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A cardinal feature of hippocampal episodic memory is the association of 
experience with location1,2. Location is represented in place cells, hippo
campal cells with spatially confined firing fields1. Collectively, place 
cells form a distributed map of local space1, where unique combinations 
of cells are active in every location and every environment3–5. On top 
of their spatial firing fields, place cells also respond to other aspects 
of experience, such as floor texture6, odors7,8, passage of time9,10 and 
motivational states11,12. In this dual coding scheme, the location of the 
animal is defined by which cells are active. When the animal is moved 
from one environment to another, the place map in the CA3 subfield 
exhibits global remapping, in that a completely new combination of 
active cells is recruited3,13. In contrast, changes in environments, such 
as odor or color alterations, are often accompanied by transitions in the 
distribution of activity among a constant subset of place cells with pre
served firing locations13. The latter is referred to as rate remapping.

The spatial component of the hippocampal activity code is thought 
to reflect inputs from medial entorhinal cortex (MEC), which, in con
trast with LEC, contains strongly positionmodulated neurons14,15, 
including grid cells, headdirection cells and border cells2. The most 
abundant cell types are the grid cells16. Changes in the alignment 
of grid cells to the geometry of the environment coincide with glo
bal remapping in the hippocampus17, possibly through a process in 
which independently aligned grid modules converge on overlapping 
populations of place cells18. Less is known about the origin of the 
rate component of the hippocampal representation. Hippocampal rate 
remapping is not accompanied by reliable changes in grid cells17. 
One possible source of hippocampal rate redistribution is the LEC, 
which contains cells that respond specifically to a variety of location 
independent features of the environment, such as discrete visual 

objects and odors19–21, as well as cells that fire selectively at locations  
at which objects had been encountered in the past21,22. Similar  
locationindependent object responses have been observed in the  
perirhinal cortex, upstream of the LEC cells23,24. Here, we made  
targeted lesions in LEC to determine whether LEC inputs contribute 
to rate remapping in the CA3 region of the hippocampus.

RESULTS
Extent of LEC lesions
LEC lesions were generated in ten rats by local infusion of NMDA at 
neurotoxic doses. Seven rats received sham lesions with needle inser
tions into the cortex and white matter overlying the LEC. The neu
rotoxic lesions formed a sharply defined strip of damage beneath the 
rhinal fissure (Fig. 1 and Supplementary Figs. 1 and 2). In all rats, the 
neurotoxin primarily affected the dorsolateral and the intermediate 
dorsolateroventromedial parts of LEC, which provide the strongest 
LEC projection to the recording area in the dorsal hippocampus25–27. 
Lesions spanned the entire anteroposterior axis of the LEC. Mean bilat
eral LEC lesion size per rat ranged from 22.1 to 60.8% (Supplementary 
Fig. 1). There was only minimal damage to MEC (Supplementary 
Fig. 1). In seven LEClesioned rats, MEC was entirely spared.

One rat was excluded from further analysis because of an 
unsuccessful ipsilateral lesion (rat 14307, 12.2% lesion). A second 
rat was excluded from the rateremapping analyses because of global 
remapping (rat 11905, see below).

CA3 recording locations
Ensemble activity was determined from 450 CA3 place cells in nine 
LEClesioned rats (all except the rat with the minimal ipsilateral LEC 

1Kavli Institute for Systems Neuroscience and Centre for Neural Computation, Norwegian University of Science and Technology, Trondheim, Norway. 2Neurobiology 
Section and Center for Neural Circuits and Behavior, Division of Biological Sciences, University of California, San Diego, La Jolla, California, USA. 3Evelyn F. McKnight 
Brain Institute, Division of Neural Systems, Memory and Aging, University of Arizona, Tucson, Arizona, USA. 4These authors contributed equally to this work. 
Correspondence should be addressed to L.L. (li.lu@ntnu.no), J.K.L. (jleutgeb@ucsd.edu) or E.I.M. (edvard.moser@ntnu.no).

Received 14 May; accepted 10 June; published online 14 July 2013; doi:10.1038/nn.3462

Impaired hippocampal rate coding after lesions of the 
lateral entorhinal cortex
Li Lu1,4, Jill K Leutgeb1,2,4, Albert Tsao1, Espen J Henriksen1, Stefan Leutgeb1,2, Carol A Barnes1,3,  
Menno P Witter1, May-Britt Moser1 & Edvard I Moser1

In the hippocampus, spatial and non-spatial parameters may be represented by a dual coding scheme, in which coordinates in 
space are expressed by the collective firing locations of place cells and the diversity of experience at these locations is encoded 
by orthogonal variations in firing rates. Although the spatial signal may reflect input from medial entorhinal cortex, the sources of 
the variations in firing rate have not been identified. We found that rate variations in rat CA3 place cells depended on inputs from 
the lateral entorhinal cortex (LEC). Hippocampal rate remapping, induced by changing the shape or the color configuration of the 
environment, was impaired by lesions in those parts of the ipsilateral LEC that provided the densest input to the hippocampal 
recording position. Rate remapping was not observed in LEC itself. The findings suggest that LEC inputs are important for 
efficient rate coding in the hippocampus.
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lesion, rat 14307) and from 368 CA3 place cells in the seven sham
operated control rats. In both groups, the tetrodes were located in the 
dorsaltointermediate part of CA3, at approximately 30–40% along 
the septotemporal axis, measured from the septal pole (Fig. 1c,d and 
Supplementary Fig. 3). Most recording locations were located in 
CA3b or CA3c; a few were located in CA3a.

To verify that the electrodes were positioned in the part of CA3 
that receives the strongest projections from the lesion area in LEC, 
we analyzed the distribution of labeled axons along the dorsoventral 
axis of the CA3 subfield resulting from injections of anterograde trac
ers in LEC in three rats, selected from a collection of over 30 such 
cases (Fig. 1d). Two of the three injections were in the LEC area that 
suffered the largest damage in the lesion group (one dorsolateral and 
one intermediate LEC injection). In these rats, the strongest labeling 
was observed in the ipsilateral hippocampus at dorsoventral levels 
corresponding to the tetrode recording locations of the implanted rats 
(dorsal and intermediate hippocampus, respectively; Fig. 1d). The 
density of labeling tapered off toward the dorsal and ventral poles of 
CA3. The third injection was in the ventromedial part of LEC, where 
we observed only minimal damage in the lesion group. This injection 
labeled only the ventral part of CA3 (Fig. 1d). In all three cases, there 
was only minor labeling in the contralateral hippocampus.

CA3 place fields after LEC lesion
The basic spatial firing properties of the CA3 cells were not changed 
by the LEC lesions. CA3 pyramidal cells had sharply confined place 
fields in both lesioned rats and control rats (Fig. 2).

