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Abstract 26 

There has been considerable research showing populations of neurons encoding for different 27 

aspects of space in the brain. Recently, several studies employing two-photon calcium imaging 28 

and virtual navigation have identified ‘spatially’ modulated neurons in the posterior cortex. We 29 

enquire here whether the presence of such spatial representations may be a cortex-wide 30 

phenomenon and, if so, whether these representations can be organized in the absence of the 31 

hippocampus. To this end, we imaged the dorsal cortex of mice running on a treadmill populated 32 

with tactile cues. A high percentage (40% to 80%) of the detected neurons exhibited sparse, 33 

spatially-localized activity, with activity fields uniformly localized over the track. The 34 

development of this location specificity was impaired by hippocampal damage. Thus, there is a 35 

substantial population of neurons distributed widely over the cortex that collectively form a 36 

continuous representation of the explored environment, and hippocampal outflow is necessary to 37 

organize this phenomenon. 38 

Significance Statement 39 

Increasing evidence points to the role of the neocortex in encoding spatial information. Whether this 40 

feature is linked to hippocampal functions is largely unknown. Here, we systematically surveyed multiple 41 

regions in the dorsal cortex of the same animal for the presence of signals encoding for spatial position. We 42 

described populations of cortical neurons expressing sequential patterns of activity localized in space in 43 

primary, secondary and associational areas. Furthermore, we showed that the formation of these spatial 44 

representations were impacted by hippocampal lesion. Our results indicate that hippocampal inputs are 45 

necessary to maintain a precise cortical representation of space. 46 

Introduction 47 

The neural mechanisms underlying the emergence of place coding continue to elude complete 48 

understanding. In the hippocampus and parahippocampal regions reside large populations of neurons display 49 

specialized spatial firing patterns (Moser, Rowland, and Moser 2015). Of particular interest are hippocampal 50 

‘place cells’ which share the same anatomical substrate as episodic memory functions (O’Keefe and 51 



 

3 

Dostrovsky 1971). Hippocampal ‘place cells’ fire at one or a few specific locations in an environment and 52 

collectively are believed to form the neural basis of the cognitive representation of space (O’Keefe and 53 

Conway 1978). It is now recognized that once ‘allocated’ to a place, mainly through self-motion related 54 

processes (Bruce L. McNaughton et al. 2006), these neurons become modulated by other attributes of the 55 

brain’s current state (e.g., sensory input, motor actions, plans, affective state etc.), a phenomenon dubbed 56 

“rate remapping” (Leutgeb et al. 2005; Sheintuch et al. 2020). 57 

The response characteristics of place cells are indicative of complex integrations of information 58 

spanning multiple sensory modalities and levels of cortical processing. Studies have shown that place cell 59 

activity is modulated by a broad range of environmental features such as visual (O’Keefe and Conway 1978; 60 

Muller and Kubie 1987; O’Keefe and Speakman 1987; Quirk, Muller, and Kubie 1990), olfactory (Save, Nerad, 61 

and Poucet 2000), auditory (Moita et al. 2003) and tactile information (Gener, Perez-Mendez, and Sanchez-62 

Vives 2013). Hippocampal place cells can be driven by spatial orienting cues in a novel environment, and still 63 

fire in the correct locations in the dark or in the absence of cues once the environment becomes familiar, 64 

supporting the notion that cortico-hippocampal interactions are involved in the formation of associations 65 

between places, movements and cues established during learning of an environment (O’Keefe and Speakman 66 

1987; Bruce L. McNaughton, Leonard, and Chen 1989). 67 

Although place cells have predominantly been described in the hippocampal formation, a number of 68 

recent studies have reported neurons with similar firing patterns as place cells in multiple neocortical regions 69 

(Nitz 2009; Harvey, Coen, and Tank 2012; Fiser et al. 2016; Mao et al. 2017; Saleem et al. 2018; Pakan et al. 70 

2018; Minderer, Brown, and Harvey 2019). The parietal cortex presents cells with spatially modulated 71 

activity patterns important to solving navigational tasks, and also presents population activity with specific 72 

choice trajectories (Nitz 2006; Harvey, Coen, and Tank 2012; Wilber et al. 2014). Visual responses have been 73 

shown to be modulated by spatial location and controlled by navigational signals (Saleem et al. 2018). 74 

Additionally, retrosplenial cortex neurons have been shown to encode spatial activity sequences resembling 75 

the activity of hippocampal CA1 place cells, and the formation of these spatial sequences relies on an intact 76 

hippocampus (Mao et al. 2018; 2017; Chang et al. 2020). 77 

Given the potential interplay between the hippocampus and neocortex at large, we surveyed and 78 

compared multiple dorsal neocortical regions (including both primary, secondary and associational areas) to 79 
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investigate the extent to which other neocortical regions also express continuous spatial representations. 80 

With targeted bilateral excitotoxic lesions to the dorsal hippocampus, we examined the degree to which these 81 

representations relied on an intact hippocampus. 82 

Methods 83 

Experimental Design 84 

Thy1-GCaMP mice were implanted with a 5 mm cranial window above the dorsal cortex.  Animals 85 

were head-restrained and trained to run for reward over a 150 cm long treadmill belt on which were 86 

mounted several tactile cues. Two-photon calcium imaging were conducted across different neocortical 87 

regions in animals with and without excitotoxic hippocampal lesions. We tracked the spatial activity across 88 

different cortical areas and we evaluated how the spatial representation found in the neocortex were overall 89 

influenced by the hippocampus.  90 

Animals 91 

A total of 8 adult transgenic Thy1-GCaMP6s mice (22g to 30g in weight, 2months to 4months old), 92 

specifically expressing the calcium indicator in excitatory neurons, were used for this study. Mice were 93 

housed in standard rodent cages, maintained at 24◦C room temperature and under a 12h light/dark cycle 94 

