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 40 
Abstract 41 
 42 
Spatial location in the environment can be defined in relation to specific landmarks or in relation 43 
to the global context, and is estimated from both the sensing of landmarks and the inner sense 44 
of cumulated locomotion referred to as path-integration. The respective contribution of landmark 45 
and path-integration to place cell activity in the hippocampus is still unclear and complicated by 46 
the fact that the two mechanisms usually overlap. To bias spatial mechanisms towards 47 
landmark or path-integration, we use a treadmill equipped with a long belt on which male mice 48 
run sequentially through a zone enriched and a zone impoverished in visual-tactile cues. We 49 
show that inactivation of the medial septum (MS), which is known to disrupt the periodic activity 50 
of grid cells, impairs mice ability to anticipate the delivery of a reward in the cue-impoverished 51 
zone and transiently alter the spatial configuration of place fields in the cue-impoverished zone 52 
selectively: following MS inactivation, place fields in the cue-impoverished zone progressively 53 
shift backward and stabilize near the cues, resulting in the contraction of the spatial 54 
representation around cues; following MS recovery, the initial spatial representation is 55 
progressively restored. Furthermore, we found that place fields in the cue-rich and cue-56 
impoverished zones are preferentially generated by cells from the deep and superficial 57 
sublayers of CA1, respectively. These findings demonstrate with mechanistic insights the 58 
contribution of MS to the spread of spatial representations in cue-impoverished areas, and 59 
indicate a segregation of landmark-based and path-integration-assisted spatial mechanisms into 60 
deep and superficial CA1, respectively. 61 
 62 
 63 
Significance Statement 64 
 65 
Cells encoding a cue-impoverished zone and the vicinity of landmarks responded differentially to septal 66 
inactivation and resided in distinct sub-layers of CA1. These findings provide new insights on place field 67 
mechanisms: Septal activity is critical for maintenaining the spread of place fields in cue-impoverished 68 
areas, but not for the generation of place fields; Following MS inactivation, trial-by-trial network 69 
modifications by activity-dependent mechanisms are responsible for the gradual collapse of spatial 70 
representations. Furthermore, the findings suggest parallel coding streams for landmark and self-motion 71 
information. Superficial CA1 cells are better suited for encoding global position via the assist of path-72 
integration while deep CA1 cells can support spatial memory processes on an object-specific basis.   73 
 74 

75 
Introduction 76 
 77 
Since the discovery of place cells in the hippocampus and the introduction of a cognitive map hypothesis 78 
(O’Keefe and Dostrovsky, 1971), an intriguing question is how the selective firing fields of place cells, 79 
called ‘place fields’, are generated and controlled by different inputs to the hippocampus. The recent 80 
discovery of spatially tuned cells, such as border cells (Solstad et al., 2008), and grid cells (Hafting et al., 81 
2005), in the medial entorhinal cortex (MEC), one of the main input structures to the hippocampus, was a 82 
major step toward answering this question. Border cells increase their firing activity in response to 83 
boundaries of the environment and convey a spatial input related to external sensory cues (Solstad et al., 84 
2008; Savelli et al., 2008). In contrast, grid cells display several periodic firing fields that provide an 85 
intrinsic metric of the environment and are believed to contribute information associated with both 86 
environmental cues and path integration (Mittelstaedt et al., 1980; McNaughton et al., 2006; Moser and 87 
Moser, 2008; Chen et al., 2016; Krupic et al., 2015). 88 
 89 
Initially, grid cell inputs were hypothesized to be the primary mechanism for place field generation 90 
(Solstad et al., 2006; McNaughton et al., 2006; Hayman and Jeffery, 2008; Cheng and Frank, 2011). 91 
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However, it was recently shown that in preweanling rat pups, place fields can exist before the emergence 92 
of the grid cell network (Muessig et al., 2015), while in adult rats, the disruption of grid cell spatial 93 
periodicity by pharmacological inactivation of the medial septum (MS) does not alter preexisting place 94 
fields (Brandon et al., 2011; Koenig et al., 2011; Wang et al., 2015; but see Wang et al., 2015) nor 95 
prevent the emergence of place fields in novel environments (Brandon et al, 2014). In contrast, 96 
hippocampal spatial representations remap but remain spatially tuned following inactivations of the MEC 97 
that are non-specific in regard to cell types (Rueckemann et al., 2015; Miao et al., 2015; Brun et al., 98 
2008).    99 
 100 
The contribution of path-integration to hippocampal spatial representation is still unclear. Complicating 101 
this analysis is the fact that path-integration contribution might vary among hippocampal subregions, as 102 
differences in representation are reported along septo-temporal (Jung et al. 1994, Kjelstrup et al 2008, 103 
Royer et al. 2010, Ciocchi et al. 2015), proximo-distal (Henriksen et al. 2010, Burke et al. 2011) and radial 104 
(Mizuseki et al. 2011; Danielson et al. 2016; Geiller et al., 2017) axes, and that path-integration normally 105 
coexists with landmark-based mechanisms, making it difficult to distinguish the unique contribution of 106 
path-integration. For these reasons, we examined the impact of MS inactivation in diverse locations in the 107 
CA1 radial axis and in two different contexts, path-integration alone and landmark-based navigation. We 108 
used a non-motorized treadmill apparatus equipped with a 2-meter-long belt (Royer et al., 2012) in which 109 
mice ran sequentially through a zone enriched with cues and a zone impoverished in cues and had to use 110 
path-integration to stop at a reward position in the cue-impoverished zone. In addition, we took advantage 111 
of the vertical arrangement of recording sites in silicon probes to sample various depths of the CA1 112 
pyramidal layer. We found that inactivation of the MS abolished theta oscillations, impaired the ability of 113 