Cells with a minimum firing rate of 0.20 Hz in at least two trials 
and waveforms longer than 200 µs were selected for analysis (312 cells 
from seven control and nine lesioned rats). In these cells, place fields 
were defined from smoothed rate maps as contiguous regions of five 
or more 5 × 5cm bins in which the firing rate exceeded 20% of the 
cell’s peak rate and the peak rate of the area was higher than 1 Hz. 
Following this definition, the majority of active cells had a single place 
field covering approximately 10–20% of the recording environment. 
Only 5 of the 312 cells (one from the lesion group) fired consistently 
in two locations. The size of the identified place fields was not sig
nificantly altered (lesioned rats, 1,579 ± 62 cm2; control rats, 1,462 ± 
70 cm2; Z = 1.51, P > 0.10, MannWhitney U test), nor was the spatial 
information content of the rate maps (lesioned rats, 1.72 ± 0.05 bits 
per spike; control rats, 1.74 ± 0.05 bits per spike; Z = 0.38, P > 0.70), 
their spatial coherence, estimated as their first order spatial autocorre
lation (lesioned rats, 0.773 ± 0.021; control rats, 0.731 ± 0.021; Z = 1.1,  
P > 0.25), or the average firing rate of the cells (lesioned rats, 0.698 ± 
0.047 Hz; control rats, 0.574 ± 0.036 Hz; Z = 1.1, P > 0.25).

Lateral terminal field

Ventral terminal field

Intermediate terminal field

Area of all CA3 recordings
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Figure 1 Neurotoxic damage in the LEC, 
recording positions in the hippocampus  
and their connectional relationships.  
(a) Nissl-stained coronal brain section showing 
representative lesion of the dorsolateral and 
intermediate LEC. Entorhinal cortex is the area 
between the arrows; border between MEC and 
LEC is indicated by an arrowhead. Red trace 
indicates part of entorhinal cortex with lesion in 
layer II. Blue trace shows intact part of LEC. For 
additional sections and for the remaining LEC-
lesioned rats, see Supplementary Figure 1.  
(b) Unfolded ‘flat’ maps of entorhinal cortex 
showing outline of lesions in layer II of 
entorhinal cortex for all ten neurotoxin-treated 
rats. Flat maps were generated by mapping, for 
each coronal brain section, the lateral border of 
entorhinal cortex, near the rhinal fissure, onto 
the vertical line at the center of the diagram, 
at the appropriate antero-posterior position. 
Layer II of entorhinal cortex was then unfolded 
onto a straight line perpendicular to the 
vertical line that represents the lateral border 
(Supplementary Fig. 2). Anterior is up, posterior 
is down. All hippocampal recordings were on 
the left side; that is, left is ipsilateral. Light 
blue indicates MEC. Dark blue indicates LEC. 
Lesions are indicated in red. (c) Nissl-stained 
coronal section showing recording locations in 
CA3 of a representative rat. The tetrodes were 
generally positioned in the second quarter of  
the dorsal-to-ventral axis of the hippocampus.  
(d) Correspondence between hippocampal 
recording locations and lesion sites in  
LEC as evaluated with anterograde tracing.  
Left, tracer injection sites. Right, lateral view 
of a rat brain with hippocampus exposed and a 
three-dimensional reconstruction showing most 
anterior and most posterior hippocampal recording positions of the entire cell sample (n = 17, arrows), as well as the area where most of the recordings 
were obtained (n = 14, arrowheads). For the most anterior and most posterior recording locations of individual rats, see Supplementary Figure 3.  
Tracer was injected at dorsolateral (orange), intermediate (magenta) and ventromedial (blue) positions in LEC (unfolded map to the left). Colors and 
intensity in the hippocampus (right) indicate the distribution and terminal density of axon terminals of anterogradely labeled LEC cells along the 
longitudinal axis of CA3. The illustration shows that the majority of the recordings were obtained in the area that receives the densest innervation from 
the dorsolatero-intermediate LEC. Scale bars in a–d represent 1 mm.
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Impaired rate remapping after LEC lesion
We next investigated whether LEC lesions affected the differential 
recruitment of CA3 neurons across environments. To address this 
question, we first induced rate remapping by changing the shape of the 
recording enclosure, using square and circular versions of a box with 
flexible walls in a constant location13,28. In control rats, place cells fired 
in corresponding locations in the square and the circle, but the rate 
difference was often substantial (Fig. 2 and Supplementary Table 1). 
This change in the firing rate distribution was attenuated by the LEC 
lesion. In all lesioned rats except one (rat 11905), the firing locations 
remained unchanged. The aberrant rat showed global remapping, 
with almost complete disappearance of spatial correlation between 
the square and circular configurations (0.160 ± 0.104; remaining rats, 
0.670 ± 0.030). To limit the analysis to effects on rate remapping, we 
chose not to include the anomalous rat in further analyses.

The rate change across trials was expressed for each cell in the 
remaining eight LEClesioned and seven control rats by a normalized 
ratedifference measure, where the difference in a cell’s firing rate on 
two trials was divided by the sum of the rates (Fig. 3, Supplementary 
Fig. 4 and Supplementary Table 2). In the 143 CA3 cells from the 
seven control rats, the normalized rate difference between trials in 
square and circular shapes was larger than between different trials in 
the same shape, with high scores predominating in the differentshape 
condition and low scores predominating in the sameshape condition 
(mean rate difference ± s.e.m.: 0.669 ± 0.021 between different shapes, 
0.188 ± 0.009 between similar shapes; Figs. 2 and 3). In the 147 CA3 
cells from the eight lesioned rats, the rate difference between square 
and circle was decreased (0.569 ± 0.021), but there was no change, 
compared with the control group, in the sameshape condition (0.186 ±  
0.010). An analysis of variance (ANOVA) showed a significant inter
action between shape (square versus circle) and group (controls versus 
lesioned rats) (F1,288 = 11.4, P = 0.001; shape main effect: F1,288 = 
890.4, P < 0.001; group main effect: F1,288 = 8.04, P < 0.01).

The reduced rate differentiation was not accompanied by any 
impairment in the similarity of the cells’ firing locations in the square 
and the circular environments. Firing locations in the square and 
the circle overlapped in both control rats (mean spatial correlation ±  
s.e.m. = 0.533 ± 0.034, 110 cells with firing rates above 0.05 Hz in 
both environments) and lesioned rats (0.670 ± 0.030, 126 cells after 

exclusion of the rat that exhibited global remapping; Figs. 2 and 3). 
Correlations between rate maps in the square and the circle were gen
erally larger in the lesioned group, as expected when cells have similar 
firing rates as well as similar firing locations. An ANOVA showed sig
nificant main effects (shape, F1,233 = 190.6, P < 0.001; group, F1,233 =  
10.4, P = 0.001), and a significant interaction between shape and 
group (F1,233 = 6.96, P < 0.01). Thus, although discrimination by fir
ing rate was impaired, there was no disruption in the stability of the 
firing locations between the environments.

