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Abstract
Spatial navigation and memory depend on the neural coding of an organism’s lo-
cation. Fine-grained coding of location is thought to depend on the hippocampus. 
Likewise, animals benefit from knowledge parsing their environment into larger 
spatial segments which are relevant for task performance. It is poorly understood 
how such knowledge may be coded, and whether this occurs in structures in the 
temporal lobe, supplying cortical inputs to the hippocampus. In one such struc-
ture, the perirhinal cortex, we found neurons generating sustained firing patterns 
that discriminate large segments of the rat’s task environment. This contrasted to 
transient firing in hippocampus and sensory neocortex. These spatially extended 
patterns were not explained by task variables or temporally discrete sensory stim-
uli. Previously it has been suggested that the perirhinal cortex is part of a pathway 
processing object, but not spatial information. Our results indicate a greater com-
plexity of neural coding than captured by this dichotomy. 
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Introduction
Over the past decades, research on neural mechanisms underlying spatial navi-
gation and memory has largely focused on the neural coding of an animal’s local 
position, heading direction and velocity of movement (O’Keefe and Dostrovsky, 
1971; O’Keefe and Nadel, 1978; Wilson and McNaughton, 1993; Hafting et al., 
2005; McNaughton et al., 2006). While these parameters are needed to mediate 
detailed navigation, it is equally useful for animals to encode macrogeometrical 
knowledge to navigate in large-scale environments to reach a distant goal. The 
ability to orient and navigate successfully in large-scale environments is also re-
ferred to as ‘topographical orientation’ (Maguire, 1997) and the lack of this ca-
pacity is one of the hallmarks of Alzheimer’s disease (Maguire, 1997; Aguirre and 
D’Esposito, 1999; Bird et al., 2010). Topographical orientation can be illustrated 
by a car driver who navigates through a city to get from district A to a house in a 
remote quarter B. Given this task, he first needs to apply large-scale knowledge 
of e.g. T-junctions and neighborhoods to map an overall route for navigation. 
Only when getting close to B does he require more detailed knowledge, e.g. of 
which houses he will pass in succession. Navigation through environments may 
be facilitated by ventral hippocampal and entorhinal cell populations, showing 
larger scales of spatial coding than their dorsal counterparts (Hafting et al., 2005; 
Kjelstrup et al., 2008). However, both dorsal and ventral hippocampal cells have 
place fields scattered across the environment, and it remains unknown whether 
and how chunks of environments or spatial trajectories, as demarcated by deci-
sion points, are coded.

The hippocampus is a key structure for coding an animal’s detailed location 
in space (O’Keefe and Dostrovsky, 1971; O’Keefe and Nadel, 1978; Wilson and Mc-
Naughton, 1993; McNaughton et al., 2006; Morris et al., 2013) and time (Pastalko-
va et al., 2008; Kraus et al., 2013), and for linking significant behavioral events to 
this spatiotemporal framework (Eichenbaum, 2000; Leutgeb et al., 2005; Knier-
im et al., 2006; Lansink et al., 2012). Two major open questions are how afferent 
structures in the medial temporal lobe supply the hippocampus with information 
to build these complex representations, and whether they harbor neurons cod-
ing other large-scale knowledge of an animal’s task environment than found in 
ventral hippocampal-entorhinal circuits. A dominant hypothesis states that there 
exist two segregated routes that supply what and where information to the hip-
pocampus, centered on the perirhinal (PRH)-lateral entorhinal cortices and the 
postrhinal-medial entorhinal cortices, respectively  (Suzuki and Amaral, 1994; 
Hargreaves et al., 2005; Knierim et al., 2006; Eichenbaum et al., 2007; Deshmukh 
et al., 2012). This hypothesis is supported, amongst others, by evidence for spatial 
representations encoded by grid cells in medial entorhinal cortex (Hafting et al., 
2005; McNaughton et al., 2006) and for PRH-lateral entorhinal cortex functions in 
object discrimination and recognition (Young et al., 1997; Hargreaves et al., 2005; 
Winters and Bussey, 2005; Murray et al., 2007; Deshmukh et al., 2012; Suzuki and 
Naya, 2014). 
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An alternative view of PRH holds that it plays a more general role than mere-
ly coding representations of discrete, single objects. According to this more gen-
eral account, PRH mediates discrimination and learning of complex configura-
tions in the environment which may include multiple items and environmental 
context (Eacott et al., 2001; Bucci et al., 2002; Moran and C, 2003; Fujimichi et 
al., 2010). Such a unitizing function of the PRH, serving to integrate two or more 
previously separate items into a single representation (Graf and Schacter, 1989), 
is supported by lesion studies (Murray et al., 2007; Saksida et al., 2007; Kent and 
Brown, 2012), but it remains unclear whether, and how, PRH encodes neural rep-
resentations of environmental context. This also raises the question of whether 
PRH function extends from single objects to larger units of information processed 
within a task context, representing chunks of the environment. Spatially restrict-
ed firing of PRH cells has been observed before, but was not stable across differ-
ent task conditions (Burwell et al., 1998). Here, we tested the unitizing hypothesis 
by recording PRH cells in a sensory discrimination task set on a figure-8 maze, 
and demonstrate that PRH cells do perform integrative operations, globally spec-
ifying where, in the task context, an animal is located. Simultaneously recorded 
dorsal hippocampal CA1 and sensory neocortical cells do not exhibit this integra-
tive property.

Results
Rats navigated a figure-8 maze while performing a visual discrimination task (Fig. 
1A,B). This task combined the presentation of discrete items with spatial choice be-
havior. On each trial, a visual target stimulus (CS+) and distracter (CS-) were shown 
on two screens flanking the initial segments of each side arm. To obtain rewards, 
rats had to pass a decision (bifurcation) point, choosing the arm that was flanked 
by the CS+, whereas following the CS- did not produce reward. After visiting a re-
ward site, rats returned to the middle lane, where they could initiate a new trial by 
breaking a photobeam after a sound cue was given at the end of an intertrial inter-
val (ITI).  Additional tactile cues were provided by way of sandpaper-covered initial 
segments of the side arms. While rats were travelling across these segments, they 
were allowed to change their initial decision until passing a ‘point of no return’ 
(PNR) situated at the end of the sandpaper-covered segments. This passage was 
recorded by a photobeam break, and similarly we recorded the moment when rats 
passed the point of returning to the middle lane (Point of Return to Middle, PRM). 
Overall, this task presents a rich combination of spatial and sensory variables as 
well as elements critical to behavioral decision-making, thereby offering to gain 
insight in PRH coding of a multitude of behaviorally relevant parameters. Using 
a 144-channel quad-drive (Supplementary Fig. 1; N=3 rats), we made ensemble 
recordings from four brain areas simultaneously. Here we will primarily focus on 
firing patterns in PRH (518 cells) and compare these to recordings from hippocam-
pal area CA1 (660 cells), somatosensory cortex (S1 barrel field, S1BF; 458 cells) and 
visual cortex (V1M; 43 cells, presented in Supplementary Fig. 4).
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Figure 1 | Single-trial examples of simultaneously recorded firing patterns in 
perirhinal cortex, hippocampus and barrel cortex. (A,B) Spatial and temporal 
layout of the task. During the intertrial interval (ITI) rats were waiting between two 
transparent barriers (rectangles). Speaker symbolizes sound cue, 1 s before image 
onset. Reward sites in side arms are indicated by white disks. Initial segments of 
both arms contain sandpaper (red) until Point of No Return (PNR; blue bar). (C,D) 
During single, correct left and right trials, a subset of PRH cells (black; 1-5) showed 
sustained firing-rate increments or decrements during locomotion selectively in one 
of the side arms. For instance, PRH cell 3 shows a high tonic firing rate except for 
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Sustained perirhinal firing patterns
In PRH we identified several cell types according to the item presented and task 
phase in which their firing activity exhibited significant changes with respect to 
baseline (Supplementary Fig. 2). Cells frequently responded to task elements 
such as the auditory and visual cues and these firing responses were roughly sim-
ilar to neural correlates described earlier for rodent and monkey PRH cells in an 
object-cued choice task (Ahn and Lee, 2015) and temporal-order memory task 
(Naya and Suzuki, 2011), respectively. In addition, however, we identified a large 
fraction of PRH cells showing a sustained change in firing rate in the left or right 
arm after the animal made an initial choice. Below we will first present analyses 
of PRH firing behavior in the time domain, because our behavioral setup allowed 
us to accurately correlate firing-rate changes to the passage of the PNR and PRM 
in time. Moreover, the repetitive nature of the task permitted insight in the consis-
tency of firing correlates over trials. Subsequently, analyses in the spatial domain 
will be presented.

