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            Abstract
The hippocampus and the medial entorhinal cortex are part of a brain system that maps self-location during navigation in the proximal environment1,2. In this system, correlations between neural firing and an animal’s position or orientation are so evident that cell types have been given simple descriptive names, such as place cells3, grid cells4, border cells5,6 and head-direction cells7. While the number of identified functional cell types is growing at a steady rate, insights remain limited by an almost-exclusive reliance on recordings from rodents foraging in empty enclosures that are different from the richly populated, geometrically irregular environments of the natural world. In environments that contain discrete objects, animals are known to store information about distance and direction to those objects and to use this vector information to guide navigation8,9,10. Theoretical studies have proposed that such vector operations are supported by neurons that use distance and direction from discrete objects11,12 or boundaries13,14 to determine the animal’s location, but—although some cells with vector-coding properties may be present in the hippocampus15 and subiculum16,17—it remains to be determined whether and how vectorial operations are implemented in the wider neural representation of space. Here we show that a large fraction of medial entorhinal cortex neurons fire specifically when mice are at given distances and directions from spatially confined objects. These ‘object-vector cells’ are tuned equally to a spectrum of discrete objects, irrespective of their location in the test arena, as well as to a broad range of dimensions and shapes, from point-like objects to extended surfaces. Our findings point to vector coding as a predominant form of position coding in the medial entorhinal cortex.
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                    Fig. 1: Object-vector cells fire at fixed distances and directions from objects.[image: ]


Fig. 2: Object-vector cells generalize between objects and environments.[image: ]


Fig. 3: Vector encoding is retained across a broad range of object shapes and sizes.[image: ]


Fig. 4: Border cells and object-vector cells encode different features of objects.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Recording locations in the MEC.
Representative examples of Nissl-stained sagittal brain sections showing tetrode locations for 8 of the 16 mice used for experiments. Mouse identifer (ID) numbers are indicated above each section. Pairs of black arrowheads indicate the dorsoventral range of the recording locations. Scale bar, 250 µm.


Extended Data Fig. 2 List of all objects used to identify object-vector cells.
a, All objects used in experiments with object-vector cells. Objects had either a prism-like or cylinder-like appearance, with some modifications, and varied in height and width. b, Shape, dimensions, colour and material of each object, numbered as in a. c, Prismatic objects of increasing length used for experiment in which a point-like prism tower was changed across trials into a lengthy wall. Objects consisted of 21-cm-high, 3-cm-wide towers of Duplo Lego bricks with lengths of 6.75 cm, 25 cm, 37.5 cm and 62.5 cm. d, Cardboard cylinders of increasing diameter (2 cm, 5 cm, 10 cm, 15 cm and 20 cm). e, Prismatic Duplo Lego objects of increasing height (2 cm, 10 cm, 20 cm and 40 cm).


Extended Data Fig. 3 Ellipticity of object-vector fields.
To more formally characterize the firing of object-vector cells, we compared two models of vector-determined firing, with firing fields corresponding to a Gaussian circle or an ellipse. The models were applied to the raw, unsmoothed firing rate maps. a, A slightly better fit is usually obtained from the elliptic model. Left to right: (1) path plot of an object-vector cell; (2) unsmoothed firing rate map of the cell; (3) object-vector field obtained by fitting an elliptic model to the raw unsmoothed firing rate map of the cell; and (4) object-vector field obtained by fitting a Gaussian model to the raw unsmoothed firing rate map. For this cell, the elliptic fit explained 3.2% more of the underlying data (the unsmoothed firing rate map) than the Gaussian circle model. b, Left, frequency distributions showing relative goodness of fit (see Methods) of the elliptic and circular models. Right, aspect ratio (ratios between s.d. values in two dimensions) for all object-vector cells. Aspect ratios for the best fit had a median of 1.6 and 25th–75th percentiles of 1.3–2.0. An aspect ratio near 1 indicates that the firing field is almost circular.