The impairment in rate remapping was expressed across all rats 
in the LEC lesion group. We tested the contribution of variability 
between rats by averaging normalized rate differences across cells 
for each rat and comparing the groups using rats, rather than cells, as 
the unit of analysis. The general pattern of results was not changed. 
With a onetailed independentsamples t test, the difference between 
firing rates in the square and the circle was still reduced in lesioned 
rats compared with control rats (eight versus seven rats, respectively; 
t13 = 1.92, P < 0.05), whereas the spatial correlation of the rate maps 
was weakly increased (t13 = 1.75, P = 0.05). With rats as the unit 
of analysis, there was a significant negative correlation between the 
size of the ipsilateral LEC lesion and the normalized rate differ
ence between square and circle averaged across all cells of the rat 
(r = −0.77, P = 0.01, Pearson productmoment correlation analysis, 
nine rats including the rat with the minimal ipsilateral LEC lesion; 
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Figure 2 Example rate maps showing that LEC lesions abolish rate 
remapping in response to a change in the shape of the recording 
enclosure. (a) Trajectories with spike locations (middle) and color-coded 
rate maps (bottom) showing place fields on consecutive trials for two 
representative cells in CA3, one from a control rat (rat 14308) and one 
from a LEC-lesioned rat (rat 12055). Dark red indicates peak rate and 
dark blue indicates 0 Hz; color is scaled to the highest peak rate of all 
experiments, but peak rate is indicated for individual trials. The rats were 
tested on a random sequence of eight trials in square and circular shapes 
of the same box (top). (b) Rate maps for all active CA3 cells recorded 
simultaneously on one or two representative tetrodes (left, sham-operated 
control rats; right, LEC-lesioned rats; silent cells not shown). Each row 
shows rate maps for one cell (T, tetrode; C, cell). In each panel, the 
left pair of columns show data for the first and last trial, respectively, 
in the condition (square or circle) in which the highest firing rates were 
recorded. The right pair of columns show rate maps for the same cells in 
the first and last trial in the less active condition. Note that, in the control 
rat, the firing rates changed substantially between square and circular 
configurations, whereas the location of the firing remained constant. 
In the LEC-lesioned rat, the rate difference was reduced, whereas 
location remained unchanged. Bottom right, color scale used in a,b and 
subsequent figures. Color shows y = x0.4, where x is firing rate. This 
transformation was made to enhance visibility of low-rate firing locations.
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Supplementary Fig. 5 and Supplementary 
Table 2). There was no correlation with the 
size of the lesion on the contralateral side  
(r = 0.37, P > 0.30).

We finally estimated the effect of LEC lesions on CA3 output using 
a populationvector measure that is sensitive to the composite distri
bution of firing location and firing rate in the cell sample13 (Fig. 3). 
In the control rats, population vectors from corresponding locations 
in the square and circular box were only weakly related between 
the two box shapes (mean correlation ± s.e.m. across bins = 0.183 ± 
0.008), reflecting the strong rate remapping between the two shapes. 
Recordings from pairs of trials in the same box remained highly cor
related (0.935 ± 0.002). The drop in correlation in the squarecircle 
comparison was strongly attenuated in the LEClesioned rats (differ
ent shapes, 0.408 ± 0.009; same shapes, 0.931 ± 0.002). An ANOVA 
of the population vector correlations showed significant main effects 
(shape, F1,510 = 10,121.2, P < 0.001; group, F1,510 = 400.9, P < 0.001) 
and a significant shape × group interaction (F1,510 = 326.8, P < 0.001). 
The mean population vector correlation between the square and the 
circle was significantly related to the size of the ipsilateral LEC lesion 
(r = 0.77, P = 0.01; contralateral, r = −0.26, P > 0.40; Pearson product
moment correlation, nine rats).

Effect of lesion location in entorhinal cortex
The LEC is organized in a topographical bandlike manner in which 
cells near the rhinal sulcus have dense connections to the dorsal  

pole of the hippocampus and successively more ventromedial cells 
have connections to more ventral regions of the hippocampus 
(Fig. 1d)25,26. To determine the effect of the location of the lesion 
along the dorsolateralventromedial LEC axis, we divided the LEC 
of each hemisphere in each rat into three similarly sized horizon
tal bands (Fig. 4a), determined the percentage of lesioned tissue in 
each and then correlated the values with the rat’s average level of rate  
remapping. Considering that this analysis addressed the effect of 
lesion size, we reincluded the rat with the minimal ipsilateral LEC 
lesion (rat 14307).

The analyses revealed that the correlation, or the explained vari
ance, of the relationship between lesion size and rate change depended 
on both hemisphere and distance from the rhinal fissure. For lesions 
ipsilateral to the recording location, the explained variance of the 
normalized ratedifference measure was larger for the intermedi
ate band than the dorsolateral and ventromedial bands (Fig. 4b, 
Supplementary Fig. 5 and Supplementary Table 2). With rats as 
the unit of analysis, the relationship was significant only for the 
intermediate band (R2 = 0.71, P < 0.01, Pearson productmoment 
correlation analysis). Explained variance for spatial correlations was 
not significant for any of the bands (R2 < 0.31, P > 0.10; Fig. 4c). The 
correlation between lesion size and population vector correlations 
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was significant for the intermediate band (R2 = 0.64, P < 0.01). There 
were no significant relationships between any measure of rate remap
ping and the location of the lesion on the contralateral side (all R2 <  
0.24, P > 0.15; Fig. 4, Supplementary Fig. 5 and Supplementary 
Table 2). There was a reliable relationship, however, between rate 
remapping in the hippocampus and the location of the lesion along 
the anteroposterior axis of the ipsilateral LEC, with normalized 
rate difference and population vector correlations showing a strong 
relationship to lesion size in the posterior and intermediate, but not 
anterior, part of LEC (Supplementary Fig. 6 and Supplementary 
Table 2). This is consistent with previous findings suggesting that the 
anterior part projects selectively to the anterior tip of the hippocam
pus29, where no electrodes were located in our case. Taken together, 
the analyses suggest that rate remapping is primarily affected by the 
size of the ipsilateral lesion in the intermediatetoposterior part of 
the intermediate region along the anteroposterior axis of LEC. This 
region has the strongest projection to the recording location in the 
hippocampus (Fig. 1d)25,26,29.

Rate remapping in morphed environments
To determine the effect of LEC lesions on the representation of smaller 
geometric differences, we next tested the rats in box shapes that were 
intermediate to the squares and circles used in the preceding task. 
The flexible walls of the recording box allowed it to be changed pro
gressively from square to circle, or vice versa, through a series of five 
intermediate steps28. In the control rats, the rate difference between 
the original shape and the transformed shape increased gradually as 
the shapes became more dissimilar (Fig. 5, Supplementary Figs. 4 
and 7, and Supplementary Table 2)28. This gradual redistribution 
of the firing rates was retarded by lesions of the LEC (group × trial: 
F6,3348 = 3.86, P < 0.001; trial: F6,3348 = 269.0, P < 0.001; group: F1,558 =  
20.9, P < 0.001; repeatedmeasures ANOVA with cells as the unit of 
analysis, morph directions combined). Spatial correlations for active 
cells were increased in the LEClesioned group, as in the original 
squarecircle alternation task, but the enhancement increased with the 
degree of change in the shape of the box (group × trial, F6,2454 = 8.00,  
P < 0.001; trial, F6,2454 = 140.3, P < 0.001; group, F1,409 = 6.74, P = 0.01).  
A trialdependent group difference was also obtained with the popu
lation vector measure (group × trial, F6,3060 = 115.1, P < 0.001; trial, 
F6,3060 = 3997.2, P < 0.001; group, F1,510 = 186.7, P < 0.001).

The morph procedure further allowed us to determine whether 
the subset of cells in the original task that fired only in the square 
or only in the circle fired differentially because of rate remapping or 
because of global remapping. If lack of firing in one of the box shapes 
reflected global remapping, a sharp transition in activity would be 
expected near the middle of a progressive sequence of environments 
that are intermediate to the square and the circle, and for cells with 
activity on both sides of the transition, the firing fields would typi
cally be in different locations30. In contrast, if the cells exhibited rate 

remapping, we would expect a more gradual change in firing rates, 
with no change in the location of firing28. We identified 91 cells in 
the squarecircle task that were highly active in one of the box shapes, 
but silent (<0.05 Hz) in the other (seven control and nine lesioned 
rats). For 63 of 63 cells that fired above a threshold of 0.20 Hz in the 
morph task, we found that rate, but not location, changed between 
successive morph trials (Supplementary Fig. 8 and Supplementary 
Table 2), suggesting that the loss of firing rate in either square or circle 
reflected rate remapping.

