vs. 6m, *: P 815 

< 0.05, **: P < 0.01, ***: P < 0.001).  816 

C. Occupancy of G7D2 aggregations in the stratum oriens in 30 μm-thick and 532 μm-square 817 

stratum oriens in AD-G-CaMP7 (n = 3) and WT-G-CaMP7 mice (n = 3). P = 2.38 10-7 by 818 

Two-way ANOVA effect of genotype, F(1,27) = 46.8. Two-way ANOVA followed by a Tukey–819 

Kramer post hoc test (*: P < 0.05, ***: P < 0.001).  820 

D The growth of Aβ aggregates from 4 to 14 months. Each color represents each aggregate. 821 
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Figure 4. Behavior in VR is not largely affected in AD-G-CaMP7 mice 824 

A-H. Examples of behavior of 4-month-old WT-G-CaMP7 (A, E) and AD-G-CaMP7 (B, F) mice at 825 

early (A, B) and late (E, F) periods. The time spent at each location and speed are shown below (C, 826 

D, G, H). 827 

I-K. Violin plots of running speed (I), time in reward zone (J) and total distance (K) in early (E), 828 

middle (M), late (L), and relearning (R) periods of 4- and 7-month-old WT-G-CaMP7 and 829 

AD-G-CaMP7 mice. 4 months old: WT = 5 mice (20-25 sessions), AD = 5 mice (24-25 sessions). 7 830 

months old: WT = 4 mice (18-20 sessions), AD = 4 mice (20 sessions). I. 4 months old: P = 0.43 by 831 

Two-way ANOVA effect of genotype, F(1,186) = 0.62. 7 months old: P = 0.82 by Two-way ANOVA 832 

effect of genotype, F(1,149) = 0.05. J. 4 months old: P = 0.94 by Two-way ANOVA effect of 833 

genotype, F(1,186) = 0.0066. 7 months old: P = 0.0057 by Two-way ANOVA effect of genotype, 834 

F(1,149) = 7.88. K. 4 months old: P = 0.63 by Two-way ANOVA effect of genotype, F(1,186) = 0.23. 7 835 

months old: P = 0.78 by Two-way ANOVA effect of genotype, F(1,149) = 0.08. 836 
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Figure 5. Chronic two-photon calcium imaging of the same pyramidal cell population 839 

A. DsRed2 fluorescence images of strata pyramidale and oriens in 4- and 7-month-old 840 

WT-G-CaMP7 and AD-G-CaMP7 mice. 841 

B. Magnification of white rectangles (#1, #2, #3, #3’) in A. The same cell population was traced 842 

over 3 months in WT-G-CaMP7 and AD-G-CaMP7 even near a G7D2 aggregate. 843 

C. Maximum intensity projection images (top) and ROIs detected by non-negative matrix 844 

factorization method (bottom) in 4- and 7-month-old WT-G-CaMP7 and AD-G-CaMP7 mice.  845 

D. Violin plots of the fraction of active cell numbers in 4- and 7-month-old WT-G-CaMP7 and 846 

AD-G-CaMP7 mice. Violin plots are represented with mean (black solid line) and median (red 847 

dotted line). 4 months old: WT = 5 mice (99 sessions), AD = 5 mice (95 sessions). 7 months old: 848 

WT = 3 mice (60 sessions), AD = 4 mice (80 sessions). P = 0.0024 by Two-way ANOVA effect of 849 

genotype, F(1,330) = 9.36. P = 1.87 10-9 by Two-way ANOVA effect of age, F(1,330) = 38.21. 850 

E. Breakdown of D to early (E), middle (M), late (L), and relearning (R) periods of 4- and 851 

7-month-old WT-G-CaMP7 and AD-G-CaMP7 mice. 4 months old: P = 0.043 by Two-way ANOVA 852 

effect of genotype, F(1,186) = 4.15. 7 months old: P = 0.0018 by Two-way ANOVA effect of 853 

genotype, F(1,132) = 5.78. Two-way ANOVA followed by a Tukey–Kramer post hoc test (*: P < 0.05, 854 

***: P < 0.001). 855 
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Figure 6. Increase of hyperactive cells near G7D2 aggregates in AD-G-CaMP7 mice. 858 

A. Cumulative histograms and violin plots of event rate of active neurons. Event rate of 4- and 859 

7-month-old WT-G-CaMP7 and AD-G-CaMP7 mice in total frames. 4 months old: WT = 5 mice 860 