(lights on at 7:30 AM), with free access to food and water before the beginning of training. All experiments 95 

were performed between 7:30 AM and 7:30 PM. Procedures were conducted in accordance with the 96 

guidelines established by the Canadian Council on Animal Care, and using protocols approved by the Animal 97 

Welfare Committee of the University of Lethbridge. 98 

Surgery 99 

Before surgery, mice were injected with 0.5ml of 5% dextrose and 0.9% saline solution mixed with 100 

atropine (3μgml−1, subcutaneous), buprenorphine (0.05mgkg−1, subcutaneous) and dexamethasone 101 

(0.2mgkg−1, intramuscular). Animals were then anaesthetized with isoflurane (1% to 1.5%, O2: 0.5lmin−1 to 102 
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1lmin−1) and placed in a stereotactic frame with body temperature maintained at (37.0 ± 0.5)◦C through a 103 

heating pad with a closed-loop control system. Once the skull was exposed, a custom-made titanium head-104 

plate was fixed to the skull using adhesive cement (C&B-metabond, Parkell) and dental acrylic. Bregma was 105 

identified and marked in the cement. A 5mm diameter craniotomy was made following bregma-referenced 106 

coordinates: 1.5mm anterior to −3.5mm posterior; ±2.5mm medial-lateral (Fig. 1A). Three layers of coverslips 107 

(affixed with optical adhesive NOA71, Norland) were implanted over the craniotomy, attached to the skull 108 

with Vetbond (3M). A rubber ring was fixed over the head-plate to form a well to hold water between the 109 

imaging region and the immersion objective. Surgeries were concluded with injections of Meloxicam 110 

(Metacam, 1.0mgkg−1, subcutaneous) and enrofloxacin (Baytril, 10mgkg−1, subcutaneous). The same drugs 111 

were administered once daily for three days. Mice were then allowed to recover for one week. For bilateral 112 

hippocampal excitotoxic lesions, NMDA (15mgml−1, NMDA in 1× phosphate-buffered saline) was injected 113 

before implanting the coverslip. Injections were made with a micropipette, with tip diameter between 20μm 114 

to 30μm, loaded on a nanolitre injector (Nanoject II, Drummond Sci.), at the speed of 9.2nl pulse−1 over 8 115 

pulses (in total: 9.2nlpulse−1 × 8pulses = 73.6nl, inter-pulse interval: 15s) at each site. In total, four injection 116 

sites were used (2 in each hemisphere): −2.3mm AP, 1.5mm ML, 1.8mm DV and, −3.2mm AP, 2.5mm ML, 117 

2.0mm DV. Diazepam (5mgkg−1, intraperitoneal) and phenobarbital (30mgkg−1, subcutaneous) were 118 

administered right after surgery to suppress potential seizures. 119 

 120 

Treadmill apparatus 121 

Once recovered, mice were water restricted throughout training and imaging sessions. During the 122 

water restriction period, mice were given ad libitum access to water for a maximum of 30mind−1 in their home 123 

cages after training/imaging sessions, and their weight was monitored to be maintained to at least 85% of 124 

their baseline weight (average weight of 3d before water restriction). Animals were gradually accustomed to 125 

run on the treadmill while head-fixed. The treadmill consisted of a 150cm Velcro (Country Brook) belt with 126 

tactile cues (made of hot-glue stripes, reflective tape, and Velcro) inserted at several locations (Fig. 1B). 127 

Polyamide wheels (10cm in diameter) were attached to both ends of the treadmill to guide the belt, and an 128 

optical encoder (Avago Tech) attached to the wheel shaft was used to monitor belt movement. After each lap, 129 



 

6 

a drop of sucrose water (10% concentration; ∼2.5μl volume) was delivered to the animal. The reward was 130 

dispensed by a solenoid pinch valve (Bio-Chem) whenever a photoelectric sensor (Omron) was triggered by 131 

the reflective tape attached to the opposite side of the belt. A custom-designed circuit with a microcontroller 132 

(Arduino UNO, Farnell) was used to control the reward delivery and to monitor the encoder. 133 

Two-photon imaging 134 

After training, imaging experiments were conducted using a Thorlabs Bergamo II multiphoton 135 

microscope. Samples were excited by a Ti:Sapphire pulsed laser (Coherent) tuned to a wavelength of 920nm 136 

(∼80mW output power measured at the sample). Focusing of the beam and light collection were achieved by 137 

a 16× water-immersion objective lens (NA=0.8, Nikon). Scanning was conducted by Galvo-Resonant X-Y 138 

mirrors. Emitted fluorescent lights were detected by a GaAsP photomultiplier tube (Hamamatsu). Samples 139 

were acquired from a 835μm × 835μm field of view (FOV) at depths between 130μm to 190μm (layers II/III). 140 

Images were digitized at a sampling rate of 19Hz, and at a resolution of 800px × 800px. Photosensor and 141 

encoder signals from the treadmill were acquired and synchronized with imaging using Clampex software 142 

(Axon Instruments). 143 

Imaging data from all animals were acquired from the right hemisphere. The hemisphere was 144 

divided into 16 regions partitioned by grid (Fig. 1A). Each region spanned the same dimensions as the 145 

imaging FOV (Fig. 1D). In total, 16 recording sessions were conducted per animal, one for each region, and 146 

each recording was 5min to 10min in duration. The imaging experiments were performed over the course of 147 

one week, after at least one month of familiarization on the track/belt. The cranial window allowed us to 148 

image five different neocortical regions. For data analysis, we considered grids 1 to 3 as Restrosplenial Cortex 149 