Rate remapping in a color reversal task
In the squarecircle task, the rats were tested at a constant location, but 
the difference between the environments remained spatial in the sense 
that the geometry of the box was changed. Thus, we asked whether the 
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Figure 5 LEC lesions impair progressive rate remapping during morphing 
of square and circular environments. (a) Trajectories with spike locations 
(second and fourth row) and color-coded rate maps (third and fifth row) for 
two example cells in an experiment in which the recording environment 
was progressively changed between a square and circular shape (one 
cell from control rat 14308 and one from lesioned rat 12055). Shape is 
indicated by the schematic at the top. Peak rate is indicated as in Figure 2.  
Color scale is as denoted in Figure 2b. (b) Rate difference, spatial 
correlation and population vector correlation for the initial trial versus 
each subsequent trial in the morph sequence (means ± s.e.m.). Note 
consistent reduction of rate remapping in LEC-lesioned rats, expressed 
as decreased rate difference, increased spatial correlation and increased 
population vector correlation.
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effect on rate remapping persisted under conditions in which remap
ping was induced only by altering the colors of the box, in the presence 
of constant spatial relationships. Starting 1 d after the last series of 
experiments in the morph box, we tested nine lesioned rats and seven 
control rats in black and white versions of a box with exchangeable 
walls. Because the new environment induced slow changes in the rate 
of the CA3 place fields on the first day after the reconfiguration5, the 
analysis of rate remapping was first restricted to the third and fourth 
exposure to the new environment, on days 2 or 3, when activity was 
stable within and between trials. A total of 55 cells were obtained from 
four control rats and 96 cells from four lesioned rats.

Reversing the configuration of black and white walls caused rate 
remapping in both groups, but, as in the squarecircle experiment, 
the rate change was reduced in the LEC lesion group (Figs. 6 and 7, 
Supplementary Fig. 4 and Supplementary Tables 1 and 2). In the 
shamoperated control group, the normalized rate difference (±s.e.m.) 
decreased from 0.541 ± 0.041 in the blackwhite comparison to 0.163 ±  
0.014 when identical trials were compared. In the lesion group,  
the rate difference was 0.439 ± 0.025 for the blackwhite comparison 
and 0.164 ± 0.013 for trials in the same configuration. An ANOVA 
showed a significant main effect of color (F1,149 = 250.3, P < 0.001) 
and a significant color × group interaction (F1,149 = 6.30, P = 0.01). As 
in the squarecircle task, the spatial correlation between rate maps in 
the black and white configurations was increased by the lesion (con
trol rats, 0.632 ± 0.054, 45 cells; lesioned rats, 0.803 ± 0.024, 89 cells).  
A minor enhancement in spatial correlation was observed even between 
trials with similar wall colors (control rats, 0.898 ± 0.018; lesioned 

rats, 0.939 ± 0.006). An ANOVA for spatial correlation yielded signifi
cant main effects (color, F1,132 = 77.0, P < 0.001; group, F1,132 = 13.0,  
P < 0.001) and a significant color × group interaction (F1,132 = 7.18, 
P < 0.01). Finally, LEC lesions reduced the difference between pop
ulation vectors in the two color configurations. Population vector 

correlations between rate maps in black and 
white boxes were 0.380 ± 0.013 in control 
rats and 0.614 ± 0.008 in lesioned rats. For 
repeated tests in the same configuration, 
the correlations were large in both groups 
(control rats, 0.910 ± 0.003; lesioned rats, 
0.946 ± 0.001). The ANOVA for the popu
lation vector correlations also revealed sig
nificant main effects (color, F1,798 = 2938.9, 
P < 0.001; group, F1,798 = 290.2, P < 0.001) 
and a significant color × group interaction 
(F1,798 = 154.8, P < 0.001). Separate analyses  
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Figure 6 LEC lesions disrupt rate remapping between black and white 
versions of the same box. (a) Trajectories with spike locations (middle) and 
color-coded rate maps (bottom) showing place fields on consecutive trials 
for two representative cells in CA3, one from a control rat (rat 14308) and 
one from a LEC-lesioned rat (rat 15927). Cartoon in the top row indicates 
sequence of black and white trials. Dark red indicates peak rate and dark 
blue indicates 0 Hz; peak rate is presented as in Figure 2. (b) Rate maps 
for all active CA3 cells recorded simultaneously on consecutive trials on 
one or two representative tetrodes on trials with black or white walls (as 
indicated in a). Color scale is denoted as in Figure 2b.
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Figure 7 Average data for the black-white task. 
(a) Change in firing rate distribution between 
trials with different or similar wall colors, 
indicated by rate difference, spatial correlation 
and population vector correlations (means ± 
s.e.m.). (b) Cumulative distribution functions 
showing the same indicators as in a in different 
and similar color conditions (top and bottom 
row, respectively). Note the reduction of rate 
differences between black and white colors in 
the LEC group.
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of the first two sessions revealed that the 
effects of LEC input on rate remapping were 
distinguishable from its effects on responses 
to novelty (Supplementary Fig. 9 and 
Supplementary Table 2).

Lack of rate remapping in LEC cells
The effect of LEC lesions on rate remapping 
in the hippocampus raises questions about the origin of this form 
of remapping. In a final series of experiments, we asked whether 
rate remapping is present in LEC. We recorded neural activity from 
367 LEC cells in ten rats. The recording electrodes were positioned 
in the lateraltointermediate part of LEC, in the boundaries of the 
posterior part of the damaged area in the lesion study (Fig. 8a,b and 
Supplementary Fig. 10). In three of the LECimplanted rats, we 
recorded activity simultaneously from CA3 (42 cells).

Rate remapping was again induced in the hippocampus by changing 
the wall color between black and white. The experimental condition 
was sufficient to induce hippocampal rateremapping in all rats with 
parallel CA3LEC recordings, replicating the pattern observed in the 
same task in control rats in the lesion study (23 cells with firing rates 
above 0.20 Hz in at least two trials; Fig. 8c–e, Supplementary Fig. 4 
and Supplementary Table 2). The normalized rate difference between 
black and white configurations was 0.521 ± 0.050 (mean ± s.e.m.), 
which is larger than for trials in the same color configuration (0.263 ± 
0.034). Spatial correlations were not substantially altered (blackwhite, 
0.754 ± 0.042; same color, 0.850 ± 0.027). CA3 population vector  

correlations were lower between black and white configurations than 
between trials with similar wall colors (0.489 ± 0.012 for blackwhite, 
0.675 ± 0.014 for same color).