Whereas firing patterns in area CA1 and S1BF exhibited brief, transient peaks 
in firing rate along the arms, PRH neurons often showed a prolonged firing-rate 
change, usually stretching from the spatial decision point, just before reaching 
the PNR, to the PRM. These differences were already visible by comparing sin-
gle trials into the Left or Right arm (Fig. 1C, D). A significant Left-Right discrim-
ination was made by 72.2 % of the total number of PRH neurons (see Methods 
and Supplementary Table 1); PRH neurons recorded on the same tetrode were 
not correlated in their Left-Right selectivity. These discriminatory patterns were 
marked by an increment in firing rate on one side but not the other (Fig. 1E, 2A), by 
a decrement on one side (Fig. 1E), or bidirectional Left-Right modulations (Fig. 2B; 
Supplementary Table 2; firing-rate changes are denoted as increments and dec-
rements relative to the baseline, computed during the intertrial interval, spent in 
the middle lane). A minority of units showed a sustained increase or decrease in 
both arms, thus distinguishing the middle lane from both side loops (Supplemen-
tary Fig. 2E, F). In contrast to PRH, CA1 (Fig. 1F, 2C) and S1BF neurons (Fig. 2D) 
exhibited transient changes in firing activity. For area CA1, showing Left-Right dis-
crimination in 61.2 % of the total number of cells, selectivity could be ascribed to 
place fields located on the left or right arm. In S1BF, a similar pattern of ‘punctate’ 
responses was found in 39.7 % of the total number of Left-Right selective cells 
(which however should not be considered place cells). Below we will primarily 
focus on the sustained nature of PRH responses.

a sustained decrement selectively in the left arm. Colored circles represent suc-
cessive positions (orange: left trial with lightest colors in middle lane representing 
period before onset of visual cue; dark orange represents return to middle lane; 
purple: idem but for Right trial). In contrast, hippocampal (green; 1-4) and S1BF 
cells (blue; 1-4) showed transient or no changes when travelling across the left or 
right arm. For instance, although S1BF cells 3 and 4 were tonically active, they 
showed a sustained decrement neither in the left nor right arm. (E) Two perirhinal 
cells (PRH Unit 4 and 5; same cells as in C) showed Left-Right selectivity in firing 
rate (color-coded) along the maze trajectories.
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The firing-rate contrast between the two side arms was expressed in a nor-
malized Firing-Rate score quantifying the difference between a cell’s preferred 
minus non-preferred arm (averaged across cells; Fig. 2E; the arm correlated to the 
highest mean firing rate of a cell was labelled the ‘preferred’ arm of that cell). This 
analysis showed that the mean level of discrimination in CA1 and S1BF was much 
weaker than in PRH. Discriminatory firing by PRH neurons strongly increased 
around the passage of the PNR and steeply decreased when passing the PRM. In 
addition to this steep decrease, a residual significant rate-difference remained 
present when the rat had returned to the middle lane, an effect that was not ob-
served in area CA1 or S1BF (fig.2E). The strong Left-Right contrast of PRH cells 
was further confirmed by considering an unbiased, shuffle-corrected statistical 
measure of Left-Right discrimination, the Discrimination Score. All three recorded 
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Figure 2 | Sustained firing patterns occur selectively in perirhinal cells. (A-F) 
Firing-rate histograms (mean ± s.e.m.) are synchronized on passing the Point of 
No Return (PNR; left panels) and the Point of Return to Middle (PRM; right). Hor-
izontal lines below the two curves of each graph indicate statistical significance of 
Left (orange) and Right (purple) trials relative to baseline (Wilcoxon signed rank 
test, a = 0.05; see Methods), or of the Left-Right difference (black, Mann-Whit-
ney U test with FDR correction, a = 0.05). (A) Perirhinal cell increases firing rate 
throughout left but not right arm. Spike waveforms are shown on upper right (scale 
bar: 0.5 ms). (B) Another perirhinal neuron is bidirectionally modulated (left arm: 
decrement; right: increment). (C,D) CA1 (C) and S1BF (D) neurons fire transiently 
due to place field in left arm (C) and around PNR and Return to Middle lane (D). (E) 
Average normalized rate difference (NRD; Preferred - Nonpreferred arm) for per-
irhinal cortex (black), CA1 (green) and S1BF (blue). Horizontal lines below the two 
curves of each graph indicate statistical significance (Wilcoxon signed rank test, a 
= 0.01) of rate differences with colors corresponding to the three brain areas. Each 
test bin needed to meet the a = 0.01 threshold against two seconds of contiguous 
baseline bins in order to be designated as significant (see Methods). (F) Population 
overview of firing-rate differences for all three areas (cells ordered by moment of 
peak firing rate; cell counts on left). 
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regions harbored a considerable fraction of cells reaching a significant Discrimi-
nation Score (PRH: 35.8 %; CA1: 23.0 %; S1BF: 10.2 % of the total number of cells 
per area), but the PRH cell population stood out by the Discrimination Score be-
ing elevated for a longer duration in between the PNR and PRM than in the other 
three areas (Supplementary Fig. 3). A population overview of all recorded cells 
showed the widespread occurrence of sustained Left-Right differences in PRH 
relative to CA1 and S1BF (Fig. 2F); the same pattern was observed for individual 
rats (Supplementary Table 1). This overview clarifies that the modest, but sus-
tained mean between-arm differences in CA1 and S1BF (Fig. 2E) arise from the 
consecutive line-up of individual, transient responses occurring on one of the two 
arms (Fig. 2F). Thus, interregional comparisons indicate that all three recorded 
areas contain cells demarcating the engagement in Left versus Right choice trials, 
whereas only PRH neurons show sustained discriminatory firing throughout this 
engagement.

Sustained firing patterns in the spatial domain
The temporally sustained nature of discriminatory PRH firing prompted us to in-
vestigate more systematically how it transfers to the spatial domain. When fir-
ing rates were plotted as a function of the rat’s spatial position on the maze, the 
sustained firing-rate changes in PRH were indeed observed across the Left and 
Right arms, most prominently between the two branch points on the maze (i.e. 
the decision point and return branch point, which the animals reached just before 
passing the PRM photobeam; Fig. 1E, 3). Observing that the Left-Right difference 
scores plotted as a function of linearized position showed widespread discrimina-
tion across the PRH population (Fig. 3C, D), we next asked whether this discrimi-
nation in the spatial domain is attributable to a systematic contrast between fir-
ing-rate increments in one arm versus decrements in the other arm. In addition to 
extended firing-rate increments expressed on the cell’s preferred arm (Fig. 3E), a 
sustained decrement in the non-preferred arm clearly contributed to the discrim-
ination (Fig. 3F; see also Fig. 2B and 3B). In contrast, such decrements were not 
observed in CA1 (Fig. 3G-I) or neurons in sensory cortices (Supplementary Fig. 4). 
Moreover, the consistency of Left-Right differences across spatial bins was high-
er in PRH than other structures (Fig. 3J-K and Supplementary Fig. 4). The joint 
expression of sustained increments and decrements by the same cells suggests 
that PRH firing patterns contain an activating and a deactivating component, as 
defined relative to baseline, both of which contribute to strong discrimination.

We next asked whether the sustained discriminatory firing of PRH neurons 
can be ascribed to the global positioning of the animal (i.e. in the left or right 
arm), to task variables that are associated with the animal’s choice behavior, or 
with requirements to complete a correct trial. For instance, animals may maintain 
stimulus information when passing the PNR, until they reach the reward site and 
return to the middle lane. We first tested whether the sustained PRH response 
may cohere with completing a correct, rewarded trial. A reward delivery requires 
not only a correct initial choice but also the prolongation of the locomotor re-
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Figure 3 | Perirhinal firing studied as function of place reveals integration 
within task space. (A,B) Two perirhinal cells showing Left-Right selectivity in firing 
rate (color-coded; different units than Fig. 1). (C,D) Normalized Rate Difference 
(NRD) in PRH as a function of linearized maze position. Color code below (D) cor-
responds to maze positions in (C). Only units (N = 349) with a Discrimination Score 
> 0.5 were included in this graph. The mean NRD is plotted on top of the color-cod-
ed survey (baseline: dashed line; significance with respect to baseline: horizontal 
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sponse beyond the PNR, which may be coupled with a higher reward expectation 
than during an incorrect trial. However, this test failed to produce a significant 
correlation with sustained PRH responses (Fig. 4A). When we contrasted correct 
versus incorrect trials for the preferred arm alone, we found no discriminatory fir-
ing, and the same applied for the non-preferred arm. However, when contrasting 
the preferred versus non-preferred arm for correct trials only, strong discrimina-
tory firing was found, and the same held for incorrect trials. Similarly, the pre-
sentation of the CS+ stimulus on the left versus right of the middle lane did not 
correlate with the generation of sustained PRH responses, as was also the case for 
the CS- stimulus (Fig. 4B). Likewise, the identity of somatosensory cues along the 
initial segments of the arms did not explain the selectivity of PRH firing patterns 
(Fig. 4C). Whereas in the main paradigm described so far the CS+ and CS- images 
were displayed until the rat passed the PNR, we interleaved memory trials having 
the image offset occur 2 s before the front barrier was removed in advance of the 
animal’s initial choice. Although the memory load in these trials was higher than 
in normal trials, they did not reveal a change in Left-Right discrimination (Fig. 4D).