                          Source data
                        


Extended Data Fig. 4 Object-vector cells are distinct from other spatially modulated cell classes.
a, Colour-coded rate maps (top) and path plots (bottom) for two representative object-vector cells recorded first without an object and then with an object (white circle). Path plots show the mouse’s trajectory with spike locations superimposed as black dots. Peak rates, and mouse and cell ID numbers, are indicated (horizontal and vertical text labels, respectively). The cells responded vigorously to objects but did not have border or grid fields. In the no-object condition, 15 of 162 object-vector cells also passed the border cell criteria and 4 passed the criteria for grid cells. Lowering the minimum threshold for peak firing rate from 2 Hz to 1.5 Hz made no discernible difference: 163 cells passed the criteria for object-vector cells, and 18 of these cells passed the border cell criteria and 4 cells the grid cell criteria. b, Distribution of border scores, grid scores, speed scores, and head-direction scores for object-vector cells on trials without an object (dark blue boxes, n = 162), for object-vector cells on trials with an object (light blue boxes, n = 162), and for cells that did not satisfy criteria for object-vector cells on the no-object trial, including all other types of spatially or directionally modulated cells (light grey boxes, n = 938). Without objects present, border scores were higher in the overall population than in object-vector cells (Mann–Whitney U-test, U = 5.7 × 104, P = 0.0002). Grid scores were also higher in the overall population than in object-vector cells (Mann–Whitney U-test, U = 6.2 × 104, P = 1.1 × 10−10). By contrast, head-direction scores were higher for object-vector cells than for the remaining cells when objects were not present (Mann–Whitney U-test, U = 1.1 × 105, P = 1.6 × 10−7), which suggests that a subset of object-vector cells is modulated by head-direction input. Head-direction tuning of object-vector cells decreased significantly when objects were present (Wilcoxon signed rank test, W = 10,206, P = 1.7 × 10−9) and was then not different from that of the overall population (Mann–Whitney U-test, U = 93,560, P = 0.24). Speed scores were not different for object-vector cells compared to the remaining cells (Mann–Whitney U-test, U = 8.4 × 104, P = 0.18). All statistical tests were two-sided. Black line between box edges indicates median, box edges indicate 25th and 75th percentiles, whiskers extend to the most extreme point that lies within 1.5 × interquartile range (IQR), and data points larger than 1.5 × IQR are considered outliers (red crosses). c, Response to object in an object-vector cell with significant tuning to head direction of the mouse. Left, recording with no object; right, with an object. For each trial, a colour-coded firing rate map is shown with a circular plot for firing rate as a function of head direction (black curve, firing rate; blue curve, time spent; HD, head-direction score (that is, mean vector length)). Peak rates are indicated for rate maps and directional tuning plots. The dispersed directional tuning on the baseline trial is typical; most direction-tuned object-vector cells had wide or multipeaked tuning curves (unlike those of ‘classical’ head-direction cells8). Note that this weak head-direction tuning is reduced when the object is introduced. d, Head-direction score for all object-vector cells that passed the head-direction criteria on the no-object trial, plotted against the head-direction score of the same cells on the object trial. Note the general reduction in head-direction tuning when the object is present. e, Colour-coded rate maps for three object-vector cells with two object-vector fields. Object-vector fields are indicated by black open circles. Small filled white circles represent objects. Large white and open circles indicate template areas in a regular grid lattice extrapolated from the positions of the two object-vector fields. A grid-pattern Z-score was calculated by first determining the difference between the mean firing rate inside the extrapolated areas (large white and open circles) and the mean firing rate outside all projected and real firing fields, and then dividing this difference by the s.d. of the firing rate. Z-scores and peak firing rates are indicated below each example map. Mouse and cell ID numbers are indicated at the top. f, Grid-pattern Z-scores, calculated as in e, for the entire population of object-vector cells with multiple object-vector fields (n = 56 cells). Box plot as in b. Fluctuation of Z-scores around 0 (median −0.12, 25th–75th percentiles −0.24 to 0.07) suggests that the two (or three) fields of the object-vector cells are not part of a regular grid pattern.

                          Source data
                        


Extended Data Fig. 5 Spike clusters of object-vector cells with two discrete firing fields.
Separation of spikes from object-vector cells with two firing fields from spikes of other simultaneously recorded MEC cells. a, Examples of cell separation in 2D projections of multidimensional cluster diagrams. First and third columns, colour-coded rate maps showing two distinct object-vector cells, with mouse and cell ID numbers (top) and peak rates (bottom) indicated. Second and fourth columns, scatter plots showing relationship between energy (square of signal) for spikes recorded from two selected electrodes of a tetrode in the recording that contains the object-vector cell in the rate map to the left. The electrode numbers in each pair are indicated on axis labels. Each dot represents one sampled signal. Clusters are likely to correspond to spikes that originate from the same cell. The cluster giving rise to the rate map to the left of each scatter plot is shown in black; remaining signals in grey. L-ratio and isolation distance31 for cluster in black are indicated above the scatter plot. Note clear separation of the object-vector cell from other spikes, which suggests that it is unlikely that second fields reflected contamination of spikes from other cells. b, Distribution of L-ratio and isolation distance for all object-vector cells with one field (dark blue boxes; n = 102 cells; median L-ratio 0.06 (25th–75th percentiles 0.02–0.19); median isolation distance 31.2 (18.0–49.7)), and all with two or three fields (light grey boxes; n = 60 cells; median L-ratio 0.06 (0.02–0.14); median isolation distance 31.7 (21.4–49.2)). Black line between box edges indicates median, box edges indicate 25th and 75th percentiles, whiskers extend to the most extreme point that lies within 1.5 × IQR, and data points larger than 1.5 × IQR are considered outliers (red crosses).