mice to estimate the reward position, and mostly altered place fields in the cue-impoverished zone, 114 
shifting their position toward the cues in a progressive and reversible manner. Furthermore, we found that 115 
the shifted place fields belonged to cells predominantly located in the superficial sublayer of CA1, 116 
supporting an organization of path-integration mechanisms along the CA1 radial axis. 117 
 118 
 119 
Materials and Methods 120 
 121 
Data were collected from 8 male C57BL/6 mice aged between 6 to 7 weeks. The mice were housed 2 or 122 
3 per cage in a vivarium with 12-hour light/dark cycles. Three mice received muscimol injections. Two 123 
mice received saline injections as a control. Three mice received no injections. Training and recording 124 
sessions occurred during the light cycles. 125 
All experiments were conducted in accordance with institutional regulations (Institutional Animal Care and 126 
Use Committee of the Korea Institute of Science and Technology), and conformed to the Guide for the 127 
Care and Use of Laboratory Animals (NRC 2011). 128 
 129 
Behavioral apparatus. The treadmill consisted of a 2-meter-long light velvet belt resting on two 3D printed 130 
wheels, which the mice moved themselves at will (Figure 1A; Royer et al., 2012). Since the mice were 131 
head-fixed, they remained static relative to room cues as they ran on the treadmill, and the only 132 
information useful for place field generation on the belt came from sensory cues coupled to the belt and 133 
self-motion cues. A different belt design was used for mice that received and did not received injections. 134 
For the 5 mice that received injections, two cues made of flexible shrink tubes vertically erected (~2 cm 135 
height) on both edges of the belt were fixed 20 cm apart and provided visual-tactile stimulation to both 136 
sides of the mice. Aside from these cues, the belt was uniform in both color (black) and texture, and was 137 
changed prior to the recording sessions to minimize odorant cues. For the 3 mice that received no 138 
injections, 6 cues were interspersed on a 2-meter-long belt except for a 80-cm-long section that served as 139 
cue-impoverished zone. Room cues were concealed using black cardboard panels on both sides of the 140 
treadmill. A lick port equipped with two channels, one for delivery and the other for removal (via suction) 141 
of water, was constantly held in front of the mouth of the mouse. A LED/photo-sensor couple at the tip of 142 
the lick port was used to detect individual licks. 143 
 144 
Behavioral control. The forward and backward movement increments of the treadmill were monitored 145 
using two pairs of LED/photo-sensor couples that read patterns on a disc connected to the treadmill 146 
wheel, while the zero position was monitored by a LED/photo-sensor couple detecting a small hole on the 147 
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belt. From these signals, mouse position was detected in real time by an Arduino board (Arduino Uno, 148 
arduino.cc), which also controlled the valves for the reward delivery. The signals were also recorded on 149 
the digital channels of the electrophysiological recording system. 150 
 151 
Behavioral training. The mice were water restricted to 1 ml of water per day, and trained (1-hour session 152 
per day) to run on the treadmill with their head fixed for 2 weeks. A drop of water was delivered on every 153 
trial at the same position on the belt via the lick port. The water was removed from the lick port (via 154 
suction) 10 cm after the position of water delivery, such that mice had to completely stop within a 10 cm 155 
area in order to consume the water. Mice typically ran without interruption up to the reward location where 156 
they stopped for a few seconds to drink, and became expert at this task within a week (Royer et al., 2012; 157 
Geiller et al., 2017) such that no learning related to the task was involved on the recording days. 158 
 159 
Preparation for head-fixation and cannula implantation. Under isoflurane anesthesia (supplemented by 160 
subcutaneous injections of buprenorphine 0.1 mg/kg), two small watch screws were driven into the bone 161 
above the cerebellum to serve as reference and ground electrodes for the recordings. A plastic head-162 
plate with a window opening in the center, which was made in-house (Chung et al. 2017), was cemented 163 
to the skull with dental acrylic. The head-plate was designed to conveniently attach (and detach) to a 164 
holding plate using 2 screws. For the local muscimol injection, a guide cannula (26G, Plastic One) aimed 165 
at the MS was implanted (AP: +0.8 mm, ML: +1 mm, 15 degrees toward the midline; Wang et al., 2015; 166 
Brandon et al., 2014). Mice were allowed to recover for 7 days before starting behavioral training. 167 
   168 
Electrode implantation. Under isoflurane anesthesia, a silicon probe (NeuroNexus Buzsaki32, 4 shanks 169 
with 8 recording sites per shank) mounted on a micro-drive (Chung et al. 2017) and coated with DiI 170 
(molecular probe) was inserted one millimeter above the pyramidal layer. The micro-drive was cemented 171 
to the skull and head-plate. A mixture of bone wax and mineral oil was used to cover the craniotomy. On 172 
the following days, the silicon probe was slowly lowered to the pyramidal layer using the micro-drive. A 173 
plastic cap was used to protect the micro-drive/silicon probe assembly (Chung et al. 2017). 174 
 175 
Recordings. A silicon probe with 4 shanks and 8 recording sites per shanks (NeuroNexus Buzsaki32) was 176 
used. The recording sites were organized in a staggered configuration that spanned vertically over 140 177 
μm and could cover the entire depth of the pyramidal layer. Neurophysiological signals were acquired 178 
continuously at 30000 Hz on a 250-channel recording system (Intan Technologies, RHD2132 amplifier 179 
board with RHD2000 USB Interface Board and custom-made LabView user interface). On the recording 180 
day, the three following sessions were performed for 3 mice: baseline (before injection), muscimol 181 
(starting 30 min after injection), and recovery (starting 5 hours after injection). For 2 additional mice, 182 
saline was injected instead of muscimol. Data included are from one recording day per mouse. It is worth 183 