In contrast to these data from simultaneously recorded CA3 neu
rons, no substantial differences between configuration pairs were 
observed in LEC. Distribution functions for tests with similar and 
different box colors were almost identical (326 cells with firing rates 
above 0.20 Hz in at least two trials, mean rate = 1.20 ± 0.06 Hz;  
Fig. 8e). The rate difference between black and white environments 
was not increased compared with pairs of trials in the same environ
ment (blackwhite, 0.191 ± 0.006; same color, 0.209 ± 0.008). There 
was also no difference in spatial correlations between tests with  
different and similar colors (blackwhite, 0.329 ± 0.011; same color, 
0.327 ± 0.011) and population vector correlations were not changed 
(blackwhite, 0.689 ± 0.002; same color, 0.658 ± 0.003). Similar results 
were obtained for deep and superficial LEC layers (Supplementary 
Fig. 11 and Supplementary Table 2). Taken together, these observa
tions suggest that rate remapping was not expressed in the region of 
LEC recorded in this experiment.
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Figure 8 Lack of rate remapping in LEC neurons. 
(a) Coronal brain section showing representative 
electrode location in LEC. Arrowheads indicate 
range of recording positions (deepest and 
most shallow). Arrows indicate border of LEC, 
MEC, parasubiculum and perirhinal cortex. 
(b) Reconstructions showing distribution of 
recording locations on an averaged unfolded map 
of LEC and MEC. Each dot corresponds to one 
tetrode location; different colors correspond to 
different rats (see also Supplementary Fig. 10). 
Note that all the recording sites were located in 
the dorsolateral-to-intermediate part of LEC.  
(c) Trajectories with spike locations (second  
row) and color-coded rate maps (third row) for  
a sample of simultaneously recorded CA3 and 
LEC cells (from rat 12520) in black and white 
versions of a single recording box. Peak rate is 
indicated as in Figure 2. Color scale is denoted  
as in Figure 2b. Scale bars in a and b represent  
1 mm. (d) Firing rate distributions in simultaneously 
recorded LEC and CA3 cells after change of box 
color compared with repeated trials with the 
same color (means ± s.e.m.). (e) Cumulative 
distribution functions for the LEC and CA3 data 
shown in d. Note the rate differences between 
similar and different colors in CA3 (top row),  
but not LEC (bottom row). ANOVAs revealed 
strong interactions between color and brain  
area (rate difference: color × brain area, F1,347 = 
76.7, P < 0.001; color, F1,347 = 58.4, P < 0.001; 
brain area, F1,347 = 58.9, P < 0.001; spatial 
correlation: color × brain area, F1,342 = 14.8,  
P < 0.001; color, F1,342 = 13.1, P < 0.001;  
brain area, F1,342 = 130.6, P < 0.001; population 
vectors: color × brain area, F1,798 = 317.1,  
P < 0.001; color, F1,798 = 167.5, P < 0.001; 
brain area, F1,798 = 59.4, P < 0.001).
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DISCUSSION
This study has three main findings. First, removing most of the LEC 
input to the dorsal hippocampus did not detectably influence spa
tial firing in the CA3 subfield of the hippocampus. Second, input 
from LEC was necessary for efficient rate coding in cell ensembles 
in this area. Following large lesions in the LEC, rate remapping was 
reduced and place cells in CA3 were no longer able to form sharply 
distinguishable representations for different experiences in the same 
environment. Finally, recording from more than 360 LEC neurons at 
different locations in the area that was removed in the lesion study, we 
did not observe changes in rate distribution after interventions that 
generated rate remapping in simultaneously recorded CA3 neurons.

The persistence of spatial firing in hippocampal pyramidal neurons 
after LEC lesions suggests that LEC inputs are not required for the 
formation of place fields, despite the fact that some LEC neurons 
show weak positional modulation15 and that such positional infor
mation might, at least in principle, be sufficient to generate sharp 
and stable spatial tuning downstream in the hippocampus, in the 
presence of competitive Hebbian plasticity mechanisms31,32. Instead, 
the preserved firing structure of the place cells points to position 
and orientation signals from MEC as the primary sources of spatial 
information to place cells2,33. In addition, via the dentate gyrus, place 
cells may receive some spatial information from MEClike functional 
cell types in the parasubiculum27,34,35. Because very few cortico 
hippocampal inputs bypass MEC and parasubiculum27, it is likely that 
the bulk of the spatial information to the hippocampus comes from 
these parahippocampal regions, particularly the MEC.

Although the spatial structure of the individual place fields 
remained unaffected, the LEC lesions clearly disrupted the abil
ity of place cells, as a population, to differentiate environments by 
changing the distribution of activity rates. As expected, after inter
fering with properties of the proximal environment such as the 
shape or the color of the recording enclosure, we observed that place 
cells exhibited rate remapping in control rats. In lesioned rats, rate  
remapping was impaired, in that the collective pattern of hippocampal 
activity was less different between dissimilar configurations of the 
same recording environment. This impairment was found to corre
late with the size of the lesion in those parts of LEC that contain the 
largest density of LEC cells with direct inputs to the recording area 
in the dorsaltointermediate region of the CA3 field of the hippo
campus (Fig. 1d)25,26. Such a correspondence was observed along the  
dorsolateraltoventromedial axis and along the anteriortoposterior 
axis. Rate remapping was not expressed in LEC itself, however, despite 
the large and quite widespread cell sample in this area, which suggests 
that the hippocampal rate code is not merely inherited from LEC. 
Together with studies showing that rate remapping is diminished in 
mice lacking functional NMDA receptors in the dentate gyrus36, the 
LEC lesioninduced rateremapping impairment that we observed 
raises the possibility that the formation of distinguishable activity 
maps takes place in the hippocampal network itself in response to 
specific information from LEC.

The correlation between loss of rate remapping and lesion size 
in the parts of LEC that project most strongly to the hippocampal 
recording location points to LEC as a critical determinant of rate cod
ing in the hippocampus. However, rate remapping was not completely 
abolished by the LEC lesions, not even in the rats with the most exten
sive damage. The remaining rate remapping may reflect residual LEC 
tissue or contributions from brain areas that target the hippocampus 
by other pathways, such as through MEC. Experiencedependent dif
ferences in rate coding may, for example, depend on signals from the 
medial prefrontal cortex, which has long been thought to exert strong 

executive control on hippocampal memory retrieval37. In support of a 
necessary role for medial prefrontal cortex in rate coding, inactivation 
of the medial prefrontal cortex has been shown to substantially reduce 
the differential firing of CA1 place cells in the presence or absence 
of specific objects38. Whether this prefrontal influence is mediated 
via LEC or by other pathways has not been determined. The medial 
prefrontal cortex has no direct connections to the hippocampus, but 
may influence hippocampal activity via its strong projections to the 
nucleus reuniens39–41 as well as its direct projections to the perirhinal 
cortex and LEC42,43. The fact that axons from the reuniens termi
nate only in the CA1 subfield of the hippocampus, and not in CA3, 
where rate remapping was recorded, suggests that medial prefrontal 
influences on CA3 remapping likely occur via LEC. It remains for 
future studies, however, to determine whether the effect of LEC on 
rate remapping can occur independently of signals from the medial 
prefrontal cortex.