                          Source data
                        


Extended Data Fig. 6 Object-vector cells are allocentric.
a, Egocentric reference frame with 0° defined as moving towards the object (white circle) and 180° as moving away from the object. b, Left, colour-coded firing rate map for a representative object-vector cell (peak rate below rate map; mouse and cell ID numbers indicated in vertical text bar). Right, path plot showing, for the same cell as in the rate map, the mouse’s path with overlaid spike locations in black. Left path plot shows spikes on trajectories away from the object; right plot shows spikes on trajectories towards the object. c, Egocentric directional tuning curve for the cell in b. Firing rate is shown as a function of direction of movement relative to the object. Directional bins were 20°. Note that egocentric directional modulation is nearly absent. d, Colour-coded egocentric directional tuning curves (as in c) for all object-vector cells. Each horizontal line corresponds to one cell and shows firing rate, colour-coded as a function of movement direction. Cells are sorted according to the movement direction that had the highest firing rate (light yellow). Note the relative absence of egocentric directional tuning. e, Distribution of egocentric directional modulation across the entire sample of object-vector cells. Egocentric directional modulation was estimated by defining for each cell an egocentric directionality index as the mean vector length of the egocentric tuning curve. Distribution of observed values for object-vector cells is shown in blue, shuffled data in grey. Red line marks the 99th percentile of egocentric directional modulation values for the shuffled data. Only ten object-vector cells had egocentric modulation that exceeded the 99th percentile.

                          Source data
                        


Extended Data Fig. 7 Orientation of object-vector fields is independent of the geometry of the environment but breaks down in the absence of visual input.
a–c, Experiment in which eight cells from three mice were recorded successively in a circular and a square recording box. The boxes were placed at the same location in the recording room and cues external to the box were identical. a, Left, colour-coded rate maps of three cells recorded first in the circle, then in the square. Peak rates are indicated below the rate maps, mouse and cell ID numbers to the left. Colour bar indicates normalized firing rate. Right, directional tuning curves for the same three cells, with firing rates shown as a function of allocentric direction relative to the object. b, Correlation between directional tuning curves in square and circular environments for all eight cells. Black line between box edges indicates median, box edges indicate 25th and 75th percentiles, whiskers extend to the most extreme point that lies within 1.5 × IQR. c, Difference in peak direction of tuning curves between square and circle for all eight cells. d–f, Object-vector cells recorded in light and in complete darkness. d, Colour-coded firing rate maps from five example cells recorded successively in light and darkness (top and bottom, respectively). Mouse and cell ID numbers are shown at the top of each column, peak rates below each rate map. Colour scale is similar for each column of rate maps. e, Distribution of vector-map correlations across pairs of trials recorded either successively in light (yellow) or first in light and then in darkness (grey; n = 21 cells). Stippled line marks the 99th percentile correlation threshold. f, Distributions of spatial information content, spatial coherence, peak firing rate and mean firing rate in light and in darkness. All four measures decreased from light to darkness (spatial information content: Wilcoxon signed-rank test, W = 227, n = 21, P = 1.1 × 10−4; spatial coherence: W = 231, n = 21, P = 6.0 × 10−5; peak firing rate: W = 230, n = 21, P = 6.9 × 10−5; mean firing rate: W = 212, n1 = n2 = 95, P = 8.0 × 10−4). All statistical tests were two-sided. g, Distribution of head-direction scores of all object-vector cells recorded in light and in darkness. Head-direction tuning increased significantly in the absence of visual cues (two-sided Wilcoxon signed rank test: W = 36, n = 21, P = 0.005).

