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Street View of the Cognitive Map
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Abstract

To understand the origins of spatial navigational signals, Acharya et al. record the activity of 

hippocampal neurons in rats running in open two-dimensional environments in both the real world 

and in virtual reality. They find that a subset of hippocampal neurons have directional tuning that 

persists in virtual reality, where vestibular cues are absent.

The hippocampus is a brain structure crucial for both memory and spatial navigation. For the 

past four decades, the dominant theory for the role of the hippocampus in spatial navigation 

has been that certain hippocampal neurons, called “place cells,” are active selectively when 

animals or people occupy certain locations in space and act as the building blocks for a 

cognitive map (O’Keefe and Dostrovsky, 1971; O’Keefe and Nadel, 1978). Although this 

theory has been hugely successful—John O’Keefe was awarded the 2014 Nobel Prize in 

Physiology or Medicine for this work, along with May-Britt and Edvard Moser—three 

challenges to this model have lurked in the shadows, all of which feature in a new study 

from Acharya et al. (2016) in this issue of Cell.

First, the cognitive map theory rests upon the idea that place cells encode spatial location 

and little else. However, various data have mounted to suggest that place cell firing is 

influenced by a host of other high-level variables, such as the shape of the environment, 

running speed, time elapsed during a run, and even the current goal of the task (reviewed by 

Hartley et al., 2014). In addition, and more controversially, place cells have been reported to 

be tuned to low-level properties such as the direction the animal is facing (McNaughton et 

al., 1983). Interestingly, this directional tuning was even reported in the original place cell 

study by O’Keefe and Dostrovsky (1971), but the field later came to the conclusion that this 

effect was simply an artifact of the analysis methods (Muller et al., 1994). The purported 

lack of directional information in the hippocampus proper was puzzling because such 

signals are believed necessary for the hippocampus to accurately track the animal’s location.

A second difficulty for the cognitive map theory is that it is almost exclusively based on data 

recorded from rodents. In contrast, hippocampal recordings from other mammals such as 
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bats, monkeys, and humans have either found strong directional tuning in addition to spatial 

selectivity (in the case of bats) (Rubin et al., 2014) or a paucity of cells showing place field 

responses at all (in the case of monkeys and humans) (Rolls, 1999). Instead, hippocampal 

neurons in primates typically appear to act more like “spatial view” cells: active when the 

animal or person is looking at a particular place or object but irrespective of their own 

location in their environment (Rolls, 1999), which implies an egocentric reference frame 

rather than an allocentric one.

A third paradox has been that rodent place cells can show strong directional selectivity when 

a rat is let run in familiar one-dimensional linear tracks or mazes. Confusingly, however, the 

same place cells that show directional selectivity in such circumstances don’t seem to care 

about the animal’s direction when the rat is let forage in an open two-dimensional 

environment (Muller et al., 1994).

Acharya et al. (2016) set out to resolve these questions by analyzing activity of hippocampal 

neurons recorded from rats as they explored two-dimensional space in two complementary 

scenarios (Figure 1A): first on a real world platform and second in a virtual reality setup in 

which the rat is actually head-fixed but can navigate a virtual world projected on a screen in 

front of the rat by running on a rotatable Styrofoam ball. The wall cues in the virtual reality 

were made to match the wall cues in the real world. The key dissociation between the real-

world and virtual environments is that in the real world both visual and vestibular cues are 

informative as the rat runs around, whereas in virtual reality, vestibular cues should be 

minimized since the rat is head-fixed while visual cues are preserved.

These experiments lead to two central findings. First, a subset of roughly 25% of 

hippocampal neurons show directional tuning in two-dimensional open field real-world 

environments (Figure 1B, left). The authors suggest that the reason they find directional 

tuning where many others have not is because they use a rich visual environment and more 

sensitive analysis methods. Second, this directional tuning is preserved in virtual reality 

(Figure 1B, right), implying that vestibular signals are not necessary to generate 

directionality. Indeed, further experiments in which the experimenters manipulated the 

virtual reality visual cues demonstrate a causal role for vision in the process.