In addition to global positioning in the task environment, sustained PRH re-
sponses may arise from Left versus Right trials being accompanied by different 
spatial views of the environment (scene perception) or by different directions of 
rotational movement (coupled to sustained vestibular input). Furthermore, a Left 
run can be argued to represent a different phase of the behavioral task than a 
Right run, and not merely a different large-scale positioning. To assess which of 
these possibilities applied to PRH responses, we contrasted trials in which the an-
imal first passed the PNR, collected a reward and subsequently moved forward or 
travelled in the opposite direction on the same individual arm, up to the PNR but 
no further. Here, runs in the opposite direction represent a deviation from the reg-
ular task sequence. PRH cells that were Left- or Right-arm selective during regular 

line). Vertical colored lines correspond to the spatial decision point (cyan), PNR 
(blue), reward site (purple) and return to middle (pink; see also C). (E, F) The NRD 
(D) can be decomposed into sustained perirhinal firing increments in the Preferred 
arm (E), and prolonged decrements in the Non-preferred arm (F). NR is normalized 
firing rate. Mean NR is plotted on top of the color-coded surveys. (G-I) Same for 
hippocampal CA1 neurons (N = 373), showing transient peak responses in one 
arm, as expected for place fields. For data on sensory neocortex, see Supplemen-
tary Fig. 4. The mean NRD in (G) shows spatially extended enhancement due to 
the fact that CA1 cells with place fields in the preferred arm contribute punctate 
responses, which add up in the mean NRD. No such enhancement is seen in the 
CA1 Non-preferred arm plot (I) because, by definition, this arm is devoid of strong 
place fields. (J) Three examples of perirhinal (top, black) and hippocampal (bottom, 
green) neurons contrasting sustained versus transient NRDs as a function of lin-
earized maze position. (K) Frequency histogram of the Consistency of Left-Right 
discriminatory firing across spatial bins for PRH (black) and CA1 (green). High 
Consistency indicates that the firing-rate differences between the preferred and 
non-preferred side are uniformly maintained across the spatial bins of the arms. 
The consistency of PRH was higher than the consistency of CA1 (Mann-Whitney U 
test, Z = 17.76, P = 0). (L) Left-right firing-rate differences were correlated between 
locomotion in forward and opposite heading directions. Pearson’s correlation coef-
ficient r = 0.62 (P = 1.56 x 10-38).
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forward navigation expressed a similar selectivity when the animal travelled in 
the opposite direction (Fig. 3L; N = 349, Pearson’s correlation coefficient r = 0.62: P 
= 1.56 x 10-38). Thus, sustained PRH responses are best explained by a large-scale, 
segmental selectivity, not by other task or sensory variables. Finally, the residual 

Pref: Correct-Incorrect
NonPref: Correct-Incorrect

A BCorrect vs. Incorrect

Rough vs. SmoothC D

Correct: Pref-NonPref
Incorrect: Pref-NonPref

Normal vs. Memory
Pref: Normal-Memory
NonPref: Normal-Memory

Normal: Pref-NonPref
Memory: Pref-NonPref

Pref: Rough-Smooth
NonPref: Rough-Smooth

Rough: Pref-NonPref
Smooth: Pref-NonPref

Visual cue configuration 1 vs. 2
Pref: Config 1-Config 2
NonPref: Config 1-Config 2

Config 1: Pref-NonPref
Config 2: Pref-NonPref

N
R

D

0

-0.1

0.2

0.1

5 15 25 35
Spatial bin

N
R

D

0

-0.1

0.2

0.1

N
R

D

0

0.1

N
R

D

0

0.1

5 15 25 35
Spatial bin

5 15 25 35
Spatial bin

5 15 25 35
Spatial bin

Figure 4 | Control analyses to determine whether the sustained, discrimi-
natory firing of PRH neurons can be ascribed to various task variables. (A) 
Normalized rate differences (NRDs) between correct and incorrect trials, aver-
aged across the total PRH population and plotted as a function of spatial location. 
Vertical colored lines correspond to the spatial decision point (cyan), PNR (blue), 
reward site (purple) and return to middle (pink). The difference between correct 
and incorrect trials is rendered in orange when the comparison was made for the 
preferred arm of each cell, and in purple for the non-preferred arm. When all cor-
rect trials were split between those made into the preferred vs. non-preferred arm 
(black curve), a high Left-Right selectivity was found throughout the arm visit. The 
same held for the incorrect trials (grey curve). (B) Same as (A), but now for the 
identity of the visual cues shown on the screen that were positioned to the left vs. 
right of the animal when its head was oriented forward in the middle lane. Again, 
no significant difference is observed when visual cue configurations are contrasted 
within the subset of preferred-arm visits (orange) or the subset of non-preferred 
arm visits (purple). In contrast, a clear difference between preferred and non-pre-
ferred arms is seen both in the subset of trials with configuration 1 (black) or that 
with configuration 2 (grey). (C) Same as (A), but now for rough versus smooth 
sandpaper textures, which covered the side walls from the decision point to the 
PNR. (D) Same as (A), but now for normal trials versus memory trials. Horizontal 
lines below the four curves of each graph indicate statistical significance with re-
spect to all baseline bins (baseline = bins 3-6; Wilcoxon signed rank test, a = 0.01); 
the color code of these lines is the same as for the firing-rate difference curves (no 
significant effects were found for comparisons within the same arm type).
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discriminatory firing occurring after animals returned to the middle lane (Fig.2E) 
was also observed in the spatial domain (Fig.3A, 3D, 4, Supplementary Fig. 2I, K). 
This retention effect could not be explained by behavioral trajectory differences 
of rats having passed the PRM (Supplementary Fig. 2J, L), suggesting a form of 
retrospective coding.

Considering that spatially extended firing fields of PRH neurons seem to 
co-localize with branch points, whereas dorsal CA1 place fields may be more scat-
tered across the maze (Fig. 3), we quantitatively tested this contrast by determin-
ing the start and end points of firing fields of cells in both structures (the start 
point is defined here as the point of entry into the firing field according to the 
animal’s heading direction during task performance; Supplementary Fig. 5). First, 
we observed that the circular variance of the PRH start and end points was signifi-
cantly lower than for CA1, indicating that indeed the spatial scattering of PRH fir-
ing field boundaries is less than for CA1 (Supplementary Fig. 5E and Supplemen-
tary Table 3; all relevant CA1-PRH comparisons were significant using a bootstrap 
test). Next, we compared, on the one hand, the distances between the start points 
of the firing fields and the decision point (cf. Fig. 1A-B) and, on the other hand, 
the distances between the end points and return branch point (Supplementary 
Fig. 5F-G; see Methods). For most comparisons between PRH and CA1, the firing 
fields of PRH cells were indeed better aligned with these two branch points than 
place fields of CA1 cells were.  Especially the end points of firing fields from both 
the preferred and non-preferred arm of PRH cells were more closely aligned to 
the return branch point than those of CA1 cells (bootstrap test). Furthermore, the 
start points of PRH firing fields on the non-preferred arm were closer to the deci-
sion point than those of CA1 cells (bootstrap test). The only PRH-CA1 comparison 
failing to reach significance was between the start-to-decision point distances of 
PRH cells on the preferred arm versus CA1 cells (Supplementary Fig. 5F-G and 
Supplementary Table 3). Despite the impression raised by Fig. 3D (which shows 
Normalized Rate Difference, a contrast measure), this lack of effect was due to rel-
atively many PRH activation patterns surpassing threshold in between the deci-
sion point and reward site (Supplementary Fig. 5B; see also Fig. 3E). In agreement 
with the strong contribution PRH deactivations make to side specificity, the PRH 
fields coded by decrements in firing rate were thus more tightly locked to branch 
points than the increments.

Interactions between Perirhinal cortex and Hippocampus
Within the sensory-to-hippocampal hierarchy (Eichenbaum, 2000; van Strien et 
al., 2009; Squire and Wixted, 2011; Suzuki and Naya, 2014), selective firing of PRH 
cells may arise in a bottom-up fashion where S1BF and other neocortical areas 
feed sensory inputs into PRH, which subsequently enables the hippocampus to 
sculpt a refined, spatial coding. We observed, however, that firing selectivity be-
gan to increase around the same point in the task (i.e., the spatial decision point, 
leading up to the PNR) in PRH, CA1 and sensory cortices (Fig. 2E; Fig. 3, Fig. 4; 
Supplementary Fig. 3) and similarly decreased around PRM. This prompted us to 
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examine whether rhythmic dynamics of processing in either sensory neocortex 
or hippocampus may play a coordinating role in the selectivity of PRH responses. 
Specifically, we studied the phase-locking of PRH firing patterns to rhythmicity in 
local field potentials (LFPs), which provides a measure of phase synchronization 
between local firing activity and synaptic mass activity reflected in the LFP, indic-
ative of direct or indirect communication. First, we found a significant phase-lock-
ing of PRH cells selectively to the theta band of hippocampal LFP (Fig. 5A). Sec-
ond, the Discrimination Score of PRH cells was significantly positively correlated 
with the strength of phase-locking to hippocampal theta-band activity (Fig. 5B). 
We further examined whether this positive correlation between PRH cell selectiv-
ity and hippocampal theta was found for S1BF or CA1 units, but this was not the 
case. S1BF showed a weak positive correlation with hippocampal gamma-band 
activity, whereas CA1 units showed a weak negative correlation to hippocampal 
theta and gamma-band activity. We also analyzed the relationship between the 
Discrimination Score of PRH cells and LFP activity recorded from S1BF, but note 
that this LFP activity may well be contaminated by volume-conducted hippocam-
pal LFP activity (Vinck et al., 2016). In conclusion, the selectivity of PRH neurons 
is specifically associated with the type of hippocampal dynamics that predomi-
nates during spatial navigation and expression of place-cell activity (O’Keefe and 
Nadel, 1978; McNaughton et al., 2006).