The functional nature of the hippocampal input from LEC is not 
well understood, but recent studies have provided some clues. Many 
LEC neurons respond to the presence of specific odors20 or discrete 
objects, defined by visual and tactile properties19,21. Other LEC 
neurons respond specifically at places where rats have encountered 
objects in the past21,22. All of these responses can be evoked regard
less of where the stimulus is presented, suggesting that LEC provides 
the hippocampus with highly specific sensory input irrespective of its 
position in the environment. Although some objectrelated informa
tion is likely to already be integrated with spatial information at the 
stage of the interconnections between LEC and MEC44, a stronger 
and more complete convergence may occur downstream in the hippo
campus, in CA3 and dentate gyrus2,21,45,46, where lateral and medial 
perforantpath axons apparently synapse on dendrites of the same 
principal cells27. This mediallateral convergence, in conjunction with 
local network processes, may be necessary for determining whether 
and how much a hippocampal cell is active inside its place field on 
a particular occasion46. The present study provides support for this 
idea by showing that LEC input is necessary for efficient hippocampal 
rateplace associations.

Finally, although our results identify a possible source for hippo
campal rate remapping, the behavioral conditions under which rate 
remapping occurs remain unknown. Our findings confirm previous 
work showing that rate remapping can be induced reliably by chang
ing locationindependent features of the environment, such as the 
shape or color of the recording box13,28, but whether the change is 
induced by the proximal nature of the stimuli, their geometry or any 
other aspect of experience has not been established. Irrespective of the 
nature of the inputs, the discrete stimuli that regulate hippocampal 
rate are often likely to vary over time. The recruitment of hippocam
pal neurons at a given location fluctuates on a momenttomoment 
basis47–49, often in an analog manner, in the form of smooth transi
tions between correlated activity patterns28,50. Fluctuations may also 
occur at longer timescales, with rate changes outlasting the stimuli 
that initially triggered them28. These transitions in hippocampal rate 
patterns may be controlled by timevariant inputs from LEC and  
perirhinal cortex. Undulations in LEC signals, combined with a con
stant spatial input from MEC cells, may allow the stream of episodic 
information to be represented dynamically in the firing patterns of 
hippocampal cells, without compromising in any way the code for 
spatial location.

METHODS
Methods and any associated references are available in the online 
version of the paper.
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Note: Supplementary information is available in the online version of the paper.
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ONLINE METHODS
Subjects. The experiments were performed at the Norwegian University of 
Science and Technology. 27 male Long Evans rats (400–470 g at implantation) 
were housed individually in transparent Plexiglass cages (45 cm × 30 cm × 35 cm). 
Ten of the rats received neurotoxic lesions of the LEC and tetrode implants in the 
CA3 of the hippocampus. Seven rats served as a shamoperated control group, 
with tetrodes at the same location in CA3. In addition, ten rats were implanted 
with tetrodes in the LEC. Shamoperated controls and lesioned rats were tested 
in an intermixed fashion (control rats: May and June of 2008, January and March 
of 2010, and May of 2011; lesioned rats: June, September and October of 2007, 
February and May of 2008, March and May of 2010, and May of 2011). All rats 
were kept at 85–90% of freefeeding body weight and maintained on a 12h light/ 
12h dark schedule. Testing occurred in the dark phase.

Surgery, lesions and electrode preparation. 14 of the 17 rats in the hippocampal 
recording groups were anesthetized intraperitoneally with Equithesin (pentobar
bital and chloral hydrate, 1 ml per 250 g); the remaining hippocampal rats, as well 
as all rats in the LEC recording group, were anesthetized with isoflurane (air flow: 
1.0–1.3 l min−1, 0.5–3% isoflurane (vol/vol), adjusted according to physiological 
monitoring). Following induction of anesthesia, the rat was fixed in a Kopf  stereo
taxic frame for intracerebral neurotoxin infusion and electrode implantation.

In rats destined for hippocampal recording (LEC lesion group and control 
group), both temporalis muscles were gently detached from the skull and slightly 
moved such that infusion holes could be drilled above the left and right LEC. Holes 
for tetrode implantation were drilled in the skull above the left hippocampus.  
The neurotoxin (NMDA, Sigma) was dissolved in phosphatebuffered saline  
(pH 7.4, 0.1 M) and injected using a sharp 1µl Hamilton syringe mounted to 
the stereotaxic frame (with the opening of the needle directed laterally). Volumes 
of 0.06–0.08 µl of NMDA were infused over 10–20 s at three stereotaxic posi
tions in left and right LEC, using bregma and the midline as references for the  
anteroposterior and mediolateral infusion coordinates. The infusion coordi
nates (relative to bregma), with infusion volumes, were: anteroposterior = 5.2, 
mediolateral = ±7.0 (0.06 µl); anteroposterior = 5.9, mediolateral = ±7.0 (0.08 µl);  
and anteroposterior = 6.6, mediolateral = ±6.8 (0.08 µl). At each position, the nee
dle was first lowered to the cranium below the LEC and then retracted for 0.6 mm. 
The injection started 1 min after the needle was positioned. After the injection, 
the needle was left in place for 5 min. When the infusions were completed, the 
rats were immediately implanted with a Kopf hyperdrive with 14 independently 
movable tetrodes constructed from 17µm polyimidecoated platinumiridium 
(90–10%) wire. Electrode tips were plated with platinum to reduce electrode 
impedances to between 100–300 kΩ at 1 Hz. The tetrodes were inserted in the 
cortical surface above the left hippocampus (anteroposterior = 3.8, mediolateral =  
3.0). The hyperdrive was secured to the skull with jewelers’ screws and dental 
cement. Two screws in the skull were connected to hyperdrive ground. Following 
closure of the wound, the electrodes were turned into the cortex while signals 
were monitored on the recording system. The shamoperated control rats under
went similar craniotomy, the dura was removed, and the needle was lowered 
through the cortex and white matter overlying the LEC. No solution was infused 
in the control rats.

In the ten rats destined for tetrode recording in LEC, one microdrive with four 
tetrodes was implanted above LEC (anteroposterior = 0.1 mm in front of  lambda, 
mediolateral = 6.0–7.0 mm from midline, dorsoventral = 4.0 mm below dura, 
4–8 degree angle in the coronal plane, with electrode tips pointing away from 
midline). In three rats, a second microdrive was implanted at the correspond
ing position above the contralateral LEC. In the remaining seven rats, a second 
microdrive was implanted vertically above the dorsal CA3 of the contralateral 
hippocampus (anteroposterior = 3.8 mm behind bregma, mediolateral = 3.0 mm 
from midline, dorsoventral = 1.5 mm below dura). Tetrodes were prepared in 
the same way as for the hyperdrive implants in the lesion study. One skull screw 
served as a ground for each microdrive.

electrode turning and recording procedures. The hyperdrive used for hippo
campal recording was connected to a multichannel, impedance matching, unity 
gain headstage. The output of the headstage was conducted via a lightweight 
multiwire tether and a Neuralynx 82channel slipring commutator to a data 
acquisition system with 64 digitally programmable amplifiers. Unit activity was 
amplified by a factor of 3,000–5,000 and bandpass filtered at 600–6,000 Hz. 

Spike waveforms above a threshold of ~50 µV or more were timestamped and 
digitized at 32 kHz for 1 ms. Lightemitting diodes on the headstage were tracked 
at 50 Hz. EEG from stratum lacunosummoleculare was recorded continuously 
in the 1–450Hz band.

During the first 3–4 weeks after the surgery, the hippocampal tetrodes were 
moved in small daily increments toward CA3 while the rat was resting on a 
pedestal between the test box and the experimenter. Two electrodes were used to 
record a reference signal from the corpus callosum and an EEG signal from the 
stratum lacunosummoleculare of CA1. Passage through the CA1 pyramidal cell 
layer was used as a depth indicator. The CA3 pyramidal cell layer was identified 
during recording by the presence of sharp waves and largeamplitude complex
spike activity. On the day of recording, the electrodes were not moved at all, or 
only <20 µm, to maintain stable recordings.