(RSC); grids 4 to 6 as Secondary Motor Cortex (M2); grids 10 and 11 as Primary Motor Cortex (M1); grids 8 150 

and 13 as Posterior Parietal Cortex (PPC); grids 14 and 15 as Primary Somatosensory Cortex (SS1 — Fig. 1A). 151 

Data analysis 152 
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Image pre-processing was conducted automatically using the Suite-2P software suite (Pachitariu et 153 

al. 2017), as previously described (Mao et al. 2017; 2018). Regions of interest (ROIs) detected as candidate 154 

neurons were visually inspected. Neuropil contamination was estimated from the surround of ROIs and was 155 

subtracted (Bonin et al. 2011). To infer relative underlying firing rates for each ROI, the ∆F/F time courses 156 

were deconvolved using constrained non-negative matrix factorization (Pnevmatikakis et al. 2016). All 157 

analyses were conducted using MATLAB (R2017a Mathworks, Natick, MA). All subsequent analyses were 158 

conducted on the deconvolved time-courses using data normalized between 0 and 1, unless stated otherwise 159 

(Fig. 1E). 160 

Spatially selective cells were identified based on the following criteria: The length of the belt was 161 

divided into 50 equally-spaced bins (3cm each). The activity of each neuron was mapped to corresponding 162 

position bins for each lap. This position-mapped activity was normalized by the time spent in each bin 163 

(occupancy) and then filtered with a Gaussian window (4.5cm standard deviation). Spatial Information (SI) 164 

was calculated for each cell using the following formula (Skaggs, McNaughton, and Gothard 1992): 165 

  166 

=          (1) 

  167 

where N is the total number of bins, pi is the occupancy probability in the ith bin, fi is the activity in the ith bin, 168 

and f is the overall activity (averaged fi across all bins). We generated a shuffled distribution of spatial 169 

information by circularly shifting the time courses 1000 times. To be classified as significantly spatially tuned: 170 

the original SI was required to be higher than the 95th percentile of the shuffled distribution; the mean activity 171 

within a place field was required to be 2.5 times higher than the mean activity outside of field; the peak 172 

activity was required to occur inside the place field in at least a third of the laps (Fig. 1F). Note that SI is a 173 

conservative measure. For example, many hippocampal cells have several clear place fields and hence show 174 

less spatial information overall. The spatial tuning characteristics of place fields were derived by obtaining a 175 

continuous wavelet transform W over the spatial response curve fi of each neuron with a Mexican Hat mother 176 

wavelet ψ: 177 
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 178 ( , ) = √ ∑ ψ     (2), where 179 

  180 ψ( ) = 12√3 (1 − )    (3) 

The local maxima in the resulting spectrum indicate the location (given by τ) and the width (given by σ) of 181 

place fields. Peaks with values lower than 3 median absolute deviations from the median of the wavelet 182 

coefficients at the lowest scale (σ = 1) were rejected. Peaks that fell within the receptive field of a local 183 

maximum at a higher scale σ were rejected. The mean activity within a place field was required to be 2:5 184 

times higher than the mean activity outside of field. The peak activity was required to occur inside the place 185 

field in at least a third of the laps (Fig. 1F). Place fields must be wider than 5% of the length of the 186 

environment, but narrower than 80 %. Sparsity, a measure of how dispersed a neuron’s firing profile is in 187 

relation to the environment, was calculated as: 188 

  189 

= (∑ )∑    (4) 

  190 

where fi is the mean activity in the ith spatial bin and pi is the probability of occupancy in the ith spatial bin over 191 

a total of N = 50 spatial bins (Jung, Wiener, and McNaughton 1994). Sparsity ranges between 0 to 1, where 192 

smaller values indicate finer spatial tuning profiles. 193 

Population activity was decoded using an independent Bayesian decoder (Zhang et al. 1998; Mao et 194 

al. 2018). In brief, for every time bin, we estimated the probability of the animal being at a position x given the 195 

population response of all imaged neurons as: 196 

 197 

( | ) = ( ) − ( )    (5) 
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  198 

where fi(x) is the mean deconvolved fluorescence trace over position x and ni is the time-course vector of the 199 

ith neuron within a time bin of length τ, N is the number of neurons, and C is a normalizing constant which 200 

makes the probability distribution across all positions sum to one. Running periods of odd trials were used 201 

for training the model, and even trials were used to evaluate the error of decoding. Decoded position was 202 

defined as the position with the highest probability for any given time bin, and the absolute value of the 203 

difference between true position and decoded position was defined as Bayesian decoding error. The direct 204 

implementation of a Bayesian decoder based on a Poisson likelihood distribution, for use with deconvolved 205 

calcium traces, does pose a limitation. Indeed, we cannot assume that the underlying distribution of 206 

deconvolved firing rates is drawn from Poisson point processes. However, considering that there is a marked 207 

linear relationship between calcium-inferred firing rates and true firing rates (Pnevmatikakis et al. 2016), the 208 

estimator employed in the present study is still valid as a close approximation. We expect improved and 209 

standardized methodologies to become available in future studies with the maturation of calcium imaging 210 

techniques. 211 

The anatomical density distribution map was obtained by discretizing the entire window into 120 × 212 

60 grids of 20px × 20px (435.76μm2), and then calculating the number of cells in each grid. The density 213 

distribution map of spatially selective cells was obtained by dividing the number of spatially tuned cells by 214 

the total number of cells detected in each grid. Data were smoothed using a σ = 2 px Gaussian kernel. Maps 215 

were aligned by locating bregma (marked outside the window during surgery) in the upper part of grid 4 (Fig. 216 