DISCUSSION
These results may have significant implications for our understanding of the gen-
esis of contextual and spatial coding in the hierarchy from sensory cortices to the 
hippocampal system. First, our findings support a wider view of PRH than being 
merely implied in the processing of single objects. The firing patterns of PRH neu-
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Figure 5 | Selectivity of perirhinal neurons correlates with phase-locking to 
hippocampal theta oscillations. (A) Mean (± s.e.m.) of spike-LFP locking (PPC) 
of perirhinal cells to CA1 theta oscillations as a function of LFP frequency. PPC is 
pairwise phase consistency. (B) Pairwise phase consistency and Discrimination 
Score of all PRH neurons were selectively correlated in the hippocampal theta 
band. Spearman’s rho correlation between s.e.m.s was computed using jack-knife 
estimation. Vertical bar at top indicates significance at a = 0.05. 
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rons, integrating across large maze segments, are consistent with the previously 
proposed role for PRH in discrimination of complex configurations of visual stim-
uli (Saksida et al., 2007), contextual and spatial discrimination (Bucci et al., 2002; 
Abe et al., 2009) and spatial scene learning (Murray et al., 1998). As indicated by 
our results, PRH coding of such configurations may assume the form of larger 
spatial-contextual aggregates or environmental ‘chunks’, such as one of the side 
arms or the middle lane. This PRH coding is distinct from that of hippocampal 
place cells , underscoring that hippocampus and PRH are not part of one mass-ac-
tion unit (Saksida et al., 2007) (cf. Zola-Morgan et al., 1994). In conjunction with 
the fine-grained spatial coding provided by dorsal entorhinal grid cells or hippo-
campal place cells, PRH neurons may be especially useful in coding a pointer to 
the animal’s large-scale position in its task environment (as delineated by spatial 
decision points), which may subserve ongoing spatial navigation, path planning, 
decision-making and memory formation. 

In terms of firing dynamics, it was previously shown that whole-cell recorded 
PRH neurons in vitro generate prolonged spike trains induced by current pulses 
or synaptic inputs (Beggs et al., 2000) and, in agreement with these findings, we 
show how these intrinsic properties are compatible with a function in the sus-
tained neural coding of ‘chunks’ of maze trajectories. Along with sustained activa-
tion of PRH cells in one arm of the maze, we typically found sustained loss of firing 
of the same cells in the other arm. This deactivation may correlate either with a 
loss of excitation or with a powerful feedforward inhibition, which has been shown 
to control PRH firing in isolated brains and may serve to gate the bidirectional 
transfer of information between hippocampus and neocortex (de Curtis and Paré, 
2004). These or related inhibitory mechanisms may effectively enhance coding of 
maze chunks by suppressing activity on one side of the maze but permitting sig-
nal transmission on the other. However, the precise mechanisms underlying dis-
crimination between maze segments awaits further investigation. Here, the main 
point worth emphasizing is that PRH cells are capable not only of making a binary 
spatial distinction, but also of making graded distinctions between multiple maze 
segments (e.g. Left versus Right versus Middle).

It remains to be determined whether the environmental chunks coded by 
PRH neurons are truly spatial (in the sense of representing positional information 
allocentrically), and indeed the role of proximal versus distal cues and contextual 
elements in shaping this code awaits further investigation. Nonetheless, the cur-
rent results show that task-related variables, such as sensory cue configurations, 
and correctness of behavioral performance, do not explain Left-Right discrimina-
tions. Because reward was administered only in correctly performed trials, dis-
criminatory firing is unlikely to be explained by differences in its delivery or expec-
tancy. In addition to the strong discrimination PRH neurons made between the 
Left and Right arm, a more subtle residual Left-Right discrimination was observed 
after rats returned to the middle lane. The exact cause of this effect is unknown, 
but is unlikely related to rewards applied in the middle lane because it remained 
visible when the Left versus Right arm trials were contrasted given correct or in-
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correct performance. In other words, even when no middle-lane reward was pro-
vided, a Left-Right difference was observed. Our data further suggest that residual 
discriminatory firing, occurring when rats had returned to the middle lane, is an 
effect of trial history and reflects retrospective coding (i.e., a dependence of PRH 
firing on where the rat came from in the foregoing trial). Although it is notable 
that this retrospective activity occurred under different behavioral conditions, it 
remains to be examined what the main factors are determining the strength of 
this effect.

Furthermore, the strong correlation in Left-Right selectivity between forward 
and opposite–direction runs occurring after the rat had passed the PNR speaks 
against a predominant influence of head and eye orientation, of single objects in 
the environment captured within a spatial view, or vestibular cueing. Indeed, the 
finding that Left-Right selectivity was sustained across entire arcs, encompass-
ing multiple spatial views on the environment, strongly argues against a purely 
object-oriented function of PRH coding, while being compatible with a unitizing 
function. That PRH neurons are distinct in this type of chunking is underscored by 
the more punctate and transient firing patterns found in hippocampus and sen-
sory neocortex. Thus, although more work is needed to flesh out the exact deter-
minants of PRH representations, the current findings outline a unique role of PRH 
in contextual representations.

Previous unit-recording studies in freely moving rats emphasized a role of 
PRH in coding object-related information (Naya and Suzuki, 2011; Burke et al., 
2012; Deshmukh et al., 2012), raising the question why these did not identify sus-
tained firing that was selective for large maze chunks. Two key differences with 
the present study are that these previous experiments studied rat navigation in 
a single spatial compartment, and that they did not use tasks in which the ani-
mal needed to apply knowledge of its large-scale position to expect and secure 
reward. The plausibility of sustained PRH responses being constrained by behav-
iorally significant locations (such as the spatial decision point) is underscored, 
first, by the strong input this area receives from prefrontal and anterior cingulate 
areas (Furtak et al., 2007; Paz et al., 2007; Hirai et al., 2012), which have been im-
plicated in coding task rules, choice parameters and attentional set (Dias et al., 
1996; Birrell and Brown, 2000; Wallis et al., 2001; Mulder et al., 2003). Second, the 
selectivity of PRH neurons was most prominently expressed between two maze 
locations separating distinct task choices and paths: the decision point and return 
to middle. 

Although PRH firing behavior could only be compared directly to three brain 
areas including dorsal area CA1, it is relevant to relate it to other regions. Ven-
tral CA1 neurons express large place fields, which appear as scaled-up versions 
of fields found in dorsal CA1, and thus likely differ from PRH neurons in that they 
are scattered across the rat’s environment, not showing a demarcation by spa-
tial decision points or other behaviorally significant landmarks (Jung et al., 1994; 
Kjelstrup et al., 2008). This larger spatial scattering was confirmed for our dorsal 
CA1 recordings compared to PRH neurons. Furthermore, the start and end posi-
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tions of PRH firing fields were generally better aligned to the branch points on 
the maze (the start points of PRH fields on the preferred arm presented an ex-
ception). The Left-Right selectivity of PRH neurons is also somewhat reminiscent 
of rat parietal neurons. A number of studies suggest that, during freely moving 
behavior, rat posterior parietal cortex predominantly shows - often transient - fir-
ing patterns correlated to the animal’s progression through a route, including per-
formance of particular behaviors (e.g. body turns) and movement direction (e.g. 
Nitz, 2006; Whitlock et al., 2012) whereas PRH coding is marked by more sustained 
firing coupled with a large spatial extent of firing fields (current study). Nonethe-
less, also parietal neurons can code information on the rat’s spatial position and 
may change firing rate during prolonged stretches on a maze (Nitz, 2006, 2012; 
Whitlock et al., 2012). Thus, these suggested differences await further testing in a 
direct comparison by simultaneous PPC and PRH recordings during maze behav-
ior. Regarding the subtle but significant retention effect in PRH observed after the 
rat’s return to the middle lane, this type of retrospective coding is similar to that 
found in CA1 and entorhinal cortex neurons, at least under some task conditions 
such as spatial alternation (Frank et al., 2000). However, we did not observe ret-
rospective coding in area CA1 of rats performing the visual discrimination task. 
Also prospective coding of future paths has been reported in area CA1 of rats per-
forming spatial alternation (Frank et al., 2000; Wood et al., 2000), but this was not 
found in PRH or CA1 during our visual discrimination task. 

The sustained nature of firing brings up the question whether PRH neurons 
may encode working memory operations, as has been reported for instance in 
rat medial prefrontal cortex (Baeg et al., 2003). Several results argue against the 
(classic) idea of working memory being a main function of the PRH coding we re-
port here. First, whether or not a trial included a memory component did not mat-
ter for PRH discriminatory firing. Second, a correlate of working memory would 
be expected to be in place until the relevant action and reward acquisition have 
occurred, but not afterwards. In contrast, we found that the sustained firing pat-
terns continued well after the reward sites had been visited, declining when the 
rat returned to the middle lane. Third, after passing the PNR, no working memory 
was required to successfully complete the rest of the trial, yet the PNR-to-PRM 
trajectory was marked by a pronounced sustained firing. Finally, even when the 
rat deviated from the regular trial sequence and walked in the opposite direction 
on an arm, spatially selective firing remained intact. However, in a more general 
sense the PRH code may serve to keep track of the animal being localized on a 
large maze segment during task performance.

A subject of future investigation is how PRH computes its spatially selective 
responses, and which afferent sources provide the information to do so. While 
PRH sends a direct projection to the hippocampus (Naber et al., 1999; Furtak et 
al., 2007) and PRH cells could thus affect place fields in CA1, our findings high-
light the entrainment of PRH cells to the hippocampal theta rhythm. Given the 
evidence for sparse and tightly controlled communication between PRH and 
the hippocampal-entorhinal complex (de Curtis and Paré, 2004; Paz et al., 2007), 
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the correlation between the contextual selectivity of PRH neurons and their 
phase-locking to hippocampal theta suggests that hippocampal activity may be 
critical for opening up communication channels for transmission of PRH signals 
to a range of target structures. In this context, the hippocampus may exert a top-
down influence on PRH via outputs from CA1 and subiculum (Kloosterman et al., 
2003; Furtak et al., 2007). In addition, afferent inputs from postrhinal cortex could 
contribute to sustained PRH patterns, as this area has been implicated in visuo-
spatial processing and scene perception (Epstein et al., 1999; Furtak et al., 2007). 