(57090 cells), AD = 5 mice (53776 cells). P = 1.50 10-237, Z = -32.91. 7 months old: WT = 4 mice 861 

(42032 cells), AD = 4 mice (40076 cells). P = 0.00, Z = -44.10. Wilcoxon rank sum test (***: P < 862 

0.001). 863 

B. Examples of G-CaMP7 fluorescence of hyperactive (red) and non-hyperactive (blue) cells. 864 

Hyperactive cells were defined as those having activity in ≥ 10% of all frames. 865 

C. Violin plots of proportion of hyperactive cells among all active cells in early (E), middle (M), 866 

late (L), and relearning (R) periods during 10 min imaging in 4- and 7-month-old WT-G-CaMP7 867 

and AD-G-CaMP7 mice. 4 months old: WT = 5 mice (20-25 sessions), AD = 5 mice (24-25 868 

sessions). P = 5.78 10-8 by Two-way ANOVA effect of genotype, F(1,186) = 31.98. 7 months old: 869 

WT = 4 mice (18-20 sessions), AD = 4 mice (20 sessions). P = 2.15 10-8 by Two-way ANOVA 870 

effect of genotype, F(1,149) = 35.12. Two-way ANOVA followed by a Tukey–Kramer post hoc test 871 

(*P < 0.05, **: P < 0.01). 872 

D. Example of the maximum intensity projection image at the stratum oriens and the cell map of 873 

the stratum pyramidale with cellular activities indicated with red dots (≥ 10 %), orange dots 874 

(8-10 %), yellow dots (6-8 %), green dots (4-6 %), light blue dots (2-4 %) and blue dots (< 2 %) 875 

and G7D2 aggregates with a pink ellipse from 7-month-old AD-G-CaMP7 mice.  876 

E. Cumulative histograms and violin plots of shortest distance from G7D2 aggregates to 877 

hyperactive cell (red) and non-hyperactive cells (black) in 4- and 7-month-old AD-G-CaMP7 mice. 878 

4 months old: AD = 4 mice (Hyperactive = 4165 cells, Non-hyperactive = 40494 cells). P = 0.011, 879 

Z = -2.54. 7 months old: AD = 4 mice (Hyperactive = 4275 cells, Non-hyperactive = 35801 cells). P 880 

= 7.92 10-14, Z = -7.47. Wilcoxon rank sum test (***: P < 0.001). 881 

F. Cumulative histograms and violin plots of event rate of active neurons. Event rate of 882 
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WT-G-CaMP7 and AD-G-CaMP7 mice in run frames (top) and stop frames (bottom). 883 

RUN 4 months old: P = 1.24 10-86, Z = -19.73. 7 months old: P = 2.53 10-86, Z = -19.69. STOP 4 884 

months old: P = 1.15 10-170, Z = -27.85. 7 months old: P = 6.48 10-210, Z = -30.92. Wilcoxon 885 

rank sum test (***: P < 0.001). 886 

G. Examples of G-CaMP7 fluorescence traces of RUN hyperactive and STOP hyperactive cells. 887 

Hyperactive cells were defined as those having activity rate in ≥ 10 % of frames either running (for 888 

RUN hyperactive cells) or resting (for STOP hyperactive cells) period. 889 

H, I. Violin plots of proportion of RUN (H) and STOP (I) hyperactive cells in early (E), middle (M), 890 

late (L), and relearning (R) periods in 4- and 7-month-old WT-G-CaMP7 and AD-G-CaMP7 mice. 891 

H. RUN 4 months old: P = 0.0013 by Two-way ANOVA effect of genotype, F(1,186) = 10.72. 7 892 

months old: P = 3.72 10-7 by Two-way ANOVA effect of genotype, F(1,149) = 28.31. 893 

I. STOP 4 months old: P = 7.00 10-7 by Two-way ANOVA effect of genotype, F(1,186) = 26.39. 7 894 

months old: P = 2.13 10-5 by Two-way ANOVA effect of genotype, F(1,149) = 19.28. 895 

Two-way ANOVA followed by a Tukey–Kramer post hoc test (*: P < 0.05, **: P < 0.01). 896 

J, K. Cumulative histograms and violin plots of shortest distance from G7D2 aggregates to each 897 

hyperactive cells (red) in comparison with distance to all cells (black) during run (J) and stop (K) in 898 