4A). 217 

Histology 218 

Mice were perfused with phosphate-buffered saline, and brains were post-fixed with 4% 219 

paraformaldehyde for 24h after the end of experiments. Brains were then cryoprotected in 30% sucrose 220 

solution (with 0.02% sodium Azide), and sectioned in the coronal plane at 40μm using a blockface imaging 221 

system composed of a sliding microtome and an Olympus MVX10 microscope. We used a NanoZoomer 222 
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scanning microscope (Hamamatsu Photonics) to acquire images of sections. Images of coronal sections from 223 

−0.8mm to −3.8mm AP (Paxinos and Franklin 2003) were used to evaluate the extent of hippocampal lesions. 224 

Statistical analysis 225 

All statistical tests performed in this work were conducted using MATLAB functions (R2017a 226 

Mathworks, Natick, MA). Further details of all statistical tests implemented in this study are provided in Table 227 

1. 228 

Results 229 

Using two-photon Ca2+ imaging, we systematically recorded neurons from the superficial cortical 230 

surface (layers II/III) of the right hemisphere exposed under a 5mm craniotomy in 4 mice in a head-fixed, 231 

treadmill assay (Fig. 1A,B). We found neurons highly tuned to animals’ position on the belt, as illustrated in 232 

Fig. 1C. Ca2+ imaging was also conducted on a second group of 4 mice with dorsal hippocampal lesions 233 

(bilateral) to evaluate if the spatial representations were dependent on an intact hippocampus. The animals in 234 

the lesion group sustained extensive neuron/tissue loss in the dorsal hippocampal formation (Fig. 2). 235 

Running speed was similar across groups (Fig. 3D–left), and no significant difference was found between the 236 

number of laps performed by each group (Fig. 3D–right). 237 

Spatially selective cells are widespread in the neocortex and are dependent on an 238 

intact hippocampus 239 

We found neurons with spatial selectivity in all neocortical areas examined, as shown in Fig. 3A,B–left. 240 

However, in the lesion group, the fraction of cells expressing high spatial information content relative to 241 

position on the belt was greatly reduced (Fig. 3A,B–right). Averaging the cell fractions over all ROIs, the 242 

control animals presented a fraction of spatially selective cells that was 2.3 times higher than the lesion group 243 

(Fig. 3C–right). By comparing this fraction per region, the median from the control group was significantly 244 

higher than that of the lesion group in all neocortical regions (Fig. 3C–left). These results show that cells with 245 
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spatial selectivity were present in all neocortical regions examined, and that the emergence of those 246 

properties was disrupted by hippocampal lesions. Cell density maps for each animal are shown in Fig. 4A. 247 

Among the cells detected during linear treadmill running, there was no difference in the total number of cells 248 

across groups in any neocortical region (Fig. 4B, C). 249 

Spatially selective neurons in the hippocampal lesion group convey less spatial 250 

information and lower sparse coding characteristics 251 

We next evaluated whether the neurons that passed the criteria for being spatially selective exhibit 252 

specific differences between groups. For cells passing criteria, the distribution of place-field (PF) widths in 253 

both groups were very similar. However, the spatial information (SI) and the sparsity distribution showed 254 

that the lesion group cells exhibited lower spatial information and higher sparsity index (i.e., were less 255 

selective) when compared to the control group (Fig. 5A). On average, there were no differences in the PF 256 

width, but control animals’ cells had higher spatial information, and sparser coding than the lesion group (Fig. 257 

5B–right). These results were confirmed when the spatially selective cells were evaluated separately by 258 

region (Fig. 5B–left). 259 

Hippocampal lesion impairs the ability of neocortex to create a uniform 260 

representation of space 261 

Next, we checked for differences between the encoding patterns of both groups. We first evaluated the 262 

position mapped activity for each group (Fig. 6A–top), and the aligned trial-averaged profile (Fig. 6A–bottom) 263 

for all imaged neurons regardless of spatial specificity. This analysis showed that the control group cells had 264 

more spatially compact firing patterns with sparser coding. When we averaged the unnormalized position-265 

maps and the aligned activity profiles we observed no difference in the overall activity between groups (Fig. 266 

6B–top), but the aligned trial-averaged activity showed that the lesion group cells had significantly reduced 267 

peak activity (Fig. 6B–bottom). 268 
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Next, we evaluated only the neurons that met our criteria for spatial selectivity (see Materials and 269 

Methods). We first cross-validated the position map by dividing the trials into two sets and by using the odd-270 

numbered trials to find the position at which each neuron fired maximally. Then we quantified the position 271 

map of the odd and even trials sorted by the peak of the odd trials and found that the preference for position 272 

was consistent, with neurons presenting sequential firing during movement covering the entire belt for both 273 

groups. However, the lesion group presented a less uniform representation over position, with more cells 274 

having peak activity by the cues and the reward site (Fig. 6C). With the correlation map of those cells, we 275 

quantified the similarity between cells tuned to distinct locations. The control group showed cells with a high 276 

correlation between nearby locations (near the diagonal) and a steep drop-off in correlation with the 277 

distance. The lesion group cells also had a high correlation near the diagonal. Still, there appears to be a 278 

tendency in the lesion group that the correlation with the distance only drops steeply with distance (as with 279 

the control group) at the locations of cues (Fig. 6D). Analysis of the averaged position map and the trial-280 

averaged activity aligned for each neocortical region are shown in Fig . 7. 281 

Hippocampal lesion increases decoding error of position 282 

Finally, we applied Bayesian decoding to estimate the position with the highest probability given the 283 

activity of all imaged neurons (Fig. 8A). The decoding error as a function of position for the lesion animals was 284 

significantly higher at all positions on the belt (Fig. 8B). The probability distribution of the decoding error 285 

showed that the median error from the control group was 7.03cm. In contrast, the median decoding error in 286 

the lesion group was 20.35cm (Fig. 8C). By computing the error by region, we also observed a significant 287 

difference between the two groups, the average decoding error from the lesion group was at least 40% higher 288 

in all the regions evaluated (Fig. 8D). The distribution map - position decoded as a function of the animal’s 289 

actual position - also showed a substantial between-group difference in the decoding performance (Fig. 8E). 290 