Altogether, the current findings reveal a role of PRH neurons in coding large 
chunks of an animal’s task environment, contrasting with more transient, local 
response patterns of hippocampal and sensory cortical neurons. Because indi-
vidual task elements, such as auditory cues, are co-represented in PRH with large 
spatial segments, even by the same cells, the findings argue against a rigid sepa-
ration of what vs. where processing in the medial temporal lobe (cf. Knierim et al., 
2006) and favor an integrative function of PRH, combining chunking of maze seg-
ments with coding of individual items. From a conceptual viewpoint, both maze 
chunks and other items could be argued to be objects, defined as composites 
of informational elements bound by common multisensory and spatiotemporal 
properties (Pennartz, 2015). Thus, the current findings do not contradict a role of 
PRH in coding what information per se. Hippocampal theta rhythm may provide 
a means for temporally coordinating large-scale and more refined coding by PRH 
and dorsal CA1 cell populations, respectively.  The coding characteristics of PRH 
cells reported here are consistent with lesion studies in primates and humans 
(Maguire, 1997; Aguirre and D’Esposito, 1999), pointing to an important role of 
the parahippocampal gyrus (including PRH) in topographical orientation abilities. 

Methods
Subjects
Data was collected from three male Lister Hooded rats, 28–46 weeks of age (cf. 
Vinck et al., 2016). During handling and behavioral training, animals were com-
munally housed in standard cages under a reversed day/night cycle (lights off: 
8:00 AM, lights on: 8:00 PM). During behavioral training and the main experiment, 
animals were food restricted to maintain their body weight at 85% of free-fed an-
imals, taking the ad libitum growth curves of Harlan www.harlan.com/online_lit-
erature/research_models.hl) and the growth curves in (Rolls and Rowe, 1979) as 
references. From two days before surgery until after a full post-surgery recovery 
week, food was available ad libitum. Rats had ad libitum access to water during 
all phases of the experiment. After surgery, animals were housed individually in 
transparent cages (40 x 40 x 40 cm). All experiments were conducted according to 
the National Guidelines on Animal Experiments and were approved by the Animal 
Experimentation Committee of the University of Amsterdam. Animals were not 
subjected to differential treatment and thus no blinding procedure was applied.
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Apparatus and stimuli
The animals were trained on a two-choice visual discrimination task set on a fig-
ure-eight maze (Fig. 1A; 114 cm x 110 cm). The paths of the maze were 7 cm wide 
(i.e., 7 cm separation between walls) and were flanked by walls that were 4 cm 
high. The floor of the maze was elevated 40 cm above ground level. During the in-
ter-trial interval, the rat was confined to the middle lane of the figure-eight maze 
using two movable Plexiglas blocking walls, referred to as the front and back 
blocking walls (with the front wall closer to the display screens). Stimuli used 
were two equiluminant figures (inverse Wingdings; Microsoft, Redmond, WA; 
either a diamond or plane; Fig. 1A) that had the same proportions of black and 
white pixels. The stimuli were simultaneously presented on two monitors (LCD, 
Dell, 15 inch). At the sides of the arms of the maze into which the rat entered after 
the decision point, strips of rough (P40) or smooth sandpaper (P180) were glued 
to the inner walls of the maze (red strips in Fig. 1A). Food pellets were delivered 
at three reward sites, one of which was placed in the middle lane (ITI confine-
ment space) close to the front blocking wall. Rewards were delivered only after 
the animal had passed the PNR. The other two reward sites were situated in the 
left and right arm, respectively (Fig. 1A). Eight photobeams were attached to the 
outer walls of the maze, with two photobeams in the middle lane, and three pho-
tobeams per side arm. Two of these photobeams were positioned to record the 
rat passing the PNR and PRM. The behavioral program was controlled using Mat-
lab. Events that were detected by the behavioral apparatus and the commands 
issued by the behavioral program were directly time-stamped and synchronized 
with electrophysiological data by feeding them as inputs into the Neuralynx data 
acquisition system.

Behavioral procedure
Following an inter-trial interval with a duration randomly selected between 15-25 
s, the two-choice visual discrimination task began at the onset of a 2 kHz sinusoid 
sound cue that lasted for 0.1 s. At this sound, the rat could break an infrared pho-
to-beam in the middle-lane confinement space close to the front blocking wall, 
causing two visual stimuli to appear. For each rat, one of the stimuli was designat-
ed the CS+ stimulus, while another stimulus was designated the CS− stimulus. In 
every trial, both the CS+ and CS− were presented, with the spatial location (screen 
to the right or left of the middle lane) of the stimuli varying randomly. The CS+ 
and CS- stimuli were shown on the left and right for equal amounts of trials. Using 
pseudo-random sequences we made sure that, for each series of 10 consecutive 
trials, five had the CS+ presented on the Left and five had the CS+ on the Right 
side. Throughout the session no more than three same-side trials were applied 
in succession.

The front blocking wall was removed 4 s after stimulus onset. The rat could 
now enter one of the two side arms at a location labeled the ‘decision point’ (Fig. 
1B). In a correct trial, the rat chose the side at which the CS+ was presented; choos-
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ing the other side failed to produce a reward. The rat’s final choice was indicated 
by the animal breaking the infrared photo-beams that were positioned beyond 
the visual screens at the end of the sandpaper walls (Fig. 1A,B; ‘Point of no return’, 
PNR). Upon passing this point, the stimuli were immediately turned off and the 
rat could no longer correct its initial choice by walking back and entering the oth-
er arm. At any point in a side arm beyond the PNR, however, the rat was able to 
turn around and walk in the direction opposite to the regular forward path until 
reencountering the (now blocked) PNR again. We refer to these trials with late 
stimulus offset as normal trials. We also included a set of memory or early-offset 
trials, which comprised, on average, 30% of all trials in a session. During these tri-
als, stimuli were displayed for only 2 s, implying that the rats had no access to the 
visual stimulus for 2 s before they were allowed to make a choice. Upon a correct 
choice in either type of trial, two or three pellets (BioServ, dustless precision pel-
lets, 14 mg) were delivered in the ceramic cup that was located in the same arm. 
The conjunction of a correct choice and rough sandpaper resulted in three pellets, 
while a correct choice and smooth sandpaper resulted in two pellets. When the 
rat returned to the middle lane after making a correct choice (but not after mak-
ing an incorrect choice), an additional pellet was placed in the middle lane cup, 
and the front and back blocking walls were placed back in position, after which 
the next inter-trial interval commenced. The median time between return to the 
middle lane and the initiation of a new trial was 5.3 s. During recording sessions, 
rats performed 60.1 ± 2.1 (mean ± s.e.m.; N=46 sessions) trials. Performance was 
significantly better than chance level (59.2 ± 0.5 % correct, mean ± s.e.m.; P = 2 x 
10-8, Wilcoxon’s signed rank test). While this performance level may seem modest, 
it should be emphasized that several features made the task relatively difficult 
for rats: (i) the isoluminance of the stimuli, preventing a choice strategy based 
on contrast; (ii) the relatively distal placement of the visual presentation screens, 
about 45 cm away from the rat, with an inter-screen distance of 25 cm. Moreover, 
well-known behaviors such as trial-to-trial alternation may have affected perfor-
mance. 

Surgical procedure and recording drive
Each rat’s right hemisphere was implanted with a custom-built microdrive (la-
beled here as quad-drives; cf. Lansink et al., 2009; Vinck et al., 2016) containing 
36 individually movable tetrodes, including eight recording tetrodes directed to 
the perirhinal cortex (area 35/36; skull coordinates: -5.0 mm AP and 5.0 mm ML 
Paxinos and Watson, 2006), eight to the dorsal hippocampal CA1 area (-3.5 mm AP 
and 2.4 mm ML), eight to the somatosensory cortex (S1 Barrel Field: -3.1 mm AP 
and 5.1 mm ML) and eight to the visual cortex (V1M, -6.0 mm AP and 3.2 mm ML to 
bregma, with one additional tetrode per area that could be used as a reference). 
The quad-drive weighed 23 grams and was about 52 mm in height. The perirhi-
nal bundle was placed at an angle of 17° pointing laterally and an angle of 24° 

pointing caudally with respect to a perpendicular orientation relative to the skull, 
such that tetrodes were aimed at area 35 and 36 (as a reference we used the bor-
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der of 35-36 area indicated in Paxinos and Watson, 2006: -6.0 mm AP, 6.4 mm ML, 
and -6.2 mm ventral to bregma). Prior to surgery, rats received a subcutaneous 
injection of Buprenorphin (Buprecare, 0.01-0.05 mg/kg), Meloxicam (Metacam, 2 
mg/kg) and Baytril (5 mg/kg). Rats were anesthetized using 3.0% (induction) and 
1.0-3.0% (maintenance) isoflurane. Animals were mounted in a stereotaxic frame 
and body temperature was maintained between 35 and 36 °C using a heating 
pad. After the cranium was exposed, six holes were made to accommodate surgi-
cal screws. Four holes (each approximately 1.8 mm in diameter) were drilled for 
placement of the four bundles holding the tetrodes. After removing the dura, the 
bundles were lowered onto the exposed cortex and the quad-drive was fixed to 
the skull and to the surgical screws using dental cement. One of the skull screws 
located in the caudal part of the parietal skull bone contralateral to the drive lo-
cation served as ground. After having thus anchored the drive, the tetrodes were 
lowered 0.4-1.0 mm (depending on the target area) into the cortex. Over the next 
seven days, the animal was allowed to recover, with ad libitum food and water 
available. The recording and reference tetrodes were gradually lowered to their 
target region over the course of the first 8-10 days after implantation, with their 
depths recorded daily. Depths were estimated by the number of turns of the guide 
screws and by online monitoring of LFP and spike signals. 