These findings on the directional tuning properties of hippocampal neurons are especially 

striking because of the complete differences with the spatial tuning properties of the same 

population of neurons. A previous study by the same authors had found that, unlike the 

directionality tuning, place cell firing is substantially degraded in virtual reality two-

dimensional environments (Aghajan et al., 2015). Also, the subset of neurons that show 

spatial tuning (~75% in real-world, ~12% in virtual reality) seem to be statistically 

independent of the subset of neurons that show head-direction tuning (~25% in both cases) 

(see Figure 1C). Finally, certain place cells that had two firing fields even show different 

directional tuning in each field. Hence, directional tuning appears to be mechanistically 

distinct from spatial tuning in hippocampus.

A possible explanation for the discrepancy between the results in the virtual reality and in 

the real world is the presence of odor cues to which rats are particularly sensitive that are 
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absent in the virtual reality. Odors are strong cues that could override visual cues in 

determining the place tuning of a hippocampal neurons. This could be tested by introducing 

virtual odors within the virtual environment to see how they affect the response to visual 

stimuli.

What are the implications for the field? A first challenge will be to figure out the 

mechanistic origin of this head-direction signal. As discussed above, it appears to be 

dissociated from the spatial signals that drive place cells. Also, since the canonical head 

direction nuclei show strong vestibular dependence (Stackman and Taube, 1997), a different 

directional information pathway may be involved. Second, it is unknown whether or how 

this hippocampal CA1 head-direction information is used by downstream neural circuits. 

This will be especially important to understand given CA1’s role as the primary output 

station of the hippocampus. Third, these findings prompt a revision of the cognitive map 

theory. What is the computational role of these conjunctive place-direction signals for 

spatial navigation?

This study has uncovered a new level of complexity in the firing patterns of neurons in the 

rat hippocampus that ultimately will give us a deeper understanding of its function. There 

may be another Nobel Prize up the road for whoever makes this discovery.

REFERENCES

Acharya L, Aghajan ZM, Vuong C, Moore JJ, Mehta MR. Cell. 2016; 164:197–207. this issue. 
[PubMed: 26709045] 

Aghajan ZM, Acharya L, Moore JJ, Cushman JD, Vuong C, Mehta MR. Nat. Neurosci. 2015; 18:121–
128. [PubMed: 25420065] 

Hartley T, Lever C, Burgess N, O’Keefe J. Philos. Trans. R. Soc. Lond. B Biol. Sci. 2014; 
369:20120510. [PubMed: 24366125] 

McNaughton BL, Barnes CA, O’Keefe J. Exp. Brain Res. 1983; 52:41–49. [PubMed: 6628596] 

Muller RU, Bostock E, Taube JS, Kubie JL. J. Neurosci. 1994; 14:7235–7251. [PubMed: 7996172] 

O’Keefe J, Dostrovsky J. Brain Res. 1971; 34:171–175. [PubMed: 5124915] 

O’Keefe J, Nadel L. The Hippocampus as a Cognitive Map (Oxford University Press). 1978

Rolls ET. Hippocampus. 1999; 9:467–480. [PubMed: 10495028] 

Rubin A, Yartsev MM, Ulanovsky N. J. Neurosci. 2014; 34:1067–1080. [PubMed: 24431464] 

Stackman RW, Taube JS. J. Neurosci. 1997; 17:4349–4358. [PubMed: 9151751] 

O’Donnell and Sejnowski Page 3

Cell. Author manuscript; available in PMC 2016 February 17.

H
H

M
I A

uthor M
anuscript

H
H

M
I A

uthor M
anuscript

H
H

M
I A

uthor M
anuscript



Figure 1. Hippocampal Neurons in a Real-World Environment and in Virtual Reality
(A) Schematic diagram of experimental recording set up. A rat is allowed to explore either a 

circular platform in the real world (left) or on a rotatable ball in virtual reality while head-

fixed (right).

(B) Firing properties from one example neuron recorded while the rat explores in the real 

world (left) and another example neuron recorded in the virtual reality setup (right). The 

black circles represent the spatial environment the rat could explore, and colored dots 

represent the locations that the rat occupied when the neuron fired. The open circles 

represent the directional tuning curve of the same cells in polar co-ordinates. Figure adapted 

from Acharya et al. (2016), Figures 1 and 2.

(C) Schematic diagram of the approximate relative proportions of hippocampal CA1 

neurons showing spatial tuning (green), directional tuning (magenta), conjunctive tuning 

(green and magenta), or no tuning (white) in the real world (left) and virtual reality (right) 

experiments.
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