mentioning that place field and licking dynamics cannot be explained by a gradual effect of muscimol 184 
diffusion/washout, considering the short time scale of trials (~10s/trial) relative to the 30/300 minutes post-185 
injection delay period preceding muscimol/recovery sessions. 186 
 187 
Intracranial injections. Drug intracranial injections were performed as follows. A dummy cannula was 188 
gently removed, cleaned with alcohol, and dipped in sterile mineral oil. An injector cannula (33 Ga, Plastic 189 
One) was inserted in the guide cannula, protruding by 1.8 mm, and was connected to a 10-μl Hamilton 190 
syringe filled with muscimol (0.125 mg ml−1) or saline solutions. Muscimol or saline (130 nl) was injected 191 
at rate of 5 μl hr−1 using a microinjection pump (KDS 100 Legacy Single Syringe Infusion Pump).  192 
 193 
Spike sorting. The wideband signals were digitally high-pass filtered (0.8-5 kHz) offline for spike detection 194 
or low-pass filtered (0-500 Hz) and down sampled to 1000 Hz for local field potentials. Spikes from each 195 
shank of the silicon probe were clustered separately with KlustaKwik automatic clustering algorithm 196 
(klustakwik.sourceforge.net; Kadir et al., 2014), using the 8 recording sites of each shank and the 3 first 197 
principal components of spike waveforms as features. Spike clusters were then manually adjusted in the 198 
program Klusters (Hazan et al., 2006) with the help of built-in functions for autocorrelation, cross-199 
correlation and cluster isolation statistics. Cluster quality measures (L-ratio and isolation distance index; 200 
Schmitzer-Torbert et al., 2005; Hazan et al., 2006; Kadir et al., 2014) were implemented in Matlab 201 
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(MathWorks). Only clusters with clear refractory periods and well-defined cluster boundaries were 202 
included in the analyses (Harris et al. 2000).  203 
 204 
Histology. The position of electrodes and injection cannula was verified histologically. On the last day of 205 
recording, the animals were deeply anesthetized and transcardially perfused with 4% paraformaldehyde 206 
in phosphate buffer. The brain was removed and kept overnight in 4% paraformaldehyde solution. 207 
Coronal sections (100 μm thick) were obtained using a vibratome and mounted on slides using mounting 208 
medium with DAPI (Vector Laboratories, Inc). Images of DAPI and DiI fluorescence were acquired 209 
separately with a Nikon FN1 microscope equipped for fluorescence imaging. 210 
   211 
Single neuron firing rate vector. The 2-meter long belt was divided into 100 pixels. To generate a firing 212 
rate map, the number of spikes discharged in each pixel was divided by the time that the animal spent in 213 
the pixel. The firing rate maps were smoothed by convolving a Gaussian function (15-cm half-height 214 
width). 215 
 216 
LFP theta power.  We selected periods when mouse running speed exceeded 4 cm/s. The time-217 
frequency spectrogram of the local field potential was computed (Bokil et al., 2010) using a window size 218 
of 5 s and a time step of 1 s, and 1/f-corrected. The theta power was taken from the maximum power in 219 
the 4-10 Hz frequency range and was averaged across trials (Schlesiger et al., 2015).  220 
 221 
Spatial information. Spatial information was calculated for each cell using the formula, = i / * 222 
log2( / ) * pi , where  is the spatial information,  is the cell’s firing rate in bin i, is the overall mean 223 
firing rate of the cell, and pi is the animal occupancy probability of bin i (Skaggs et al., 1996).  224 
 225 
Statistical analysis. All statistical analyses were performed in Matlab (MathWorks). For each distribution, a 226 
Kolmogorov-Smirnov test was used to test the null hypothesis that the sample distribution was derived 227 
from a standard normal distribution. If normality was uncertain, we used non-parametric tests as stated in 228 
the main text or figures. Otherwise, Student’s t-tests were used to test the sample mean. Correlations 229 
were computed using Pearson's correlation coefficient. 230 
 231 
 232 
Results 233 
 234 
Cue-rich and cue-impoverished zone of the treadmill apparatus 235 
Mice (n = 8) were trained to run for water rewards with their head restrained on a non-motorized treadmill 236 
equipped with a 200-cm-long belt for two weeks. For the 5 mice that received injections, two identical 237 
cues that provided visual-tactile stimulations and were made with flexible shrink tubes were fixed on the 238 
belt 20 cm apart (Figure 1A, B). A water reward was delivered through a lick port on every trial (complete 239 
belt cycle), at a position 107 cm after the cues, and was removed via suction 10 cm later, such that mice 240 
had to completely stop within a 10 cm area in order to consume the reward. The cue-impoverished zone 241 
was defined as the 100-cm-long belt segment between 7-cm past the cues and the reward position. 242 
Indeed, due to the dimensions of the treadmill, the mice could not see the cues until after they passed the 243 
reward position; since the head-fixed mice remained static relative to room cues while running, the only 244 
information useful for place field generation on the belt came from sensory cues coupled to the belt and 245 
from self-motion cues; the belt fabric was uniform in both color (black) and texture, and was changed prior 246 
to the recording sessions to minimize odorant cues; against the possibility of residual cues being used, 247 
firing fields do not retain fixed positions in belts that completely lack added cues (Koenig et al., 2013; 248 
Villette et al., 2015). For the 3 mice that received no injections, 6 cues were interspersed on the 2-meter-249 
long belt except for a 80-centimeter-long section that served as cue-impoverished zone. 250 
 251 
Impact of MS inactivation on theta oscillation 252 
To transiently inactivate the MS, we locally injected the GABA receptor agonist muscimol via a chronically 253 
implanted cannula (Figure 1C, D; Brandon et al., 2011; Koenig et al., 2011; Brandon et al., 2014; Wang et 254 
al., 2015). To record neuronal activity, a silicon probe (NeuroNexus Buzsaki32, 32 channels, 4 shanks) 255 
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was chronically implanted in CA1 (Figure 1C, D). On the day of the experiment, the following three 256 