4- and 7-month-old AD-G-CaMP7 mice. J. RUN 4 months old: AD = 4 mice (Hyperactive = 16167 899 

cells, Non-hyperactive = 28492 cells). P = 5.26 10-20, Z = -9.16. 7 months old: AD = 4 mice 900 

(Hyperactive = 16994 cells, Non-hyperactive = 23082 cells). P = 1.43 10-11, Z = -6.75. K. STOP 4 901 

months old: AD = 4 mice (Hyperactive = 1939 cells, Non-hyperactive = 42720 cells). P = 0.0055, Z 902 

= -2.78. 7 months old: AD = 4 mice (Hyperactive = 2050 cells, Non-hyperactive = 38026 cells). P = 903 

3.44 10-20, Z = -9.20. Wilcoxon rank sum test (**: P < 0.01, ***: P < 0.001). 904 

 905 
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Figure 7. Age-dependent impairment of place cells in AD-G-CaMP7 mice. 907 

A. Examples of place cell activity. Position of a mouse and Ca2+ traces are shown. Place cell 908 

activities of cell #421, #440, and #347 are color-coded. 909 

B. Activity heat maps of the place cells detected in session #14 in 4- and 7-month-old 910 

WT-G-CaMP7 (top) and AD-G-CaMP7 (bottom) mice. The same cells in session #15 are also 911 

shown. The cells are sorted by their place field positions on #14. 912 

C. Example of the cell map of the stratum pyramidale with place cell peak positions and G7D2 913 

aggregates with a pink ellipse from 4- and 7-month-old WT-G-CaMP7 and AD-G-CaMP7 mice. 914 

The proportions of place cells are shown in bottom left. 915 

D. Violin plots of proportion of place cells among all active cells in 4- and 7-month-old 916 

WT-G-CaMP7 and AD-G-CaMP7 mice. 4 months old: WT = 5 mice (99 sessions), AD = 5 mice (95 917 

sessions). 7 months old: WT = 4 mice (77 sessions), AD = 4 mice (80 sessions). P = 1.56 10-7 by 918 

Two-way ANOVA effect of genotype, F(1,347) = 28.68. P = 0.34 by Two-way ANOVA effect of age, 919 

F(1,347) = 0.90. 920 

E. Breakdown of D to early (E), middle (M), late (L), and relearning (R) periods of 4- and 921 

7-month-old WT-G-CaMP7 and AD-G-CaMP7 mice. 4 months old: P = 0.068 by Two-way ANOVA 922 

effect of genotype, F(1,196) = 3.37. 7 months old: P = 1.22 10-8 by Two-way ANOVA effect of 923 

genotype, F(1,149) = 36.38. 924 

F. Violin plots of proportion of stable place cells among all active cells in 4- and 7-month-old 925 

WT-G-CaMP7 and AD-G-CaMP7 mice. 4 months old: WT = 5 mice (94 sessions), AD = 5 mice (88 926 

sessions). 7 months old: WT = 4 mice (71 sessions), AD = 4 mice (76 sessions). P = 2.06 10-11 by 927 

Two-way ANOVA effect of genotype, F(1,325) = 48.24. P = 1.51 10-4 by Two-way ANOVA effect 928 

of age, F(1,325) = 14.71. 929 

G. Breakdown of F to early (E), middle (M), late (L), and relearning (R) periods of 4- and 930 

7-month-old WT-G-CaMP7 and AD-G-CaMP7 mice. 4 months old: P = 0.0024 by Two-way 931 
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ANOVA effect of genotype, F(1,174) = 9.48. 7 months old: P = 4.63 10-11 by Two-way ANOVA 932 

effect of genotype, F(1,139) = 51.05. 933 

H. Violin plots of place field size in 4- and 7-month-old WT-G-CaMP7 and AD-G-CaMP7 mice. 4 934 

months old: WT = 5 mice (99 sessions), AD = 5 mice (94 sessions). 7 months old: WT = 4 mice (77 935 

sessions), AD = 4 mice (80 sessions). P = 2.57 10-6 by Two-way ANOVA effect of genotype, 936 

F(1,346) = 22.87. P = 0.0016 by Two-way ANOVA effect of age, F(1,346) = 10.12. 937 

I. Breakdown of H to early (E), middle (M), late (L), and relearning (R) learning periods of 4- and 938 

7-month-old WT-G-CaMP7 and AD-G-CaMP7 mice. 4 months old: P = 0.067 by Two-way ANOVA 939 

effect of genotype, F(1,185) = 3.40. 7 months old: P = 6.34 10-6 by Two-way ANOVA effect of 940 

genotype, F(1,149) = 21.92. 941 

Two-way ANOVA followed by a Tukey–Kramer post hoc test (*: P < 0.05, **: P < 0.01, ***: P < 942 