The red diagonal stripe in the control group and the higher dispersion around the diagonal in the lesion group 291 

show that the representations of position corresponded more with the animal’s actual location in the control 292 

group. Similar results were obtained when the decoding error was evaluated for separate neocortical areas 293 

(Fig. 9). 294 
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Discussion 295 

By combining a 5mm craniotomy with a treadmill assay, we found a large fraction of spatially 296 

selective neurons in the superficial layers of all neocortical regions surveyed. Bilateral lesions of the dorsal 297 

hippocampus significantly reduced the number of neurons exhibiting location-specific firing along the 298 

treadmill track. Furthermore, the place fields of the residual spatial neurons following lesion were not wider, 299 

but showed reduced sparsity and conveyed less spatial information. Taken together, these results suggest 300 

that, although hippocampal lesion does not abolish spatially selective firing in neocortical areas, hippocampal 301 

inputs are necessary to maintain a precise cortical representation of space. We further supported these 302 

conclusions by showing that the animals’ position on the track can be accurately estimated with the 303 

population activity of neocortical ensembles using a Bayesian approach, while hippocampal lesion resulted in 304 

a significant decrease in decoding accuracy. 305 

In our study, there was a general trend for anterior regions to express higher fractions of spatially 306 

selective neurons, with the posterior parietal cortex exhibiting the lowest numbers. Although PPC is the 307 

region less affected by the lesion, it is also the region with lower number of cells detected (expressing spatial 308 

coding characteristics or not), and higher decoding error in the control group. Such a discrepancy may be due 309 

to the presence of dense vascular structures over the parietal region that can impact the signal-to-noise ratio 310 

(SNR) of the recordings using in vivo two-photon Ca2+ imaging. Several studies have shown the posterior 311 

parietal cortex to be a critical component of the navigational system (Kolb, Sutherland, and Whishaw 1983; 312 

Parron and Save 2004; D. A. Nitz 2006; 2012; Whitlock et al. 2012). The PPC has been shown to integrate 313 

input from multiple sensory modalities, and to encode spatial information in both egocentric (body-centered) 314 

and allocentric (world-centered) frames of reference (McNaughton et al. 1994; D. A. Nitz 2006; Wilber et al. 315 

2014) . The construction of spatial cognitive maps relies on the ability to translate navigational signals, that 316 

arise from a body-centered frame of reference in primary cortical areas, to a world-centred frame of 317 

reference (Bruce L. McNaughton et al. 2006). The PPC has been postulated as the region where the transition 318 

from an egocentric to an allocentric coding scheme occurs (Burgess, Jeffery, and O’Keefe 1999). 319 

Although single-unit recordings in behaving animals have revealed many forms of spatial cell types in 320 

extra-hippocampal regions, the precise nature of these signals remains poorly understood (Knierim 2006; 321 
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Grieves and Jeffery 2017). Recently, a growing body of studies that employed two-photon calcium imaging 322 

and treadmill assays have described spatially tuned neurons in many neocortical areas, including the 323 

posterior parietal cortex (Nitz 2006; Harvey, Coen, and Tank 2012), the retrosplenial cortex (Mao et al. 2017; 324 

2018) and the visual cortex (Fiser et al. 2016; Saleem et al. 2018; Pakan et al. 2018; Minderer, Brown, and 325 

Harvey 2019). In these studies, special emphasis was given to occipito-parietal areas involved in visual 326 

processing. Interest in those regions may be justified by the anatomical connectivity these areas receive from 327 

the dorsal hippocampus (Strange et al. 2014; Skelin, Kilianski, and McNaughton 2019). Nevertheless, in the 328 

present work, we indiscriminately surveyed multiple neocortical regions (including primary, secondary and 329 

association areas), and demonstrated that, in general, these spatial representations do not differ in 330 

fundamental features across regions, although it may be expected that differences may emerge when cues 331 

and behavioral context are manipulated, which was not done in this survey. Furthermore, we directly 332 

investigated the link between the neocortex and the hippocampus with respect to the coding of location, and 333 

characterized the extent to which cortical representations relied on hippocampal inputs. 334 

The current results fittingly complement the previous reports by highlighting the importance of 335 

hippocampal feedback to cortical spatial coding. In fact, a good example to this has been given when lesion to 336 

the hippocampus caused medial entorhinal grid cells to lose their spatial periodicity, with some adopting 337 

instead the response schemes of head-direction cells (Bonnevie et al. 2013). However, following lesions of the 338 

medial entorhinal cortex, place cells could still be observed (Miller and Best 1980; Brun et al. 2008; Schlesiger 339 

et al. 2015). Similarly, specific lesions of the perirhinal cortex, of the postrhinal cortex and of the 340 

presubiculum, three other important hubs for corticohippocampal inputs, did not lead to complete disruption 341 

of place cells’ spatial specificity either (Muir and Bilkey 2001; Calton et al. 2003; Nerad, Liu, and Bilkey 2009). 342 

These data suggest that spatial representations in the hippocampus may emerge from highly parallelized 343 

streams of information and can adapt to a substantial amount of signal loss. In contrast, spatial signals found 344 

in regions outside of the hippocampus appear to rely more heavily on hippocampal inputs. 345 

Overall, much of what is known about the general behavior of rodents that have undergone 346 

hippocampectomy has been described by a large body of research in rats (Nadel 1968; Mumby et al. 2002; 347 