recording sessions were performed: a ‘baseline’ session prior to muscimol injection; a ‘muscimol’ session 257 
that started 30 min after muscimol injection; and a ‘recovery’ session 5 hours after muscimol injection. We 258 
recorded a total of 1063 neurons in 8 mice (one recording day per mouse; n = 195, 99 and 133 neurons 259 
for muscimol-injected mice; n = 122 and 138 for saline-injected mice; n = 201, 124, and 51 for mice that 260 
received no injection) following standard criteria for unit detection and clustering (Harris et al., 2000; 261 
Schmitzer-Torbert et al., 2005; Hazan et al., 2006; Kadir et al., 2014; Figure 2). As expected from 262 
previous studies (Winson, 1978; Wang et al., 2015; Brandon et al., 2014), muscimol-induced inactivation 263 
of the MS substantially reduced theta (6-10 Hz) oscillations in the hippocampus, which was apparent in 264 
both local field potential oscillations (Figure 3A, B; 68.8 ± 0.24% reduction; 12 recording shanks, t(11) = 265 
7.5, p = 1.07e-5, paired t-test) and CA1 pyramidal cell theta modulation (Figure 3C, D). 266 
 267 
Impact of MS inactivation on mouse behavior 268 
Next, we examined the effect of MS inactivation on mouse behavior. Consistent with previous reports 269 
(Wang et al., 2015; Brandon et al., 2014), mouse running speed was reduced on average (Figure 4A; 270 
baseline, 23.25 ± 1.4 cm/s; muscimol, 16.5 ± 0.9 cm/s; 75 trials, t(74) = 16.9, p = 1.6e-27, paired t-test). 271 
Additionally, the ability of the mice to estimate the reward position became impaired, which was 272 
evidenced by changes in the profiles of running speed and licking behavior. Under the baseline condition, 273 
deceleration was detectable within the 20-cm area preceding the reward position, with the running speed 274 
decreased by 34.5 ± 0.8% between positions 20 cm and 1 cm before reward onset (Figure 4B; from 15.4 275 
± 0.5 cm/s to 10.1 ± 0.4 cm/s; t(74) = 8.39, p = 4e-12, paired t-test). Following muscimol injection, such 276 
early deceleration was not observed (Figure 4B; from 15.16 ± 0.63 cm/s to 14.03 ± 0.56 cm/s; t(74) = -277 
1.76, p = 0.08, paired t-test). The mice still stopped at the reward position as they could presumably hear 278 
sounds associated with reward delivery and/or sense the water in the lick port, but the stop position was 279 
delayed by 5.1 ± 0.1 cm compared with the baseline condition (t(74) = 4.61, p = 1.3e-05, paired t-test). 280 
Likewise, under the baseline condition, the probability of licking was mostly zero in positions distant from 281 
the reward position and showed an increase as mice approached the reward. Indicative of anticipation of 282 
the reward, the onset of lickings preceded the position of the reward by tens of centimeters (Figure 4C, 283 
black arrow). However, after muscimol injection, licking became less specific to the reward and only 284 
increased after the reward was delivered (Figure 4C, brown arrow). As a result, the position with the 285 
maximum licking probability was delayed by 4.5 ± 0.2 cm (t(74) = 5.08, p = 4e-06, paired t-test) compared 286 
with the baseline condition. Interestingly, licking patterns showed a progression over trials (Figure 4E): On 287 
the first muscimol trial, anticipatory lickings were relatively concentrated near the reward (147< X <157, z 288 
= 8.6, p = 3.68e-10, binomial test); Over the next trials, lickings were initially spread throughout the belt 289 
(trials 2 to 9, 147< X <157, z = 1.02, p = 0.15, binomial test) and became progressively restricted to the 290 
late portion of the cue-impoverished zone (trials 10 to 25, 47< X <107, z = - 3.8, p = 4.05e-06, binomial 291 
test), suggesting that mice could progressively learn to avoid licking mistakes in the early portion of the 292 
cue-impoverished zone but remained impaired in the late portion. 293 
 294 
Rate map correlation: Non-remapping versus remapping cells 295 
Next, we examined the effect of MS inactivation on place field activity by implementing raster and rate 296 
map plots of individual cells for baseline, muscimol and recovery sessions (Figure 5). Based upon visual 297 
inspection, cells encoding the cue-impoverished zone (Figure 5A) were more affected by the muscimol 298 
injections than cells encoding the cues (Figure 5B). To quantify this phenomenon, we calculated the 299 
spatial correlation between the baseline and muscimol rate maps for each cell, considering cells with 300 
stable firing fields during the baseline condition (i.e. with a spatial correlation exceeding 0.5 between the 301 
first and second halves of the sessions, n = 102 cells; n = 35, 29 and 38 cells for each mouse; Figure 6A). 302 
On average, cells with place field peaks located inside the cue-impoverished zone showed lower 303 
correlation coefficients than cells outside the cue-impoverished zone (Figure 6B; cue-impoverished zone, 304 
r = 0.13 ± 0.05, n = 63; non-cue-impoverished zone, r = 0.42 ± 0.07, n = 39; unpaired t-test, t(100)= - 305 
3.87, p = 1.97e-04), which was not explained by an intrinsic difference in field stability since the stability of 306 
place fields inside and outside the cue-impoverished zone was not significantly different under the 307 
baseline condition (Figure 6A; cue-impoverished zone, r = 0.82 ± 0.02; non-cue-impoverished zone, r = 308 
0.83 ± 0.02; unpaired t-test, t(100) = - 0.43, p = 0.69), and no difference was observed for mice injected 309 
with saline (Figure 6C; cue-impoverished zone, r = 0.77 ± 0.03, n = 43; non-cue-impoverished zone, r = 310 
0.79 ± 0.03, n = 28; unpaired t-test, t(67) = - 0.78, p = 0.41; n = 34 and 37 cells for each mouse).  311 
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Then we divided the cell population into three equal groups based on the correlation coefficients (baseline 312 
versus muscimol), considering the higher third (R > 0.59) as ‘non-remapping’ cells and the lower third (R 313 
< 0.1) as ‘remapping’ cells (Figure 6D). Field peak rate was reduced equally in non-remapping and 314 
remapping cell (Figure 6E, G; non-remapping, 35% reduction from 8.14 ± 1.29 Hz (baseline) to 5.25 ± 315 
0.86 Hz (muscimol), t(33) = 2.55, p = 0.01; remapping, 33% reduction from 7.39 ± 1.1 Hz (baseline) to 4.9 316 
± 0.57 Hz (muscimol), t(33) = 2.60, p = 0.01, paired t-test). Spatial information was also decreased in both 317 
cell groups, but the reduction was larger in remapping cells (Figure 6F, H; non-remapping, 38% reduction 318 