                          Source data
                        


Extended Data Fig. 8 Intersection with grid cells, head-direction cells and boundary-vector cells.
a, Colour-coded rate maps showing 12 representative grid cells recorded in the absence (left) and presence (right) of objects on consecutive trials. Mouse and cell ID numbers are indicated to the left of each pair of columns; grid score (G.s.) and peak rate are shown below each rate map. Scale bar indicates firing rate. Cells in the top three rows of the left pair of columns are examples of grid cells that expressed an extra field in the vicinity of at least one of the objects. Such effects were observed in 10 out of 124 grid cells. Only four grid cells passed the criteria for object-vector cells. Grid fields from the no-object trial mostly retained their firing locations when the object was added, but in a few cases single fields were moderately displaced or the grid underwent mild disruption. b, Colour-coded rate maps and head-direction tuning curves for six representative head-direction cells recorded with no object (left) and with an object (right) on consecutive trials. Mouse and cell ID numbers are indicated to the left; peak rate is shown below each rate map and head-direction score and peak rate are shown below each head-direction tuning curve. Sharply tuned head-direction cells mostly failed to develop vector fields in the presence of objects (exemplified by the cells in the top three rows). One of the few object-vector cells that also had sharp head-direction tuning is cell 398 in the fourth row. The majority of object-vector cells that passed as head-direction cells had only moderate head-direction tuning, and this tuning was clearly reduced when the object was introduced (Extended Data Fig. 4c, d and exemplified by cells 351 and 266 in the two bottom rows of this panel). c, Colour-coded rate maps for all cells that pass a criterion for boundary-vector cells. Symbols as in a. Twenty out of 840 cells passed the criterion for boundary-vector cells. Among these, only one had a firing field that did not encroach upon the wall (mouse 80569, cell 524, highlighted in square frame). d, Distance between boundary and centre of boundary-vector firing field (n = 20 fields from 20 cells) for all cells that passed the criterion for boundary-vector cells, compared to distance between nearest point of object and centre of object-vector fields (n = 221 object-vector fields from 162 cells). Black line between box edges indicates median, box edges indicate 25th and 75th percentiles, whiskers extend to the most extreme point that lies within 1.5 × IQR, and data points larger than 1.5 × IQR are considered outliers (red crosses). The distribution of distances in object-vector fields is skewed towards greater distances than the distribution of distances in boundary-vector fields (two-sided Mann–Whitney U-test, U = 703, P = 9.0 × 10−9).

                          Source data
                        


Extended Data Fig. 9 Rate maps from all recordings with stepwise increases in length, diameter or height of the object.
a, Colour-coded firing rate maps of all 24 cells recorded in experiments in which objects were elongated in one dimension. Each row of four rate maps shows one cell. The four maps are scaled to the same maximum rate (common colour scale). Mouse and cell ID numbers are indicated to the left of each row. Fifteen cells were recorded while the length of the object was increased in steps from 6.75 cm to 62.5 cm. Nine cells were recorded while the length of the object was changed in the opposite direction, from 62.5 cm to 6.75 cm (cells indicated by arrows to the right). For some cells (for example, cells 862 and 927), firing fields increased in length as the object was extended; for other cells (for example, cells 1079 and 1042), the fields retain similar sizes and shapes across the entire spectrum of object lengths. b, Rate maps showing object-vector cell in experiment with no gap between internal and external walls (middle, right). c, Firing rate maps of 6 out of 23 cells recorded in experiments in which the diameter of a cylindrical object was increased from 2 cm to 20 cm. Note persistence of firing fields with increasing diameter of the object. Scale bar indicates colour-coded firing rate. d, Firing rate maps of 7 out of 21 cells recorded in experiments in which the height of prismatic object was increased from 2 cm to 40 cm. Colour-coded firing rate is indicated by scale bar.


Extended Data Fig. 10 Distinction between object-vector cells and border cells.
a, Experiment with object on suspended wall. Image to the left shows recording box with an object attached to a suspended wall with a 15-cm passage underneath the wall and the object. In this configuration, there is no impediment to the mouse’s movement near the object. Right, colour-coded rate maps for three example object-vector cells recorded on trials without any objects present (top row) and with an object (black square) attached to a suspended wall (white line). The three cells respond robustly to the suspended object. b, Colour-coded firing rate maps of four border cells recorded in the absence or presence of an object. The two cells on the left (one in a square and one in a circular box) showed no response to the object. The two cells on the right produced clear object-vector fields. c, Overlap between populations of object-vector cells and border cells (BCs). Fifteen out of 56 border cells also passed the criteria for object-vector cells. The two cells to the right in b are among those cells. d, Box plot showing, for the 15 overlapping border and object-vector cells, the distance from centres of object-vector fields to the nearest point of the object, and the distance from centres of border fields to the nearest wall. Black line between box edges indicates median, box edges indicate 25th and 75th percentiles, whiskers extend to the most extreme point that lies within 1.5 × IQR. Mean distance from object-vector field to object was significantly greater than the distance from border field to the wall (object-vector field to object: 21.4 ± 2.6 cm; border field to wall: 7.6 ± 0.6 cm; two-sided Mann–Whitney U-test, U = 381, P = 1.6 × 10−4), consistent with the interpretation that border cells and object-vector cells are functionally independent (Fig. 4).
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