Microdrives for LEC and simultaneous CA3 recording were connected to a 
multichannel unity gain headstage, which was connected via a counterbalanced 
cable to an Axona recording system. Unit activity was amplified by a factor of 
3,000–10,000 and bandpass filtered from 800–6,700 Hz. Spike waveforms above 
a set threshold were timestamped and digitized at 32 kHz for 1 ms. Beginning at 
approximately 4 mm below dura for LEC recordings, and 1.5 mm below dura for 
CA3 recordings, the tetrodes were lowered in 50µm steps while the rat rested on 
the pedestal. Data collection started when signal amplitudes exceeded approxi
mately five times the noise level (r.m.s. = 20–30 µV) and units were stable for >3 h.  
Following completion of each recording session, the tetrodes were turned for 
another 50 µm and recording was resumed whenever new cells appeared. Turning 
and recording continued until the tetrodes entered layer I of LEC, where the 
majority of cells were interneurons, or when the hippocampal electrodes left the 
CA3 layer. The position at which the tetrodes entered LEC or CA3 was determined 
at the end of the experiment, based on histology and tetrode turning protocol.

Test environments. Rate remapping was induced by changing either the shape 
or the color configuration of the recording box while the box was kept at a con
stant location. Training was first conducted in a morph box consisting of 16 
serially connected gray aluminum walls (width = 19 cm, +1 cm joint) that could 
be shaped as a square (80 cm × 80 cm, 50 cm high), a 16sided polygon (50 cm 
radius, 50 cm high, angles of 157.5°, for simplicity referred to as a circle) or any 
of five intermediate shapes28. To polarize the morphed environments, a white 
cue card was placed at a constant location in the box. The cue card was 50 cm 
high and 19 cm wide. Testing in the colorreversal task was conducted in a square 
box with individually exchangeable walls (black on one side, white on the other 
side; 100 cm × 100 cm; 50 cm high). Distal background cues were masked by 
black curtains encircling the recording box (180 cm diameter). A pedestal, where 
the rat slept and rested, was placed between the test box and the experimenter, 
outside the curtains.

Square-circle experiment. As the electrodes were turned toward CA3, the rats 
were trained in the two extreme shapes of the same flexible morph box at a fixed 
location in a single room. Starting 3–4 d after the surgery, the rats were motivated 
to run by throwing small crumbs of chocolate biscuits individually into the box. 
From the first day, the rats were trained to forage for up to eight 10min trials, 
with the morph box presented in either its square or circular shape in a random 
order. Each shape was presented four times. The floor of the morph box was 
switched between each shape and cleaned with water between each trial. The rat 
was allowed to rest for 5 min on the pedestal between each pair of consecutive 
trials, and training sessions began and ended with a 15min sleep trial. Training 
in this procedure continued for 4–5 weeks after surgery before spike activity was 
recorded for one or several days. The rats were therefore highly familiar with both 
environments at the time of recording.

morph experiment. To decrease the difference between the recording environ
ments, we subsequently tested the rats in seven different versions of the morph 
box, including the two extreme shapes (square and circle) used above and five 
new intermediate shapes28. The box shape was gradually changed from square to 
circle or from circle to square, a condition that induces progressive rate remap
ping28. The shape of the morph box was maintained by inserting the flexible wall 
into a groove carved into the Plexiglas floor. The morphing procedure was also 
performed on the subsequent day, but in the reverse direction. The sequence of 
the morphing was counterbalanced across rats.
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color reversal task. Testing in the box with exchangeable black and white walls 
started the day after the experiments in the morph box were completed. The rat was 
placed into the black/white box for 10 min, then into the box with opposite color for 
two consecutive 10min trials, and then back into the same black/white box for a final 
10min trial. The rats were allowed to rest for 5 min on the pedestal between each 
pair of consecutive recording trials. Each time the rats were rested, the four walls of 
the box were flipped. The floor was washed with water. The first half of the test group 
(rat numbers 11905, 11972, 12055, 12240, 12247, 12280 and 12478) was tested in a 
whiteblackblackwhite sequence and recorded for two sessions. The second half 
(rat numbers 14149, 14203, 14307, 14308, 14575, 14576, 15789, 15927 and 15949) 
was recorded for three to four sessions in a blackwhitewhiteblack sequence. Only 
data from the latter group were used in the analysis of rate remapping.

Spike sorting and place fields. Spike sorting was performed offline using graphical  
clustercutting software (for hyperdrive data: MClust, A.D. Redish (University of 
Minnesota); for microdrive data: Tint, N. Burgess (University College London) 
and Axona). Clustering was performed manually in twodimensional projections 
of the multidimensional parameter space (consisting of waveform amplitudes 
and waveform energies), using autocorrelation and crosscorrelation functions as 
additional separation tools and separation criteria. Putative excitatory cells were 
distinguished from putative interneurons by spike width and average rate and,  
in the hippocampus, the occasional presence of bursts. Spatial firing rate distribu
tions (place fields) for each wellisolated neuron were constructed by summing the 
total number of spikes that occurred in a given location bin (5 cm × 5 cm), dividing 
by the amount of time that the rat spent in that location and smoothing with a 
Gaussian centered on each bin. The average rate in each bin x was estimated as

l( ) ( ) ( )
( )

x g g dt
si x
h

i

n y t x
h

T
= −

=

−∑ ∫
1 0

where g is a smoothing kernel, h is a smoothing factor, n is the number of spikes, 
si is the location of the ith spike, y(t) is the location of the rat at time t, and  
[0 T) is the period of the recording. A Gaussian kernel was used for g, and h = 5 cm.  
Positions more than 5 cm away from the tracked path were regarded as unvisited. 
The smoothing algorithm gave rate maps very similar to those obtained with a 
Gaussianshaped boxcar algorithm where bins are weighted by their distance 
from the central bin49.

A place field was estimated as a contiguous region of at least 225 cm2 (nine or 
more 5 × 5cm bins) where the firing rate was above 20% of the peak rate and the 
peak firing rate of the area was 1 Hz or higher. The number of nonoverlapping 
place fields was estimated for each cell. Place field analyses were generally only 
conducted for cells with a firing rate of 0.20 Hz or more (more than 120 spikes 
for a 10min trial). The exception was the spatial correlation analysis, where we 
used an additional threshold of 0.05 Hz, taking into account that rate remapping 
was normally associated with low rates in one of the environments. Clusters with 
average peaktotrough waveform durations of less than 200 µs on the electrode 
with the largest amplitude were considered putative interneurons or bypassing 
axons and were not included in the analysis.

An adaptive smoothing method51 was applied before the calculation of spatial 
information, spatial correlation and number and size of place fields to optimize 
the tradeoff between blurring error and sampling error. The raw data were first 
divided into bins of 5 cm × 5 cm, as above. Then the firing rate at each point in the 
environment was estimated by expanding a circle around the point until 

r
n s

i≥ a

where r is the radius of the circle in bins, n is the number of occupancy samples 
within the circle, s is the total number of spikes in those occupancy samples and 
the constant α is set to 10,000. With a position sampling rate of 50 Hz, the firing 
rate at that point was then set to 50 · s/n. The peak firing rate of an individual cell 
was taken to be the maximum value in the smoothed rate map.