from 1.04 ± 0.09 bits/spike (baseline) to 0.64 ± 0.09 bits/spike (muscimol), t(33) = 4.97, p = 2.88e-05; 319 
remapping, 52% reduction from 0.85 ± 0.09 bits/spike (baseline) to 0.40 ± 0.06 bits/spike (muscimol), 320 
t(33)  =  4.01, p = 0.0003, paired t-test). Finally, a striking difference between the two groups was a 321 
significant shift in place field positions for remapping cells but not for non-remapping cells (Figure 6I; shift 322 
of field peak: remapping, 66.85 ± 1.98 cm, z = 3.48, p = 4.99e-04; non-remapping, 6.22 ± 2.46 cm, z = 323 
0.28, p = 0.77, Wilcoxon signed rank test). The trends observed for spatial correlations, peak rates, 324 
spatial information and place field shifts were consistent across individual animals (Figure 6J-M). 325 
 326 
Shifts of remapping cell activity toward the cues 327 
We next determined how different parts of the belt were preferentially encoded by non-remapping and 328 
remapping cells. For this analysis, we calculated the proportion of firing activity throughout the belt for 329 
each cell, and computed the averages for non-remapping and remapping cell populations separately. As 330 
expected from our previous results, non-remapping and remapping cells showed significantly different 331 
profiles of activity under baseline conditions (Figure 7A, B; two-sample Kolmogorov-Smirnov test, z = 332 
0.21, p = 3.2e-04). Most non-remapping cell activity (57%) was outside the cue-impoverished zone, with 333 
the mode matching the position of the cues. In contrast, most remapping cell activity (71%) was 334 
concentrated in the cue-impoverished zone, with the mode at the end of the cue-impoverished zone just 335 
before the reward delivery position. However, under the muscimol condition, the profiles became more 336 
similar, with the mode of remapping cell activity shifting to the cue location (Figure 7B, top), and only 43% 337 
of remapping cell activity remained in the cue-impoverished zone, while the non-remapping cell profile 338 
was unchanged (Figure 7A, top; two-sample Kolmogorov-Smirnov test, z = 0.08, p = 0.55).  339 
While no difference was visible for non-remapping cells after baseline-muscimol subtraction (Figure 7A, 340 
bottom), 4 areas could be detected for remapping cells (Figure 7B, bottom). Outside the cue-341 
impoverished zone, the cue-rich area (area 1) and the area just after the reward (area 4) showed an 342 
increase in overall representation. Within the cue-impoverished zone, the initial part showed no change in 343 
representation (area 2), while the later part showed a decrease in representation (area 3). We computed 344 
the representation of each remapping cell by area for baseline and muscimol conditions (Figure 7C) and 345 
the average migration of activity by area (Figure 7D). On average, remapping place fields shifted in the 346 
backward direction in an orderly manner, with fields encoding area 3 shifting toward area 2 and 1 (15% 347 
versus 46% and 22% representation in area 4 versus area 2 and 1 respectively, z = 2.42, p = 0.0064, 348 
binomial test), and fields from area 2 shifting toward area 1 and 4 (11% versus 44% and 32% 349 
representation in area 3 versus area 1 and 4 respectively, z = 2, p = 0.02, binomial test). In summary, 350 
remapping fields relocated near the cues through shifts in the backward direction. 351 
 352 
Dynamic of spatial reorganization 353 
Several cells showed progressive backward drifts of place fields during the muscimol session (Figure 5A), 354 
suggesting that the spatial reorganization was a progressive process occurring over several trials. To 355 
quantify the temporal dynamics of non-remapping and remapping cell populations, we computed the 356 
spatial correlation of single trials using the last 10 trials of either the baseline session or the muscimol 357 
session as a reference and calculated the average of the cell population for each trial (Figure 8A-C). 358 
Interestingly, the impact of muscimol injection could be divided into two phases. Initially, both non-359 
remapping and remapping cell populations showed an immediate reduction in spatial correlation 360 
referenced to baseline (Figure 8A; non-remapping, t(33) = 4.51, p =7.54e-05; remapping, t(33) = 6.52, p = 361 
2.05e-07, paired t-test). Then they showed opposite evolutions, non-remapping cells becoming more 362 
similar to the baseline condition and remapping cells becoming more different (trial 20, non-remapping 363 
versus remapping, t(66) = 9.3, p = 3.45e-14, unpaired t-test). The gradual nature of the process was 364 
illustrated by the progressive increase in the spatial correlation referenced to the end of muscimol 365 
sessions, reaching asymptotic levels after 4 and 9 trials for non-remapping and remapping cells, 366 
respectively (Figure 8B, C; non-remapping, trials 1-4 versus 20, p < 0.005, trial 5 versus 20, t(33) = -1.6, p 367 
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= 0.11; remapping, trials 1-9 versus 20, p < 0.04, trial 10 versus 20, t(33) = - 0.04, p = 0.9; paired t-test). 368 
Similarly, the effect of the 5-hour recovery period was gradual for remapping cells, with the average 369 
correlation initially lower than non-remapping cells (t(45) = 3.97, p = 2.97e-4, unpaired t-test) but reaching 370 
a similar level after 3 trials (t(45) = 1, p = 0.32, unpaired t-test). Hence, both alteration and restoration of 371 
spatial representations, happening during muscimol and recovery sessions, respectively, were gradual 372 
processes that spanned over several trials. 373 
 374 
Path-integration-associated cells occupy the superficial sublayer of CA1 375 
Several recent studies have shown that place cells in the deep and superficial sublayers of CA1 differ in 376 
many respects, such as intrinsic firing properties, phase relationship to theta oscillations, participation in 377 
ripple activity, and encoding of rewards and landmarks (Mizuseki et al, 2011, Valero et al. 2015, 378 
Danielson et al, 2016, Geiller et al. 2017). Of particular interest, cells in superficial CA1 are more likely to 379 
encode unique positions of a treadmill belt that displays repetitions of identical landmarks (Geiller et al. 380 
2017), which could be explained by a larger contribution of path-integration mechanisms in superficial 381 