Histology
After the final recording session, current (12 μA for 10 s) was passed through one 
lead per tetrode to mark the endpoint of the tetrode with a small lesion. Twen-
ty-four hours later animals were deeply anesthetized with Nembutal (sodium 
pentobarbital, 60 mg/ml, 1.0 ml i.p.; Ceva Sante Animale, Maassluis, the Nether-
lands) and transcardially perfused with a 0.9% NaCl solution, followed by a 4% 
paraformaldehyde solution (pH 7.4, phosphate buffered). Following post-fixation, 
transversal sections of 40 μm were cut using a vibratome and stained with Cresyl 
Violet to reconstruct tetrode tracks and localize their endpoints. Recording loca-
tions were carefully reconstructed using the endpoints and the recorded number 
of turns. 

Data acquisition and spike sorting
Using tetrodes (Gray et al., 1995; Nichrome wire, California Fine Wire, diameter: 
13 μm, gold-plated to an impedance 500-800 kΩ at 1 kHz), we recorded neural ac-
tivity with a 144-channel Digital Neuralynx Cheetah setup (including 16 reference 
channels; Neuralynx, Bozeman MT). Signals were passed through a unity-gain 
pre-amplifier headstage, a 144-channel, automated commutator (Neuralynx) and 
bandpass filtered between 600-6000 Hz for spike recordings. One ms epochs of 
activity from all four leads were digitized at 32 kHz if a signal on any of the leads of 
a tetrode crossed a pre-set voltage threshold. Local field potentials recorded on 
all tetrodes were continuously sampled at 2035 Hz and bandpass filtered between 
1-500 Hz. Spike trains were sorted to isolate single units using a semi-automated 
clustering algorithm followed by manual refinement (KlustaKwik, by K. Harris, 
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and MClust 3.5, by A.D. Redish). Automated and manual clustering of spikes was 
performed using the waveform peak amplitude, energy, and first derivative of the 
energy. Clusters were accepted as single units when having no more than 0.1 % of 
inter-spike intervals shorter than 2 ms. This criterion was equally applied across 
all four recorded regions. During recordings, rat behavior was video-tracked at 25 
Hz, and an array of light-emitting diodes on the headstage allowed offline track-
ing of the rat’s position. Estimates of sample size (cell counts) were based on the 
prior literature, e.g. on hippocampal place cells.

Statistical testing of neural correlates 
For statistical testing of individual response curves in the peri-event time histo-
grams (PETHs, e.g. Fig. 2, Supplementary Fig. 2), firing rates of Left and Right-sid-
ed trials were tested against a baseline taken from the intertrial interval preceding 
trial onset (Wilcoxon signed-rank test). Although this interval is commonly used 
in the electrophysiological literature to compute a baseline, it should be empha-
sized that, in view of the type of spatial selectivity of PRH cells, this choice of base-
line is essentially arbitrary (cf. Fig. 2B). To compensate for multiple comparisons, 
each bin of interest was tested against eight, contiguous baseline bins in a late 
time segment of the inter-trial interval, at -3 to -1 s relative to the auditory sound 
at trial onset (bin width: 250 ms). To qualify as significant, the P-values of a test 
bin needed to exceed the significance threshold (a = 0.05) against each baseline 
bin. Thus, the a = 0.05 criterion had to be met eight times in succession (cf. van 
Duuren et al., 2007; Lansink et al., 2009). 

To assess the statistical significance of differences between two conditions 
(e.g. Left vs. Right) we also made comparisons per bin, using Mann-Whitney U 
test. P-values were FDR corrected for multiple comparisons (a = 0.05). Both correct 
(rewarded) and incorrect (non-rewarded) behavioral trials were included in the 
analyses described here and below, unless noted otherwise. Trials in which the 
rat would turn around before reaching the PNR and choose the other arm were 
rare (on average < 1 per session) and were also included, unless noted otherwise.

Spatial linearization of the maze
The figure-8 maze was segmented into a total of 51 spatial bins, made up of 21 
spatial bins for each side arm and 9 bins for the middle lane. The decision point 
corresponded to bin 9 and the return branch point to bin 1. In the spatial domain 
we used the return branch point as reference because of its topological signifi-
cance, whereas the PRM photobeam (located at bin 3) was only used to document 
the animal’s behavior in the time domain (fig. 1-2). Bins were approximately 9 cm 
in length. The rat’s position, read out from a given video frame, was assigned to 
a spatial bin using the minimal Euclidean distance between the rat’s position to 
the bin center positions. Video frames from trials in which the animal took more 
than 15 s to respond following stimulus onset (i.e. until breaking a PNR beam) 
were excluded.
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Statistical measure of spatial discrimination
To derive an unbiased metric of the degree to which firing rates of recorded neu-
rons discriminate between visits to the Left and Right arms of the maze, we com-
puted a Discrimination Score as follows. We first computed the actual absolute 
difference in firing rate between left and right trials for a given time point, called 
Da. The range of time points included in this computation were dependent on the 
chosen synchronizing event (cf. Supplementary Fig. 3). Next, we performed 100 
permutations of Left and Right trials and computed the difference in absolute fir-
ing rate between the two conditions after shuffling, called Ds. We then computed 
the standard deviation of the distribution of Ds values, and computed a T-statistic 
Ta = (Da – Ds) / s.d., which we refer to as Discrimination Score. This Z-statistic attains 
statistical significance with values >1.63. Two criteria were set for the inclusion of 
trials: (i) the rat was required to emit a response by passing the PNR within 15 s 
after stimulus onset; (ii) each condition needed to contain at least 5 trials. The du-
rations of time periods during which the Discrimination Score was significantly el-
evated (i.e. larger than 1.63 during side-arm visits; cf. Supplementary Fig. 3) were 
compared between brain areas using Kruskal-Wallis and post-hoc Tukey-Kramer 
tests with a 95% confidence interval.

Preferred arm and the Normalized Rate Difference
Some PRH units showed a firing-rate increase in one particular arm of the maze, 
while others showed a decrease for that same arm. If one would take an average 
firing rate for one arm across all units, the different types of firing-rate modulation 
would cancel out. For this reason we calculated, for each unit, which of the two 
arms was ‘preferred’ in terms of being correlated to its highest firing rate. First, 
we normalized the firing rates of each unit, assigned across all 51 spatial bins, 
by dividing these values by its maximal firing rate. The maximal rate of each unit 
was selected from all bins from both the Left and Right arm trials. Next, we cal-
culated the average normalized firing rate for all middle-lane bins, as well as all 
21 left- and all 21 right-arm bins, using the time periods associated with forward 
locomotion. Normalized firing rates were only determined for units with an aver-
age discrimination score > 0.5 calculated across the entire side arms (this criterion 
results in different single-unit counts than listed in Supplementary Table 1). If the 
mean normalized firing rate for a given unit was higher for the Left arm than for 
the Right arm, the Left arm was designated as ‘preferred arm’ and the Right arm 
as ‘non-preferred arm’ and vice versa. For each unit, we next computed the Nor-
malized Rate difference (NRD) in the spatial domain by subtracting the normal-
ized firing rates of the spatial bins of the non-preferred arm from the normalized 
firing rates of the corresponding bins of the preferred arm. The same procedure 
was followed when computing NRD values in the temporal domain, now taking 
temporal instead of spatial bins. Left-right firing-rate differences for locomotion 
in forward and opposite directions (Fig. 3L) were determined between the reward 
site and PRM.
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In the time domain, the significance of mean NRDs was tested against 2 s 
of contiguous baseline bins (10 ms in width; see also above, Statistical testing of 
neural correlates). If a bin was significantly different from all baseline bins it was 
taken as significant (α= 0.01).

To calculate whether single units significantly differentiated between the Left 
and the Right arm, we compared the time segments of Left vs. Right-sided trials 
corresponding with the rat’s occupancy of the side arms (-1 s to +5 s around PNR 
and -5 s to 0 s around PRM, Mann-Whitney U test, a = 0.05). 

Spatial consistency of Left and Right differences
Whereas perirhinal neurons generated sustained and spatially extended firing pat-
terns distinguishing between the Left and Right arm, hippocampal and sensory 
cortical neurons generated more phasic differential patterns (e.g. Fig. 2). To quan-
tify this difference, we used a measure of the consistency of firing-rate differences 
between the Left or Right arm across spatial bins. For each cell, we took the NRD 
across the spatial bins corresponding to the side arms (bins 12-30), which in al-
most all cases yielded positive NRD values. NRD values smaller than zero were set 
to 0. We then ensured that, again for each cell, the NRD values summed up to 1, by 
dividing NRD(x) by the sum of NRD(x) over the 19 bins (where x represents spatial 
bin number), thus defining a quasi-probability variable p. We then computed the 
entropy of NRD by summing up –p(x).log(p(x)) over all bins, and dividing this sum 
by log(19), corresponding to the 19 spatial bins. This yields a measure of spatial 
consistency ranging between 0 and 1. If the NRD is constant across spatial bins, 
corresponding to a situation where Left-Right differences are constant across all 
spatial bins, then the Consistency is maximal (1), whereas if the NRD is non-zero 
only at a single bin, the Consistency is minimal (0).