Spatial information content in bits per spike was calculated as

information content = pi i

i

il
l

l
l∑ log2

where λi is the mean firing rate of a unit in the i-th bin, λ is the overall mean 
firing rate and pi is the probability of the animal being in the i-th bin (occupancy 

in the i-th bin / total recording time). Spatial coherence was estimated as the 
first order spatial autocorrelation of the unsmoothed place field map, that is, the 
mean correlation between the firing rate of each bin and the averaged firing rate 
in the eight adjacent bins.

Firing patterns were compared across trials with a spatial correlation proce
dure. Each map was smoothed and binned into matrices of 5 × 5cm pixels, and 
the rates of firing in common pixels of the two maps were correlated for each cell. 
Pixels visited less than 150 ms in either trial were excluded to avoid artifacts in 
the correlation measure.

Population vectors. For the entire population of cells recorded in each condi
tion, rate vectors were constructed by arranging all place fields for all animals 
and sessions in an xyz stack, where x and y represent the two spatial dimen
sions (the common part of the square and circular environments; 16 × 16 bins in 
the square circle task, 20 × 20 bins in the blackwhite task) and z represents the 
cellidentity index13. The distribution of mean rates along the z axis for a given 
xy location represents the composite population vector for that location (that 
is, a 25cm2 spatial bin). Population vectors for corresponding positions were 
correlated across pairs of trials.

Position of lesions in lec. The effect of the location of the lesion in the LEC was 
determined by estimating the size of the lesion in three consecutive bands along 
the dorsolateraltoventromedial axis of the LEC, parallel to the rhinal fissure, 
and three bands along the anteriortoposterior axis. The former bands comprised 
approximately 20, 30 and 50%, respectively, of the dorsolateralventromedial axis, 
dividing the LEC into three similarly sized bands. The latter bands comprised 50, 
20 and 30%, respectively, of the length of the anteriorposterior axis.

Statistical procedures. Student t tests were used to compare groups when the data 
did not deviate substantially from a normal distribution. Onetailed tests were 
used if there was a welldefined prediction before the start of the experiment. The 
use of a onetailed test is indicated when only a onetailed test gave statistical sig
nificance (two tests with rats as the unit of analysis). For the remaining analyses, 
significance levels are given for twotailed tests. Nonparametric MannWhitney U 
tests were used in cases with clear deviations from the normal distribution. Group 
differences in remapping between two environments were assessed with repeated
measures ANOVAs, using a 2 × 2 factor design with type of environment (shape, 
color or session) as a withinsubjects factor and experimental group or location 
of recordings as a betweensubjects factor. Changes across multiple trials, in the 
morph experiment, were also assessed with repeatedmeasures ANOVAs, using 
trials as the withinsubjects factor. Sample size (number of rats) was determined 
by experience from similar previous studies. Experimenters were not blind to the 
identity of lesion versus control rats.

Histological procedures and electrode positions. The rats received an overdose 
of Equithesin and were perfused intracardially with saline followed by either 
4% formaldehyde (vol/vol) or 4% paraformaldehyde (wt/vol). The brains were 
extracted and stored in formaldehyde, and frozen coronal sections (30 µm)  
were cut and stained with cresyl violet. Each section through the relevant part 
of the hippocampus was collected for analysis. All tetrodes of the 14tetrode  
bundle were identified and the tip of each electrode was found by comparison 
with adjacent sections. The electrode tip was considered to be located in the  
section before the tissue damage became negligible. The recordings from a  
tetrode were included in the data analysis if its deepest position was in the CA3 
pyramidal cell layer. The electrodes were not moved after recording.

Unfolded maps. Unfoldings of the entorhinal cortex were prepared by map
ping, for each coronal brain section, the lateral border of the entorhinal cortex 
onto a straight line. For each section, the surface length of layer II was meas
ured (Zeiss Imager.Z1 software Axiovision 4.7) and subsequently mapped onto 
a straight line perpendicular to the line that represents the lateral border (Fig. 1 
and Supplementary Fig. 2). In case the borders of the entorhinal cortex were not 
obvious because of the lesion, we estimated them on the basis of corresponding 
sections in nonlesioned rats. The border between the medial and lateral subdivi
sions of entorhinal cortex was indicated on each unfolding (Fig. 1). The percent
age of damage in LEC was estimated as the percentage of lesioned area in the 
unfolded layer II map. Areas of entorhinal cortex were considered to be lesioned 
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when a noticeable loss of cells or reorganization of the cortex was visible in the 
Nisslstained sections, compared with matched sections of control rats.

Anterograde tracing. Data were obtained from a large collection of already 
prepared material. Female Wistar rats (Harlan, weight at surgery 200–220 g) 
were deeply anaesthetized using a mixture of Aescoket (ketamine, 100 mg ml−1, 
Boxtel, 9 mg per 100 g of body weight) and Rompun (xylazine, 2 mg ml−1, Bayer, 
1.3 mg per 100 mg of body weight). The rat was mounted in a stereotactic frame, 
holes were drilled, and the anterograde tracers Phaseolus vulgarisleucoagglutinin 
(2.5% PHAL, Vector; 25 mg ml−1 in 0.05 M Trisbuffered saline, pH 7.4) or bioti
nylated dextran amine (BDA, molecular weight = 10,000, InvitrogenMolecular 
Probes, 5% in 10 nM phosphate buffer, pH 7.25) were iontophoresed into one 
hemisphere (PHAL, 7.5µA direct current; BDA, 6µA direct current; 7 s on, 7 
s off, 20 min). A glass micropipette (15–20µm diameter) was used to target dif
ferent lateral to medial levels of LEC, aiming at 6.4 mm behind Bregma. After a 
survival period of 8–14 d, the rat was intraperitoneally anesthetized with sodium 
pentobarbital (Nembutal, 60 mg per kg of body weight, Ceva) and transcardially 
perfused with 0.9% NaCl (wt/vol), followed by 500 ml of freshly depolymerized  
4% paraformaldehyde in 125 mM phosphate buffer, pH 7.4. The brain was 

removed from the skull, postfixed for 2 h in the same fixative and stored over
night in a mixture of 20% glycerol (vol/vol) and 2% dimethyl sulfoxide (vol/vol) 
in distilled water. Frozen coronal sections (40 µm) were collected in phosphate 
buffer (0.1 M, pH 7.4), and subsequently stained for PHAL or BDA. The distribu
tion of the PHAL– and BDAlabeled fibers was examined with a light microscope 
and representative experiments for each area were drawn with the aid of the 
Neurolucida program (MicroBrightfield). The analysis confirmed that injection 
sites were within the planned domain of LEC (Fig. 1d).

Approvals. Experiments were performed in accordance with the Norwegian and 
Dutch Animal Welfare Act and the European Convention for the Protection 
of Vertebrate Animals used for Experimental and Other Scientific Purposes. 
The experiments were approved by the National Animal Research Authorities 
of Norway and The Netherlands.

51. Skaggs, W.E., McNaughton, B.L., Wilson, M.A. & Barnes, C.A. Theta phase 
precession in hippocampal neuronal populations and the compression of temporal 
sequences. Hippocampus 6, 149–172 (1996).
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