CA1. To test if remapping and non-remapping cells were located in different regions along the CA1 radial 382 
axis, we estimated the position of each cell relative to the middle of the pyramidal layer by measuring the 383 
vertical distance between the recording site with the largest spike amplitude and the recording site with 384 
maximum ripple power (Figure 9A; Ylinen et al, 1995, Mizuseki et al, 2011, Geiller et al. 2017). We found 385 
that remapping and non-remapping cells were located in distinct depths of the CA1 pyramidal layer, with 386 
remapping cells predominantly located in the superficial sublayer (closer to the stratum radiatum), and 387 
non-remapping cells predominantly located in the deep sublayer (closer to the stratum oriens) (Figure 9B; 388 
remapping, 7.22 ± 2.54 μm; non-remapping, -4.70 ± 2.61 μm; t(62) = - 2.24, p = 0.02, unpaired t-test). 389 
The same trend was seen when considering cells that encoded the cue-impoverished zone versus the 390 
cued zone with disregard to their response to MS inactivation, further demonstrating that cells in the 391 
superficial sublayer are more inclined to use path-integration (Figure 9C; cue-impoverished zone, 6.93 ± 392 
1.06 μm; cued zone, -7.4 ± 1.05 μm, t(180) = - 4.44, p = 1.5e-05, unpaired t-test; the data from 3 393 
additional mice that received no injections was included in this analysis, n = 40, 33 and 12 cells in each 394 
mouse).  395 
 396 
 397 
 398 
 399 
Discussion 400 
 401 
Alteration of path-integration representations by MS inactivation 402 
We found that muscimol injections in the MS disrupted CA1 spatial representations in the cue-403 
impoverished zone but left representations outside the cue-impoverished zone relatively unaltered, and 404 
impaired the ability of mice to estimate the onset of the reward, consistent with a disruption of path-405 
integration function (Martin et al. 2006; Jacob et al. 2017). Controversially, previous studies have reported 406 
a diversity of responses to MS inactivation, with MS inactivation affecting or not affecting place field 407 
activity in open arenas, and leaving mostly unaltered place field activity on linear tracks while abolishing 408 
field activity in a running wheel (Brandon et al., 2011; Koenig et al., 2011; Wang et al. 2015). In light of 409 
our findings, the contradictory responses observed in open arenas might reflect the respective absence 410 
and presence of cue-impoverished zones in small and large arenas, because of more and less complete 411 
spatial coverage by landmark-sensing inputs.  412 
MS inactivation also affected running speed and possibly other behavior aspects such as motivation 413 
(although mice still ran and licked for water rewards), which could contribute to changes in cell activity 414 
such as the global decrease in firing rate and spatial information we observed. However, it seems unlikely 415 
that these behavioral alterations could generate the progressive and consistent shifts of firing fields 416 
toward cues. Supporting the spatial nature of behavioral deficits, licking mistakes were progressively 417 
confined to the late portion of the cue-impoverished zone, where spatial representation was lacking 418 
following the place field shifts. While the exact mechanism underlying the spatial deficits is unclear, a 419 
straightforward explanation is that it originates from the disruption of the grid cell network (Brandon et al., 420 
2011; Koenig et al., 2011), which is hypothesized to support hippocampal spatial representations under 421 
path-integration (Solstad et al., 2006; McNaughton et al., 2006; Moser and Moser, 2008). 422 
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 423 
Differential representations along CA1 radial axis 424 
A number of studies have outlined differences in molecular expression, anatomical connections 425 
(Slomianka et al. 2011, Lee et al. 2014, Kohara et al. 2014, Valero et al. 2015, Masurkar et al. 2017, Li et 426 
al. 2017) and place field mechanisms (Mizuseki et al. 2011, Danielson et al. 2016, Geiller et al. 2017) 427 
along the radial axis. While our finding that non-remapping cells encode the cue-rich area and populate 428 
CA1d is consistent with our previous report (Geiller et al. 2017), our finding that remapping cells populate 429 
CA1s and encode the cue-impoverished zone extend current knowledge by revealing a unique ability of 430 
CA1s cells to form spatial representations under path-integration.  431 
The difference in CA1d and CA1s place field mechanisms might in part reflect their association with 432 
distinct information streams, as suggested by recent anatomical and physiological data. CA1d and CA1s 433 
are differentially targeted by cells from the medial (MEC) and lateral (LEC) entorhinal cortex (Masurkar et 434 
al. 2017, Li et al. 2017), with notably calbindin expressing cells in CA1s receiving most inputs from LEC 435 
(Li et al. 2017). Furthermore, CA1d receives most inputs from CA2 (Kohara et al. 2014, Valero et al. 436 
2015) and is possibly more controlled by direct entorhinal cortex inputs (Mizuseki et al. 2011), while CA1s 437 
is relatively more under the control of CA3 as a result of a two-fold stronger afferentation (Kwon et al. 438 
2018) and concerted feed-forward inhibition in CA2 and CA1d (Lee et al. 2014; Valero et al. 2015). 439 
Accordingly, place fields in both CA3 and CA1s are less affected by changes in reward location (Dupret et 440 
al. 2010; Danielson et al, 2016), are more sensitive to MS inactivation (Mizumori et al. 1989; current 441 
findings) and encode the treadmill layout in a similar manner (Geiller et al. 2017), and CA1 cells are 442 
activated sequentially from CA1d-to-CA1s during ripple oscillations in vitro (Hongo et al. 2015), matching 443 
the CA2-to-CA3 sequence reported in vivo (Oliva et al. 2016). The CA3-CA1s stream might be better 444 
suited for path-integration for several reasons. While MEC inputs target both CA3 and CA2 (Andersen 445 
2007; Chevaleyre and Siegelbaum 2010; Kohara et al. 2014), CA3-CA1s might form a functional loop 446 
with MEC grid cells, considering that CA1s generates CA1 feedback projections to the entorhinal cortex 447 
(Slomianka et al. 2011) and that these projections are required for grid cell function (Bonnevie et al. 448 
2013). CA3-CA1s might also better integrate grid cell information because of CA3 recurrent connections 449 