Clark, Broadbent, and Squire 2005; Faraji et al. 2008; Ocampo, Squire, and Clark 2018), but not all results 348 

from rats can necessarily be generalized to mice. As expected, it has been shown that hippocampal lesions in 349 
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mice also impaired spatial working memory and spatial reference memory, and disrupts some species-typical 350 

behavior (such as rearing, exploring, and hoarding). However, anxiety in lesioned mice was not uniformly 351 

diminished, lesioned mice did not present an ill-groomed appearance and did not show alteration in 352 

locomotor activity (Arns, Sauvage, and Steckler 1999; Deacon, Croucher, and Rawlins 2002; Deacon and 353 

Rawlins 2005). In addition, another study carried out to evaluate the effect of dorsal and ventral hippocampal 354 

lesions in mice showed that although hippocampal lesions made mice hyperactive during the habituation 355 

period in the open field, dorsal lesions were not able to produce a significant difference in the maze running 356 

time (Ammassari-Teule and Passino 1997). Taken together, these works suggest that lesions of the 357 

hippocampus can produce in mice hyperactivity in a novel environment, can affect responses to external 358 

stimuli (spatial novelty), and can reduce directed exploration (rearing and head dipping), but all these effects 359 

were not due to impaired motility. At least for the task presented in this study, we could not detect any 360 

significant locomotion difference between both groups. Lesion and control groups were overall equally 361 

responsive during the entire time that they were tested, and hippocampal lesions did not detectably alter the 362 

mice's performance of the task. The lack of difference may rather reflect the case that both groups were well 363 

habituated to the task. 364 

One outstanding question that merits further investigation is how the animals’ experience affects the 365 

timecourse of the formation of spatial representations in the neocortex. Several works have shown that the 366 

hippocampal place code can emerge during the first traversal of a novel environment, that hippocampal 367 

population activity accurately represents the position of the animal after around 10 min of experience in a 368 

new environment, and that place fields can expand with experience (Hill 1978; Wilson and McNaughton 369 

1993; Mehta, Barnes, and McNaughton 1997). In the neocortex, the emergence of spatial representations in 370 

the RSC has been shown to progressively improve with experience (Mao et al. 2017). But for other cortical 371 

regions, the dynamics of spatial representations still remain to be elucidated. 372 

In summary, our results provide new insights into the importance of the hippocampus in shaping 373 

neocortical activity during the exploration of a controlled environment. Although this study offered a general 374 

perspective on the encoding of space in the neocortex, further research employing more complex assays is 375 

needed to test various sensory/cognitive features in order to better characterize those cells and to identify 376 

region-specific attributes. We demonstrated that spatial representations are widely observed in the dorsal 377 
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neocortex and that these representations express a similar degree of reliance of hippocampal feedback.  In 378 

the framework of the "index theory" (Teyler and DiScenna 1986; Teyler and Rudy 2007; Bruce L. 379 

McNaughton 2010), our results may suggests that without the hippocampus, the cortex fails to express a 380 

unique code for each experience, and this failure likely explains the failure of the cortex to bind together 381 

attributes of an experience into unique episodic memories. This possibility remains to be investigated by 382 

placing animals to familiar and novel environments before and after hippocampal lesion. 383 

  384 
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Figures captions 563 

Figure 1: Cranial window implant, treadmill track, and 2-Photon Ca2+ imaging. (A) Cranial window 564 

implant position (circle) with all the regions of neocortex imaged (black boxes) — Adapted from Kirkcaldie, 565 

2012. (B) Basic setup for recording on treadmill track using 2-Photon Ca2+ imaging (top). Diagram of belt 566 

lined with the tactile cues (bottom). (C) Sequential activity of neocortical (RSC) spatially selective cells during 567 

running on the tactile belt. Neurons were ordered by their peak response positions. Black trace shows the 568 

position, and blue drops indicate reward. (D) Cranial window of one animal (top), field of view of one imaging 569 

session (middle), and identified neurons (ROIs) from one session (bottom). (E) Plot of the normalized, raw 570 

calcium ∆F/F time courses (top) and deconvolved trace smoothed using a σ = 8 s Gaussian kernel (bottom) of 571 

20 simultaneously imaged neurons in M2. Animal position, and reward are shown below. (F) Example of 572 

normalized activity of the six spatially selective cells as a function of location for multiple laps (left, raw trace; 573 

right deconvolved). 574 

 575 

Figure 2: Histology. Example histology of one representative mouse from each group. Note the tissue loss in 576 

the dorsal hippocampal region in the lesion group. 577 

 578 

 Figure 3: Distribution of spatially selective cells in the neocortex and its hippocampal dependence. 579 

(A-B) Density distribution map with all the spatially modulated neurons of each animals and group — 580 

showing that cells expressing spatial coding characteristics were found in multiple areas of the neocortex, 581 

and that hippocampal lesions disrupted the spatial coding in those regions. Colorbar shows fraction of cells 582 

that passed the criteria for being spatially selective cells inside an area of 20 × 20 pixel (435.76μm2); 583 

Coloured boxes refer to the different neocortical regions imaged (RSC-red; M2-Brown; M1-black; PPC-white; 584 

SS1-magenta). (C) Fraction of neurons with spatial selectivity for each area (left — line: median; box: 25th 585 

and 75th percentiles; dots: cell fraction for an individual session recorded in each region from all animals; 586 

whiskers: minimum and maximum values; *p < 0.05) and per group (right — mean ± s.e.m. over animals; 587 

dots: cell fraction for individual animals; n = 4 each group; *p < 0.05). There was a significant reduction of 588 

spatially selective cells after lesion for all regions as well as for the regions pooled. (D-left) Speed profiles as a 589 
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function of position from all trials. (D-right) Number of laps performed by each group during all sessions. 590 

Line: median; box: 25th and 75th percentiles; dots: values for an individual session recorded for all animals; 591 

whiskers: minimum and maximum values; + signs: outliers. No significant difference was found between the 592 

speed and the number of laps performed by each group. For exact n and p values see Table 1. 593 