0.001). 943 
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Figure 8. Peak position of stable place cells is preserved in AD-G-CaMP7 mice 946 

A, B The proportion of place cells (A) or stable place cells (B) at each position among all detected 947 

cells in 4- and 7-month-old WT-G-CaMP7 (blue line) and AD-G-CaMP7 (red line) mice. Density of 948 

place cells (A) or stable place cells (B) at 52-62 cm (pre-reward zone; R as shown in A and B) and 949 

40-50 cm (non-rewarded zone; NR as shown in A and B) A median and a mean values are shown by 950 

a mid-line and a circle.  951 

A. 4 months old: WT = 5 mice (69 sessions), AD = 5 mice (63 sessions). P = 0.26 by Two-way 952 

ANOVA effect of genotype, F(1,260) = 1.28. P = 3.89 10-5 by Two-way ANOVA effect of position, 953 

F(1,260) = 17.52. 7 months old: WT = 4 mice (51 sessions), AD = 4 mice (56 sessions). P = 4.33954 

10-9 by Two-way ANOVA effect of genotype, F(1,210) = 37.56. P = 6.21 10-7 by Two-way ANOVA 955 

effect of position, F(1,210) = 26.44. 956 

B. 4 months old: WT = 5 mice (69 sessions), AD = 5 mice (63 sessions). P = 0.019 by Two-way 957 

ANOVA effect of genotype, F(1,260) = 5.54. P = 1.21 10-5 by Two-way ANOVA effect of position, 958 

F(1,260) = 19.91. 7 months old: WT = 4 mice (51 sessions), AD = 4 mice (56 sessions). P = 1.25959 

10-10 by Two-way ANOVA effect of genotype, F(1,210) = 45.86. P = 6.92 10-6 by Two-way ANOVA 960 

effect of position, F(1,210) = 21.27. 961 

Two-way ANOVA followed by a Tukey–Kramer post hoc test (**: P < 0.01, ***: P < 0.001). 962 

C. Peak heat maps at session #N (N = 1-14) versus session #(N+1). Reward position in session 963 

#1-15 was shown as green line (60-80 cm), and that in session #16-20 was shown as blue line 964 

(90-110 cm). 965 

D. Distributions of peak shifts of place cells in WT-G-CaMP7 (blue line and bar) and 966 

AD-G-CaMP7 (red line and bar) mice. Lines show the fraction of place cells  place cells. 967 

4 months old: WT = 5 mice (8675 cells), AD = 5 mice (7078 cells). P = 0.29, Z = -1.05. 7 months 968 

old: WT = 4 mice (7243 cells), AD = 4 mice (4940 cells). P = 0.0011, Z = -3.25. Wilcoxon rank 969 

sum test (**: P < 0.01). 970 
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Figure 9. Time cells are unaffected in AD-G-CaMP7 mice. 971 

A. Examples of time cell activity. Raster activity of each lap from single cell during the wait period 972 

are on top. Still image on VR switches at red dash. Averaged and smoothed activity on the bottom. 973 

B. Activity heat maps of the time cells detected in session #14 in 4- and 7-month-old WT-G-CaMP7 974 

(top) and AD-G-CaMP7 (bottom) mice. The same cells in session #15 are also shown. The cells are 975 

sorted by their time field positions on #14. 976 

C. Violin plots of proportion of time cells among all active cells in 4- and 7-month-old 977 

WT-G-CaMP7 and AD-G-CaMP7 mice. 4 months old: WT = 5 mice (99 sessions), AD = 5 mice (95 978 

sessions). 7 months old: WT = 4 mice (77 sessions), AD = 4 mice (80 sessions). P = 0.63 by 979 

Two-way ANOVA effect of genotype, F(1,347) = 0.23. P = 3.47 10-5 by Two-way ANOVA effect of 980 

age, F(1,347) = 17.60. 981 

D. Breakdown of C to early (E), middle (M), late (L), and relearning (R) periods of 4- and 982 

7-month-old WT-G-CaMP7 and AD-G-CaMP7 mice. 4 months old: P = 0.51 by Two-way ANOVA 983 

effect of genotype, F(1,186) = 0.44. 7 months old: P = 0.25 by Two-way ANOVA effect of genotype, 984 