(Andersen 2007). Finally, the CA3 recurrent network might implement some path-integration operations 450 
(Samsonovich and McNaughton 1997). 451 
 452 
Pattern and dynamic of the spatial reconfiguration 453 
A major effect of MS inactivation on remapping cell activity was a contraction of the spatial representation 454 
toward the vicinity of the cues. Hence, the mechanism underlying the existence of cells’ place field was 455 
relatively preserved, but the mechanism implementing the field positions was altered, suggesting a 456 
dissociation of the two mechanisms (Rueckemann et al., 2015; Miao et al., 2015). As a result, spatial 457 
representation in the late part of the cue-impoverished zone was depleted, which might explain the licking 458 
patterns under muscimol: Licking mistakes were progressively restricted to the late part of the cue-459 
impoverished zone, suggesting that mice could eventually learn to avoid licking mistakes in the early part 460 
but not in the late part, due to the lack of spatial representation. 461 
Furthermore, place field shift was not an immediate and random process but developed over the course 462 
of several trials, mainly in the backward direction. In several cells, a gradual backward drift of place fields 463 
was visible, reminiscent of the one generated in CA1s by the manipulation of landmarks (Geiller et al. 464 
2017). Considering their time course and lasting effect, it is difficult to explain the backward drifts as 465 
anything other than the result of synaptic changes, with the backward direction possibly reflecting the 466 
asymmetric nature of spike time-dependent plasticity (Mehta et al., 2000; Dan and Poo, 2004). Hence, 467 
activity-dependent synaptic plasticity, instead of MS inactivation, was likely the direct cause for the 468 
collapse of the spatial representation (accordingly, anticipatory lickings were relatively accurate on the 469 
first muscimol trial and became inaccurate in the subsequent trials). However, the fact that the original 470 
spatial representation was gradually reinstated during the recovery session argues that a set of synaptic 471 
inputs was unchanged and could shift the network back to its initial state. A possible scenario is that grid 472 
cells were placed offline during MS inactivation (Brandon et al., 2011; Koenig et al., 2011) and helped 473 
restore the original representation following recovery, while CA3-CA1s intrinsic networks could initially 474 
support path-integration representations under muscimol (see Bjerknes et al. 2018 for path-integration 475 
representations in the absence of grid cells) and sustained the synaptic changes underlying place field 476 
drifts. 477 
 478 
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 479 
Conclusion 480 
Recent MS inactivation studies (Brandon et al., 2011; Koenig et al., 2011; Wang et al. 2015) have 481 
challenged the view that place cells are predominantly generated by path-integration (McNaughton et al., 482 
1996 and 2006). Our finding that landmark and path-integration information are differentially represented 483 
along the CA1 radial axis further challenges that notion by suggesting parallel implementation of 484 
landmark and path-integration-based spatial representations. Together with CA3, CA1s may be part of a 485 
circuit that encodes position on a global context level via integration of self-motion, landmark and memory 486 
information, and for which grid cell tessellated input is necessary for spreading spatial representations far 487 
from landmarks. Such circuit may be critical for global positioning and route planning in familiar 488 
environments (Muller et al. 1996). In contrast, CA1d cells implement spatial representations on a more 489 
specific level, potentially in reference to single landmarks (Geiller et al. 2017), and might be critical for 490 
encoding object locations and spatial associations. While a segregation of the two circuits might help 491 
prevent interference in computations, their interaction, under control of local inhibition (Lee et al. 2014; 492 
Valero et al. 2015), might be critical for binding and recalling together various levels of episodic 493 
information. 494 
 495 
 496 
 497 
 498 
 499 
 500 
 501 
 502 
 503 
 504 
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Figure legends 721 
 722 
Figure 1. Treadmill apparatus, injection cannula and silicon probe.  723 
(A) Treadmill apparatus (top) and schematics of belt layout showing the position of cues, cue-724 
impoveriched zone and reward (bottom). 725 
(B) Mouse in the cue-impoverished (Left) and mouse viewpoint within the cues (Right). 726 
(C) Upper, 3-D representation of the mouse brain (Allen brain atlas explorer) showing intended target 727 
sites for the injection cannula and silicon probe (the medial septum and the CA1 hippocampal region, 728 
respectively). Lower, schedule for muscimol injection and recording sessions. Muscimol and recovery 729 
sessions were started 30 minutes and 5 hours after the injections, respectively. 730 
(D) Example of coronal sections (DAPI fluorescence image) showing the lesion generated by the cannula 731 
(i) and the track (DiI fluorescence) of one shank of the silicon probe (ii) for one mouse.  732 
 733 
Figure 2. Spike sorting and cluster quality measures 734 
(A) Examples of autocorrelograms (diagonal) and cross-correlograms for 20 CA1 units recorded 735 
simultaneously (Upper left). Display of auto-correlograms and average (± standard deviation) of unit 736 
waveforms for the green, red and blue cells (Lower right).  737 
(B) Comparison between the average spike amplitudes of the first and second halves of all the recording 738 
sessions. Percent change on the channel with the highest amplitude (Left) and change in the Euclidean 739 
distance between the amplitudes on all the channels (Right).  740 
(C) Distribution of L-ratio (Left) and isolation distance (Right). 741 
 742 
Figure 3. Reduction of theta oscillations by MS inactivation.  743 
(A) Examples of local field potential (LFP) traces (upper) and spectrograms (lower) during baseline (left), 744 
muscimol (center) and recovery (right) sessions. 745 
(B) Average LFP theta power (***P<0.0001, two-tailed paired t-test).  746 
(C) Color-coded representation of cell spike auto-correlograms. The spike auto-correlograms of individual 747 