 594 

Figure 4: Cells distribution. (A) Density distribution map of all the cells detected across the window for the 595 

four control animals (left) and the four animals with bilateral hippocampal lesions (right). (B) Density 596 

distribution map of all cells detected of each group on the same map. Colorbar shows number of cells inside 597 

an area of 20 × 20 pixel (435.76μm2). Coloured boxes refer to the different neocortical regions imaged (RSC-598 

red; M2-Brown; M1-black; PPC-white; SS1-magenta). (C) Box plot of all the cells detected separated per 599 

region. Line: median; box, 25th and 75th percentile; dots: values for an individual animal; whiskers: minimum 600 

and maximum values. No significant difference were found in the total number of cells detected in any 601 

neocortical region across groups. For exact P values see Table 1. 602 

 603 

Figure 5: Spatially selective cell characteristics with and without bilateral hippocampal lesions. Data 604 

shown were for cells that passed the spatial selectivity criteria (see Materials and Methods). (A) Probability 605 

distributions of place-field widths, spatial information (SI), and sparsity for control (white) and lesion group 606 

(red). (B-left) Box plot of place-field widths, SI, and sparsity separated by region. Line: median; box: 25th and 607 

75th percentiles; dots: values for an individual sessions recorded in each region from all animals; whiskers: 608 

minimum and maximum values; + signs: outliers; *p < 0.05. (B-right) Bar plots of the average place-field 609 

width, SI, and sparsity for neurons per group. Error bars denote s.e.m. over animals (control: n = 4; lesion: n = 610 

4; *p < 0.05). The average place-width did not change with the hippocampal lesion. However, lesioned 611 

animals presented cells with reduced spatial information content, along with reduced sparsity. For exact n 612 

and p values see Table 1. 613 

 614 

Figure 6: Cell activity during the task with and without bilateral hippocampal lesions. (A) Pooled data 615 

from all mice showing activity profiles for all imaged neurons regardless of spatial specificity. Trial-average 616 

activity map for all cells in both groups as a function of position (position-map). Activity profiles were 617 
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normalized and ordered by their peak response positions (top). Aligned position-map of all cells (circularly 618 

shifted to be aligned in the middle) sorted by their SI value (bottom). (B) Grand averages for both groups of 619 

the trial-averaged activity (non-normalized) as a function of position (top) and with their peak aligned in the 620 

middle (bottom). Shaded area represents s.e.m. over animals (control: n = 4; lesion: n = 4; *p < 0.05). The 621 

lesion group cells had less spatially compact firing patterns, with lower peak activity of the distributions. (C) 622 

Cell activity of the neurons that passed the criteria for being spatially selective cells. Position-map obtained 623 

from odd trials, for only the spatially selective cells of each group (left). Same as in C–left but for even trials 624 

and ordered by the position of the maximum response of odd trials (right). (D) Pearson’s correlation matrices 625 

of population vectors between pairs of positional bins for both groups with only the spatially selective cells. 626 

For exact n and p values see Table 1. 627 

 628 

Figure 7: Trial-averaged activity (non-normalized) as a function of position for each region. Grand 629 

averages for both groups for all detected neurons, evaluated separately by neocortical region, of the trial-630 

averaged, not normalized, activity as a function of position (top), and with their peaks aligned in the middle 631 

(bottom). Shaded area represents s.e.m. over animals (control: n = 4, lesion: n = 4).  Generally, there is no 632 

difference in the overall activity and the peak of the aligned atrial-averaged activity is higher in the control 633 

group. 634 

 635 

Figure 8: Decoding population activity between Control and Lesion groups. (A) Position (black) and 636 

position decoded (red) traces of a session for a control and a lesioned animal. (B) Decoding error as a 637 

function of position for the control (black) and the lesion group (red) averaged across animals and regions 638 

(*p < 0.05; n = 4 per group). (C–left) Distribution of the decoding error for the control (black) and the lesion 639 

group (red); *p < 0.05. (C–right) Cumulative distributions of C–left. (D) Mean decoding error for the five 640 

regions in the control and the lesion groups (error bars denote s.e.m. over animals; *p < 0.05). Dots represent 641 

average decoding errors for each animal. (E) Probability density map of all animals showing the distribution 642 

of position decoded from the activity of all neurons (y-axis) as a function of the animal’s location (x-axis). The 643 

red diagonal stripe indicates that the decoder from the control group gives a more accurate estimation of 644 

position. For exact n and p values see Table 1. 645 
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Figure 9: Decoding error for the five neocortical regions. (A) Decoding error as a function of position for 646 

the control (black) and the lesion group (red) averaged across animals for the five neocortical regions (n = 4 647 

per group). (B) Probability density map showing the distribution of position decoded from the activity of all 648 

neurons (y-axis) as a function of the animal’s location (x-axis) for the five neocortical regions. 649 

  650 
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Table 1. Summary of all statistics. 651 

 652 
Figure Variable n Test Results 

Fig. 3C-right Fraction of spatially 

selective cells per 

group. 

Value per animal 

n = 4 each group 

 

t-test control, 0.60 ± 0.02; lesion, 0.26 ± 0.03; p < 0.001;  

all mean ± s.e.m. 

Fig. 3C-left Fraction of spatially 

selective cells per 

region.  

Value per session 

recorded in each region. 