F(1,149) = 1.35. 985 

E. Violin plots of proportion of stable time cells among all active cells in 4- and 7-month-old 986 

WT-G-CaMP7 and AD-G-CaMP7 mice. 4 months old: WT = 5 mice (94 sessions), AD = 5 mice (88 987 

sessions). 7 months old: WT = 4 mice (71 sessions), AD = 4 mice (76 sessions). P = 0.77 by 988 

Two-way ANOVA effect of genotype, F(1,325) = 0.084. P = 4.53 10-6 by Two-way ANOVA effect 989 

of age, F(1,325) = 21.76. 990 

F. Breakdown of E to early (E), middle (M), late (L), and relearning (R) periods of 4- and 991 

7-month-old WT-G-CaMP7 and AD-G-CaMP7 mice. 4 months old: P = 0.49 by Two-way ANOVA 992 

effect of genotype, F(1,174) = 0.47. 7 months old: P = 0.89 by Two-way ANOVA effect of genotype, 993 

F(1,139) = 0.02. 994 

G. Violin plots of time field size in 4- and 7-month-old WT-G-CaMP7 and AD-G-CaMP7 mice. 995 
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4 months old: WT = 5 mice (99 sessions), AD = 5 mice (95 sessions). 7 months old: WT = 4 mice 996 

(77 sessions), AD = 4 mice (80 sessions). P = 0.0014 by Two-way ANOVA effect of genotype, 997 

F(1,347) = 10.41. P = 0.37 by Two-way ANOVA effect of age, F(1,347) = 0.79. 998 

H. Breakdown of G to early (E), middle (M), late (L), and relearning (R) periods of 4- and 999 

7-month-old WT-G-CaMP7 and AD-G-CaMP7 mice. 4 months old: P = 0.13 by Two-way ANOVA 1000 

effect of genotype, F(1,186) = 2.26. 7 months old: P = 0.0018 by Two-way ANOVA effect of 1001 

genotype, F(1,149) = 10.13. 1002 

Two-way ANOVA followed by a Tukey–Kramer post hoc test (*: P < 0.05, **: P < 0.01). 1003 

  1004 
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 1005 

Figure 10. Place cells and time cells stay as the same cell type in the following session. 1006 

A-B. Violin plots of ratio of place cells (green) or time cells (orange) in session #(N+1) in relation 1007 

to all cells, place cells or time cells in session #N in 4- and 7-month-old WT-G-CaMP7 mice (A) 1008 

and AD-G-CaMP7 mice (B). For comparison, the proportion of place cells and time cells in session 1009 

#(N+1) are shown. †: vs All → Place cell, #: vs All → Time cell. 1010 

A. 4 months old: WT = 5 mice (94 sessions). P = 0.47 by Two-way ANOVA effect of pre-cell type, 1011 

F(1,558) = 0.53. P = 1.63 10-12 by Two-way ANOVA effect of post-cell type, F(2,558) = 28.51. 1012 

7 months old: WT = 4 mice (71 sessions). P = 0.059 by Two-way ANOVA effect of pre-cell type, 1013 

F(1,420) = 3.59. P = 1.34 10-15 by Two-way ANOVA effect of post-cell type, F(2,420) = 37.2. 1014 

B. 4 months old: AD = 5 mice (87-88 sessions). P = 0.0044 by Two-way ANOVA effect of pre-cell 1015 

type, F(1,520) = 8.20. P = 5.57 10-9 by Two-way ANOVA effect of post-cell type, F(2,520) = 19.72. 1016 

7 months old: AD = 4 mice (76 sessions). P = 2.54 10-14 by Two-way ANOVA effect of pre-cell 1017 

type, F(1,450) = 62.05. P = 1.15 10-16 by Two-way ANOVA effect of post-cell type, F(2,450) = 39.87. 1018 

Two-way ANOVA followed by a Tukey–Kramer post hoc test (*: P < 0.05, **: P < 0.01, ***: P < 1019 

0.001). 1020 

 1021 
  1022 
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Figure 11. Place cells lost spatial information near G7D2 aggregates, but not time cells. 1023 

A. Violin plots of proportion of hyperactive non-place/time cells, hyperactive place cells, 1024 

hyperactive time cells, and hyperactive place/time cells among hyperactive cells in 4- and 1025 

7-month-old AD-G-CaMP7 and WT-G-CaMP7 mice. 4 months old: WT = 5 mice (99 sessions), AD 1026 