Distribution of start and end points of firing fields 
To quantify the distribution of spatial start and end points of sustained PRH firing 
fields and compare these to CA1 place fields, we divided preferred and non-pre-
ferred trial trajectories into 30 bins, made up of 9 middle lane bins and 21 side arm 
bins (Supplementary Fig. 5A). As above, this analysis included cells with an aver-
age discrimination score > 0.5, and only forward locomotion periods were taken 
into account. For each PRH unit the baseline was calculated by taking the average 
firing rate across all preferred and non-preferred bins. For both the preferred and 
non-preferred side this baseline was subsequently subtracted from the binned 
firing rates. Because PRH neurons show deactivations on their non-preferred side, 
we multiplied these values by -1 to obtained absolute values of deflections from 
baseline. Sustained activity was subsequently determined by a method similar to 
those used to identify CA1 place fields (Huxter et al., 2003; Johnson and Redish, 
2007). First, the data were smoothed using a 5-point Gaussian. Secondly, we de-
termined the longest stretch of contiguous bins with a minimal firing rate of >20% 
of the maximum rate. A PRH neuron was designated as having an extended firing 
field if the number of contiguous bins reaching > 20% was at least nine. Its start 
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point was defined as the first bin (according to the animal’s locomotion direction 
during task performance) surpassing the threshold, while the end point marked 
the last bin where this threshold was reached. CA1 neurons generally have small-
er place fields. For these cells, at least three adjacent bins were required to in-
clude them in the analysis. For the purpose of determining the start and end 
points of spatially extended firing fields, the route travelled in a single, full trial 
was assumed to be circular, so bin 1 was adjacent to bin 30. The assumption of 
circularity has the advantage that start and end point estimates are not biased by 
arbitrary cut-offs. 

We determined the amount of scattering of firing fields across the maze by 
computing

the circular mean and circular variance of their start and end locations (cir-
cular statistics toolbox, MATLAB Berens, 2009). 95% Confidence intervals of the 
variance in start and end points were calculated by bootstrapping these points 
1000 times within each condition and finding the outer 2.5 percentiles. Non-over-
lapping confidence intervals are thus significantly different at a = 0.05 (Supple-
mentary Fig. 5). Subsequently, the alignment of the start and end points of firing 
fields with branch points was determined by calculating the spatial offset (in bins) 
between a cell’s start point and the decision point (bin 9; Fig. 1A-B) and the offset 
between a cell’s end point and the return branch point (bin 1). 

Spike to local field potential phase locking
For every frequency f, we determined the spike-LFP phases by cutting out LFP 
segments of length 7/ f s (i.e., 7 cycles) centered around each spike. Spikes were 
exclusively related to LFPs recorded from a different electrode to avoid contami-
nation of the LFP by the spike itself. The spike-LFP phases were then obtained as 
the complex arguments of the Hann-tapered LFP segments. 

The strength of spike-LFP phase-locking (Fig. 5) was quantified by the pair-
wise phase consistency (PPC), which is unbiased by the number of spikes (Vinck 
et al., 2012). For the j−th spike in the m-th trial we denote the average spike-LFP 
phase as θm, j, and similarly for the k−th spike in a different trial l, where depen-
dence on frequency is omitted in what follows. The PPC is defined as

(1)