RSC: 

control=11;lesion=9; 

PPC: 

control=7;lesion=5; 

M2: 

control=10;lesion=8; 

M1: 

control=8;lesion=8; 

SS1: 

control=8;lesion=8; 

Wilcoxon rank-sum test RSC: control 0.52(0.63 0.47) lesion 0.16(0.29 0.14), p=0.0008;  

PPC: control 0.42(0.45 0.36) lesion 0.23(0.26 0.19), p=0.048;  

M2: control 0.73(0.83 0.70) lesion 0.25(0.48 0.05), p=0.0003;  

M1: control 0.72(0.76 0.61) lesion 0.36(0.44 0.25), p=0.0003;  

SS1: control 0.56(0.64 0.47) lesion 0.27(0.37 0.18), p=0.0002; 

all median (IQR) 

Fig. 3D-left Running speed Value per animal t-test control, 18.4 ± 2.3 cm/s; lesion, 14.5 ± 2.1 cm/s; p = 0.249; 

 all mean ± s.e.m 

Fig. 3D-rigth Number of laps 

 

Value per session 

recorded in all region. 

control=44;lesion=38; 

Wilcoxon rank-sum test control, 20.5(17.0 25.0); lesion 18.0 (14.0 24.0); p=0.2279 

all median (interquartile range [IQR]) 

Fig. 4C Cells detected per 

region per group. 

 

Value per animal  

n = 4 each group 

 

Wilcoxon rank-sum test RSC: control 313.0(407.0 243.5) lesion 403.5(448.0 389.5), p=0.3429;  

PPC: control 125.5(163.0 59.5) lesion 53.0(80.0 30.0), p=0.2000; 

M2: control 254.0(280.5 179.5) lesion 134.5(252.5 94.0), p=0.4857;  

M1: control 208.5(278.5 173.0) lesion 321.5(467.0 211.0), p=0.3429;  

SS1: control 154.5(174.0 140.5) lesion 203.5(262.5 156.0), p=0.3429; 

all median (IQR) 
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Fig. 5B-right Place field width, 

spatial information, 

and sparsity per 

group.  

Value per animal 

n = 4 each group 

 

t-test Place Field Width: 

control, 43.0 ± 2.3; lesion, 42.38 ± 2.75; p = 0.876; 

Spatial Information: 

control, 1.69 ± 0.02; lesion, 1.176 ± 0.11; p = 0.004; 

Sparsity: 

control, 0.239 ± 0.005; lesion, 0.349 ± 0.025; p = 0.005; 

all mean ± s.e.m 

Fig. 5B-left Place field width, 

spatial information, 

and sparsity of the 

spatially selective 

cells per region. 

Value per session 

recorded in each region. 

RSC: 

control=11;lesion=8; 

PPC: 

control=7;lesion=5; 

M2: 

control=10;lesion=7; 

M1: 

control=8;lesion=7; 

SS1: 

control=8;lesion=8; 

 

Wilcoxon rank-sum test Place Field Width: 

RSC: control 48.77(57.47 44.18) lesion 43.69(48.11 42.15), p=0.07;  

PPC: control 46.94(50.40 43.58) lesion 44.4(63.17 40.62), p=1.00;  

M2: control 41.62(48.43 38.67) lesion 40.77(53.87 34.23), p=0.81;  

M1: control 38.09(41.73 36.33) lesion 38.88(44.15 34.90), p=0.95;  

SS1: control 36.64(39.24 34.40) lesion 40.53(45.91 38.31), p=0.13; 

Spatial Information: 

RSC: control 1.34(1.53 1.25) lesion 0.80(1.10 0.73), p=0.025; 

PPC: control 1.49(1.53 1.36) lesion 0.90(1.10 0.82), p=0.025; 

M2: control 1.79(1.94 1.59) lesion 1.07(1.32 0.88), p=0.0001; 

M1: control 1.84(1.97 1.73) lesion 1.49(1.66 1.24), p=0.0093; 

SS1: control 1.76(1.93 1.71) lesion 1.15(1.40 1.05), p=0.0006; 

Sparsity: 

RSC: control 0.29(0.31 0.25) lesion 0.43(0.47 0.36), p=0.0025; 

PPC: control 0.26(0.29 0.36) lesion 0.41(0.43 0.34), p=0.0101; 

M2: control 0.21(0.25 0.19) lesion 0.36(0.42 0.30), p=0.0001; 

M1: control 0.20(0.22 0.19) lesion 0.27(0.32 0.24), p=0.0022; 

SS1: control 0.22(0.23 0.19) lesion 0.34(0.35 0.29), p=0.0002; 

all median (IQR) 

Fig. 6B-

bottom 

Peak activity Value per animal 

n = 4 each group 

t-test control, 3.932 ± 0.407; lesion, 2.987 ± 0.276; p = 0.011; 

all mean ± s.e.m 

Fig. 8B Decoding error as 

function of position 

Value per animal 

n = 4 each group 

 

Two-way ANOVA Source of Var.   DF         SS                MS              F                 P 

  

group             1  15457.119     15457.119    2694.449     <0.001 

position                49   3876.430         79.111          13.790      <0.001 

group x position   49   1725.192         35.208           6.137       <0.001 

Residual           300   1720.996          5.737   

Total           399   22779.738        57.092  

Fig. 8C Decoding error for 

each position 

Value per group 

control=2200; 

lesion=1850; 

Kolmogorov–Smirnov test control vs. lesion; p<0.0001 
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Fig. 8D Decoding error per 

region.  

Value per animal 

n = 4 each group 

 

t-test RSC: control 10.01 ± 1.33 lesion 23.1 ± 2.17, p=0.0022;  

PPC: control 16.43 ± 0.64 lesion 22.96 ± 0.63, p=0.0004;  

M2: control 6.48 ± 1.05 lesion 19.78 ± 3.25, p=0.0081;  

M1: control 6.44 ± 0.98 lesion 18.38 ± 2.61, p=0.0053;  

SS1: control 7.61 ± 0.93 lesion 20.19 ± 1.40, p=0.0003; 

all mean ± s.e.m 

 653 




