= 5 mice (95 sessions). 7 months old: WT = 4 mice (77 sessions), AD = 4 mice (80 sessions). 1027 

Hyperactive non-place/non-time cell: P = 0.0012 by Two-way ANOVA effect of genotype, F(1,347) = 1028 

10.73. P = 5.60 10-4 by Two-way ANOVA effect of age, F(1,347) = 12.13. 1029 

Hyperactive place cell: P = 2.80 10-9 by Two-way ANOVA effect of genotype, F(1,347) = 37.23. P = 1030 

0.52 by Two-way ANOVA effect of age, F(1,347) = 0.42. 1031 

Hyperactive time cell: P = 0.018 by Two-way ANOVA effect of genotype, F(1,347) = 5.64. P = 1.571032 

10-5 by Two-way ANOVA effect of age, F(1,347) = 19.19. 1033 

B. Cumulative histograms and violin plots of shortest distance from G7D2 aggregates to 1034 

non-hyperactive non-place/non-time cells (light gray), non-hyperactive place cells (light green), 1035 

non-hyperactive time cells (yellow), hyperactive non-place/non-time cells (dark gray), hyperactive 1036 

place cells (green), and hyperactive time cells (orange) in 4- and 7-month-old WT-G-CaMP7 and 1037 

AD-G-CaMP7 mice. Hyperactive place cells are far from G7D2 aggregates. 1038 

AD = 4, 4 mice in 4- and 7-month-old, Non-hyperactive non-place/non-time cell = 22407, 18446 1039 

cells, Non-hyperactive place cell = 1288, 903 cells, Non-hyperactive time cell 4928, 3783 cells 1040 

Hyperactive non-place/non-time cell = 5998, 6529 cells, Hyperactive place cell = 5257, 4427 cells 1041 

Hyperactive time cell = 5553, 6560 cells. 4 months old: P = 0.070 by Two-way ANOVA effect of 1042 

cell type, F(2,45425) = 2.67. 7 months old: P = 1.35 10-17 by Two-way ANOVA effect of cell type, 1043 

F(2,40642) = 38.88. 1044 

C. Example of the maximum intensity projection image at the stratum oriens and the cell map of 1045 

the stratum pyramidale with cell type indicated with green (hyperactive place cell), light green 1046 

(non-hyperactive place cell), orange (hyperactive time cell), yellow (non-hyperactive time cell), 1047 
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blue (hyperactive place/time cell), cyan (non-hyperactive place/time cell), dark gray (hyperactive 1048 

non-place/non-time cell), light gray (non-hyperactive non-place/non-time cell), and white (Inactive 1049 

cell) dots and G7D2 aggregates with pink ellipses from 4- and 7-month-old AD-G-CaMP7 mice. 1050 

D, E Violin plots showing the number of sessions out of 20 at 4 months where the cells were 1051 

detected as place cells (D) or time cells (E) and the number of sessions at 7 months where the cells 1052 

were detected as hyperactive non-place/non-time cells. The cells were segregated ≤ 100 μm (red) or 1053 

100-200 μm (gray) from the Aβ aggregate (at 7 months old). The cells with higher chance of 1054 

becoming place cells had a higher chance of becoming a hyperactive non-place/non-time cells at 7 1055 

months. The cells near the aggregate had larger chance of becoming hyperactive 1056 

non-place/non-time cells. Such tendency was not present in time cells.  1057 

D. AD = 4 mice. 100-200 μm (n = 398, 219, 79, 51, 37 cells), ≤ 100 μm (n = 1204, 644, 316, 170, 1058 

136 cells). P = 2.70 10-7 by Two-way ANOVA effect of distance, F(1,3244) = 26.57. P = 3.40 10-46 1059 

by Two-way ANOVA effect of session number, F(4,3244) = 56.57. 1060 

E. AD = 4 mice. 100-200 μm (n = 234, 241, 135, 85, 89 cells), ≤ 100 μm (n = 731, 775, 475, 224, 1061 

265 cells). P = 1.33 10-5 by Two-way ANOVA effect of distance, F(1,3244) = 19.02. P = 0.019 by 1062 

Two-way ANOVA effect of session number, F(4,3244) = 2.96. 1063 

Two-way ANOVA followed by a Tukey–Kramer post hoc test (#: vs 0, †: vs 1-2, ‡: vs 3-4, $: vs 5-6, 1064 

*: P < 0.05, **: P < 0.01, ***: P < 0.001) 1065 
