where Nm is the number of spikes for the m−th trial. The PPC quantifies the av-
erage similarity (i.e., in-phaseness) of any pair of two spikes from the same cell 
in the LFP phase domain. Note that all pairs of spikes from the same trial are re-
moved by virtue of preventing l = m in the above equation, because spike phases 
from the same trial can typically not be treated as statistically independent ran-
dom variables (Vinck et al., 2012). PPC values were averaged across the different 
hippocampal electrodes, and were computed in the 5-10 s window after image 
onset, and then correlated on a cell-by-cell basis with the Discrimination Scores 
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computed in the same window. Spearman’s correlation was used to avoid as-
sumptions of parametric regression testing.
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Supplementary Figure 1 | Recording technology and perirhinal recording locations. 
(A) Side view of the 144-channel microdrive (quad drive) with four bundles, each of 
which holds 9 tetrodes (8 for recording, 1 reference). Lead screws and connector board 
are visible; the drive is placed in a holder, occluding view on bottom part where tetrodes 
exit the drive. (B) Side view of bottom part of the microdrive, showing how the four bun-
dles (consisting of tetrodes that have not been cut yet to desired lengths) emerge from 
the drive at different angles. (C) Tetrode tracks targeting the perirhinal cortex (areas 
35 and 36) in an example rat. Each color represents a different tetrode track, overlaid 
on a section from Paxinos and Watson (2006) Near-horizontal, black lines delineate the 
boundaries between perirhinal cortex (PRH), temporal association area (TeA) and ento-
rhinal cortex (Ent; scale in mm). (D) Overview of final tetrode recording sites (endpoints) 
in PRH of the rats analyzed, projected onto three anterior-posterior levels (-6.12 AP, -4.56 
AP and -5.88 AP). Each color represents a distinct tetrode track. Only recordings made 
from area 35 and 36 are shown here. 
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Supplementary Figure 2 | Perirhinal neurons showing singular responses to sensory 
events or more complex response profiles, including retrospective coding. All pan-
els represent peri- stimulus time histograms of different individual cells, illustrating a 
diversity of perirhinal coding capacities beyond the main profile showing sustained dis-
criminatory firing described in the main text. (A) Neuron showing a transient firing-rate 
increase (shown as mean ± s.e.m) upon the auditory cue (onset at t = -1.0 s) which indi-
cates that the rat can initiate a new trial. Top inset: superimposed spike waveforms from 
four tetrode leads (scale bar: 0.5 ms). (B) Neuron showing a waxing-waning response to 
the visual cue (onset at t=0, offset when the rat passed the Point of No Return at about 
t=5 s). Note that the firing-rate increment of this cell is terminated by the time the animal 
arrives at the decision point. Grey horizontal lines below average rate curves in (A,B) 
indicate significant differences from baseline (Wilcoxon signed rank test, a = 0.05). (C) 
Neuron showing a complex response profile, consisting of a transient decrease in firing 
rate upon sound cue onset (at t = -1.0 s), followed by a differential response evolving 
when the rat enters the left (orange) versus right (purple) arm at about t = 4.5 s. (D) Neu-
ron showing a complex response profile, consisting of a progressively incremental firing 
rate initiated on visual cue onset (“ramping” behavior), followed by a discriminatory 
response when the rat enters the left (orange) versus right (purple) arm at about t = 5 
s. Although the cells in (C, D) may superficially resemble CA1 splitter cells showing pro-
spective coding of place, it should be noted that the traces for Left and Right trials only 
start diverging at around t = 4.5 to 5.0 seconds, when the rat passes the spatial decision 
point. (E) Neuron showing a selective firing-rate decrease when the rat was positioned 
in the middle lane of the figure-8 maze (color code as above; t=0 in left and right graph 
is passage of PNR and PRM, respectively; both Left and Right arm trials show a sustained 
enhancement with respect to the middle lane). (F) As in (E), but now for a neuron show-
ing a selective firing-rate increase for the middle lane. (C-F) Orange and purple hori-
zontal bars below average rate curves indicate statistical significance (Wilcoxon signed 
rank test, a = 0.05) of trials to Left and trials to Right with respect to the baseline (inter-
trial interval), respectively. Lilac horizontal bars mark significant differences between 
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Left (orange) and Right (purple) trials (Mann-Whitney U test with FDR correction, a = 
0.05). (G, H) Two example neurons showing a continuation of Left-Right discriminatory 
firing, after the rat had returned to the middle lane, for several seconds. The neuron in 
(G) maintained a higher firing rate when coming from the Left as compared to the Right 
arm. The neuron in (H) showed roughly the opposite effect, having a higher firing after 
passing the PRM when coming from the Right vs. Left side. (I) Example cell showing a 
similar middle-arm retention effect in a spatial plot of firing rate (color-coded along the 
maze trajectories; side view). Enhanced firing observed for the Right arm is maintained 
when the rat travelled through the middle lane until reaching the front blocking wall. 
(J) Behavioral trajectories of the rat from which the unit in (I) was recorded (thick line: 
mean trajectory across the session; thin lines: single-trial runs; top view). Whereas the 
average paths slightly differed when the rat returned to the initial segment of the middle 
lane, coming from the Left versus Right arm, the paths overlapped in the middle-lane 
segment visited subsequently. (K, L) Second example cell showing a retention effect in 
spatial plot of firing rate (K; behavioral trajectories: L). Cells in (I, K) are different from 
those in (G, H). DP, decision point. 
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Supplementary Figure 3 | Time course of spatial Discrimination Score for CA1, per-
irhinal, somatosensory and visual cortical populations. (A) Average Discrimination 
Score (mean ± s.e.m. across cells) plotted as a function of time relative to crossing the 
point of no return (PNR). (B) Idem as (A) but now relative to crossing the point of return-
ing to the middle lane (PRM). Threshold for significance (one tailed Z-statistic, a < 0.05) 
lies at 1.63 (marked by dashed line). The average duration of the time segments showing 
a significant Left-Right Discrimination Score was 1,96 ± 0.10 s (S1BF), 2,43 ± 0.11 s (CA1), 
4,11 ± 0.17 s (PRH) and 2,51 ± 0.32 s (V1M; these durations cannot be estimated from 
the graphs because they are based on individual trial segments). The duration for PRH 
cells was significantly higher than for the other three areas (Kruskal-Wallis and post-hoc 
Tukey-Kramer tests with a 95% confidence interval). The average time it took rats to pass 
from the PNR to PRM points was 8.83 ± 0.36 s. That Discrimination Scores were elevated 
for shorter time periods than these behavioral run periods is explained by the nature of 
time-locked representations and given the behavioral variability in the speed it takes a 
rat to complete a trial. In other words, because some trials are completed rapidly (within 
a few seconds) and others take longer to complete, a behavioral scattering or jitter oc-
curs relative to t=0 s, causing a dilution effect and thus a decline of the Discrimination 
score in (A) and a slow rise in (B). Furthermore, the Discrimination score is computed as 
the T- statistic involving the standard deviation (see Methods), clarifying that this mea-
sure will decrease when the standard deviation of the distribution of shuffled firing-rate 
differences increases, which occurs because of behavioral variability. It should be noted 
that the curves for PRH, CA1 and S1BF are based on large cell samples (518, 660, and 
458, respectively) whereas the curve for visual cortex (V1M) is based on a relatively small 
sample (43 cells). Overall, this figure illustrates that PRH cells show significantly more 
sustained firing than cells in the other three areas, but also that it is more appropriate to 
quantify these firing patterns as a function of space rather than time. 
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Supplementary Figure 4 | Firing patterns of neurons in somatosensory and visual 
cortex as a function of place. This figure is complementary to Fig. 4 in which perirhinal 
and hippocampal patterns are shown. (A-C) Population of 216 neurons in somatosen-
sory cortex. Vertical colored lines correspond to the spatial decision point (cyan), PNR 
(blue), reward site (purple) and PRM (pink; see Fig. 3 for other plot details). (D-F) Popula-
tion of 43 neurons in primary visual cortex (monocular field, V1M). In (A) and (D), the Nor-
malized Rate Difference (NRD) is plotted as a function of linearized maze position. In (B) 
and (E), the spatial profile is shown for the preferred arm of each single unit. Cells have 
been arranged from top to bottom according to the spatial bin where the cell reached its 
peak firing rate. Color code pertains to normalized firing rate (NR). (C) and (F) Same as (B, 
E) but now for the non-preferred arm of each cell. (G) Frequency histogram (as fraction 
of cells with discrimination scores > 0.5) of the Consistency of spatial Left-Right differ-
ences in firing activity for S1BF (N = 216), area CA1 (N = 373), PRH (N = 349) and V1M (N = 
43). The PRH population showed a significantly higher consistency than the other three 
areas (Wilcoxon two-sample rank test; S1BF-PRH, Z = -8.98, P = 0; CA1-PRH, Z = 17.76, P = 
0; V1M-PRH, Z = -3.26, P = 0.001).
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Supplementary Figure 5 | Start and end points of perirhinal and hippocampal firing 
fields relative to task-relevant points on the figure-8 maze. (A) Color code of the dis-
tributions of bins on the maze. To avoid artifacts due to edge effects, the route travelled 
on a full trial was taken to be circular, with bin 1 (start of middle lane, coinciding with the 
return branch point; green) being contiguous with bin 30 (end of the side arms; magen-
ta). Runs on the left and right side arms are included in the same projection. (B) Distribu-
tion of start points (top) and end points (bottom) of PRH firing fields on their preferred 
arm along the running trajectory are rendered in polar plots, relative to task-relevant 
points on the maze (decision point, point of no return, reward site and return branch 
point). For each cell, start and end points were determined by subtracting the mean fir-
ing rate across both sides (i.e., the baseline) from the preferred-side firing rate (see Meth-
ods). Start and end points are defined according to locomotion direction during task 
performance. Fraction of occurrence is plotted along the radial axis. (C) Distributions 
of start (top) and end points (bottom) of firing fields of PRH units for the non-preferred 
side arm (see Methods). (D) Distribution of start points (top) and end points (bottom) of 
CA1 units for the preferred side. PRH start points for the non-preferred side were mostly 
concentrated at spatial locations reached by the rat shortly after passing the decision 
point, while start points for the preferred side were more distributed. A subset of PRH 
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units showed start points between the point of no return and reward site of the preferred 
arm. The distribution of CA1 start points was more spread out than those of PRH cells for 
their non- preferred side. PRH end points for both the preferred and non-preferred arm 
were strongly co- localized with the return branch point (pink line). (E) Circular variance 
and bootstrapped 95% confidence intervals of start and end points expressed in maze 
bins. Black symbols refer to PRH, green to CA1 (St, start point). The variance of both start 
and end points of PRH firing fields was smaller than that of CA1 place fields, a finding 
that applied to both PRH firing-rate changes on the preferred and non-preferred arm 
(95% confidence interval, based on bootstrapping, for all four comparisons: Pref St CA1 
vs. Pref St PRH; Pref St CA1 vs. Non-Pref St PRH; Pref End CA1 vs. Pref End PRH; Pref End 
CA1 vs. Non-Pref End PRH; See Supplementary Table S3). (F) Mean and 95% confidence 
intervals of the spatial offset between the start points of firing fields and the decision 
point (Bin 9). (G) Mean and 95% confidence intervals of offsets of end points with re-
spect to return branch point (bin 1). The mean and confidence intervals are expressed in 
spatial bins. Negative values are assigned to positions reached by the animal before the 
reference point (decision point or return branch point) and positive values for positions 
reached thereafter. The spatial offsets of start and end points of PRH firing fields were 
significantly different from those of CA1 cells for 3 out of 4 comparisons (95% confidence 
interval, based on bootstrapping, for Pref CA1start-DP vs. Non-Pref PRHstart-DP; Pref 
CA1end-RBP vs. Pref PRHend-RBP; Pref CA1end-RBP vs. Non-Pref PRHend-RBP; n.s. for 
Pref CA1start-DP vs. Pref PRHstart-DP; DP, decision point; RBP, return branch point). 
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Supplementary Tables
Supplementary Table 1 | Cells discriminating left versus right arms of the fig-
ure-8 maze were found in all rats and main areas of interest. Numbers shown 
below are percentages of cells showing significant Left-Right discrimination (a 
= 0.05, Wilcoxon signed-rank test), split up per rat (rows) and brain region (col-
umns). In between brackets, fractions show absolute counts of significantly mod-
ulated cells divided by all cells recorded from a given area and rat.

Rat index 
PRH CA1 S1BF Total number of 

cells per rat(N=374/518) (N=404/660) (N=182/458)

1 75.7 % 
(N=184/243)

62.6 % 
(N=261/417)

40.4 % 
(N=113/280) N=940

2 70.6 % 
(N=185/262)

62.7 % 
(N=126/201)

35.7 % 
N=533

(N=25/70)

3
38.5 % 40.5 % 40.7 %

N=163
(N=5/13) (N=17/42) (N=44/108)
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Supplementary Table 2 |  Overview of perirhinal neuron fractions showing 
different types of firing rate modulation on the figure-8 maze. The total num-
ber of neurons considered was the group of 374 (out of 518) PRH neurons showing 
significant modulation. ‘Selective for Left arm’ refers to a significantly different 
rate between the Left and Middle arms, and implies that the Right arm and Middle 
arm responses were not significantly different. ‘Selective for both Left and Right 
arm’ implies that both arm responses were significantly different from the mid-
dle arm, but also the contrast Left vs. Right was significantly different (e.g. firing 
rate increases in left arm increase, but decreases in right arm; therefore, this type 
of modulation was not partitioned into increments or decrements). Percentages 
of CA1, S1BF and V1M showing significant modulations did not radically diverge 
from the proportions shown for PRH, but are not presented here because they 
were locally restricted, for instance due to place-field responses in area CA1.

Percentage of PRH 
neurons

Selective for 
Left arm

Selective for 
Right arm

Selective for 
Middle arm

Selective for 
both Left and 

Right arm
Total percentage 

modulated 39.6% 16.9% 10.9% 32.6%

Total percentage 
showing increase 17.1% 13.4% 8.0% -

Total percentage 
showing decrease 22.5% 3.5% 2.9% -
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Supplementary Table 3 | Variance of start and end points of firing fields 
across the maze and their spatial offsets relative to the decision point and 
return branch point, respectively. The mean variance, spatial offsets and con-
fidence intervals are expressed in bins. One full lap on the maze consists of 30 
bins. Negative values are assigned to positions reached by the animal before the 
reference point (decision point or return to middle) and positive values for posi-
tions reached thereafter. CI-low, lower boundary of the 95% confidence interval.  
CI-high, higher boundary of the 95% confidence interval. 

 Preferred  Preferred  Non-Preferred
Area CA1 Start CA1 End PRH Start PRH End PRH Start PRH End
Variance 3.72 3.73 2.81 2.72 2.77 2.34

CI-low 3.39 3.38 2.45 2.26 2.47 2.01
CI-high 4.01 4.03 3.17 3.11 3.03 2.67

Spatial offset 9.09 -7.27 8.41 -0.68 5.54 0.70
CI-low 7.36 -8.79 7.10 -1.36 4.68 0.11
CI-high 10.64 -5.79 9.78 0.36 6.49 1.32
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