cells are normalized and concatenated in the rows of the matrices. 748 
(D) Average spike auto-correlograms (over the cell population). 749 
 750 
Figure 4. Impact of MS inactivation on mice behavior. 751 
(A) Average running speed. Two-tailed paired t-test, ***P<0.0001. 752 
(B) Spatial profile of running speed (line, average; shadow, standard deviation) for baseline (black) and 753 
muscimol (brown) sessions, for one mouse. The arrow indicates mouse deceleration before the reward. 754 
(C) Lick probability (line, average; shadow, standard deviation) for baseline (black) and muscimol (brown) 755 
sessions. The arrow indicates the onset of anticipatory lickings in the baseline session. 756 
(D) Distance from reward onset for speed minimum (left) and licking maximum (right) positions. Two-757 
tailed paired t-test, ***P<0.0001. 758 
 (E) Evolution of licking behaviors across trials. The curved dash line outlines the progression of the 759 
licking pattern. The white dashed lines indicate the onset and removal positions of the reward. 760 
 761 
Figure 5. Examples of cells with place field located within and outside the cue-impoverished zone. 762 
(A) Examples of cells having place fields inside the cue-impoverished zone. For each, spike raster plots 763 
(left) and firing rate maps (right) are shown for single trials of baseline (upper), muscimol (middle) and 764 
recovery (bottom) sessions. White numbers on the color-coded plots indicate cells peak firing rates. 765 
Mouse ID and cell number are indicated above the color-coded plots. 766 
(B) Same as (A) for examples of cells with place fields outside the cue-impoverished zone. 767 
 768 
Figure 6. Spatial correlations and field characteristics of non-remapping and remapping cells. 769 
(A) Cumulative distribution of rate map correlations between first and second halves of baseline session 770 
(black), for cells within (plain) and outside (dash) the cue-impoverished zone and for 10000 shuffles of the 771 
field position (Purple). 772 
(B) Cumulative distribution of rate map correlations between baseline and muscimol sessions (brown), 773 
and between baseline and recovery sessions (grey), for cells within (plain) and outside (dash) the cue-774 
impoverished zone. 775 
(C) Same as (B) for experiments where saline was injected instead of muscimol. 776 
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(D) Cumulative distribution of rate map correlations between baseline and muscimol sessions, and 777 
threshold criteria defining non-remapping and remapping cells.  778 
(E-F) Cumulative distributions of non-remapping field peak firing rates (E) and spatial information (F), for 779 
baseline (black), muscimol (brown) and recovery (grey) sessions. 780 
(G-H) Same as (E-F) for remapping cells. 781 
(I) Shift in place field positions for remapping cells but not for non-remapping cells (shift of field peak: 782 
remapping, 66.85 ± 1.98 cm, p = 4.99e-04; non-remapping, 6.22 ± 2.46 cm, p = 0.77, Wilcoxon signed 783 
rank test). 784 
(J) For each mouse (circle, mouse 1; square, mouse 2; triangle, mouse 3), rate map correlations (mean ± 785 
s.e.m) between baseline and muscimol sessions for cells within (left) and outside (right) the cue-786 
impoverished zone (*P<0.05, **P<0.01, two-tailed unpaired t-test). 787 
(K) For each mouse, peak rates (mean ± s.e.m) for remapping (red) and non-remapping (black) cells, 788 
during baseline (left) and muscimol (right) sessions (all baseline versus muscimol, p > 0.05; paired t-test).  789 
(L) For each mouse, spatial information (mean ± s.e.m) for remapping (red) and non-remapping (black) 790 
cells, during baseline (left) and muscimol (right) sessions (*P<0.05, **P<0.01, ***P<0.005, two-tailed 791 
paired t-test). 792 
(M) For each mouse, place field shifts (mean ± s.e.m) for remapping (red) and non-remapping (black) 793 
cells (***P<0.00001, two-tailed paired t-test). 794 
 795 
Figure 7. Spatial reconfiguration pattern of non-remapping and remapping cells.  796 
(A-B) Upper, average spatial representation (line, average; shadow, s.e.m) under baseline (black) and 797 
muscimol (brown) conditions, for non-remapping (A) and remapping (B) cell populations. Insets, position 798 
of the mode of each mouse average spatial representation, for baseline and muscimol (brown) conditions. 799 
Lower, difference between muscimol and baseline representations, and division of the belt in 4 areas.  800 
(C) Proportion of firing activity in area 1 to 4 for individual remapping cells (upper) and for the average 801 
remapping cell population (lower). 802 
(D) For each area, the proportional contribution to firing activity (under muscimol) depending on cells’ 803 
place field locations during baseline condition (color-code). Colors indicate the location of place fields 804 
during the baseline session: orange, area1; light blue, area2; green, area3; dark blue, area4. Notice that 805 
cells encoding initially area 3 (green) migrated mostly to area 2, while cells encoding initially area 2 (light 806 
blue) migrated to area 1 and 4, i.e. the activity shift backward in average.  807 
 808 
Figure 8. Temporal dynamic of non-remapping and remapping cells  809 
(A) Evolution of rate map correlations across trials, for non-remapping (black) and remapping (red) cell 810 
populations (line, average; shadow, s.e.m). The 10 last trials of the baseline session are used to 811 
implement a reference rate map, which is correlated with individual trials.  812 
(B) Same as (A) except that the 10 last trials of the muscimol session were used as reference. 813 
(C) Same as (B) for individual mouse and only remapping cells. 814 
 815 
Figure 9. CA1 sub-layer localization of non-remapping and remapping cells 816 
(A) Estimation of the middle of the pyramidal layer. Position of shank and recording sites in the pyramidal 817 
layer (left), sharp wave ripple event for unfiltered and 140-230 Hz band-pass filtered LFP, and ripple 818 
power (right) for each recording site. The site with maximum ripple power is used as position 0. 819 
(B) Depth position (mean±s.e.m) for remapping and non-remapping cells and (C) for cells with fields 820 
inside (Path-integration) and outside (Landmark) the cue-impoverished zone. Insets, cell depths (mean ±  821 
s.e.m) for individual mouse. *P<0.05, ***P<0.0001, two-tailed unpaired t-test. 822 
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