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The hippocampus is essential for episodic memory.  
(Vargha-Khadem et al., Science 1997) 

  
Episodic memories are organized in space and time. 

(Tulving, in: Organization of Memory, 1972) 

1.  How does the hippocampus organize memories in space? 

2.  Does the hippocampus have a similar organization for time? 

Hypothesis: The hippocampus organizes memories in space and time 
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Perceptual inputs to the hippocampus: what & where	
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The hippocampus: a convergence site for content and organization 
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  How does the hippocampus organize events in space? 
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Hippocampal neuronal representations are high-dimensional 



The appearance of Item-Position cells 
parallels learning  

Response at preferred position 
relative to all positions 

Item-position representations emerge 
as increased item-specific responses 

at initially preferred locations 

Event representations are imposed during learning 
onto a pre-existing spatial representation 
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Multiple relations between dimensions of events and space  
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Representational Similarity Analysis 
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Quantifying dimensions of similarity and coding 

C = context 
P = position 
V = valence 
S = set 
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Memory space: A hierarchical network linking events in place & context 
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What about time? 

“Organization of knowledge in the episodic system is temporal. One 

event precedes, cooccurs, or succeeds another in time.” (Tulving, 1984) 



§  Is the hippocampus essential for the temporal organization of memories, 
even when space is irrelevant? 

§  How do hippocampal neurons represent the temporal organization of 
episodic memories?    
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Does the hippocampus support memory for temporal order? 

* unique on each trial 

5 min 



Fortin et al., Nature Neurosci 5:458, 2002"
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How does the hippocampus tell  time?	





Time: Hippocampal neuron firing patterns during running in place	



waterport 

N
eu

ro
n 

nu
m

be
r 

Time on treadmill (s) 

Normalized firing 

“Time cells” 

Kraus et al. Neuron 78:1090 2013 

Spatial alternation 

treadmill 

B C





Do “time cells” encode elapsed time or distance run?	
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Vary treadmill speed to 
disentangle time elapsed 

and distance run 
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Do “time cells” encode elapsed time or distance run?	





Hippocampal neurons fire sequentially to bridge a memory delay  
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Sample   Delay     Test 

Hippocampal neurons are modulated by time in immobilized rats. 
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Time cell sequences encode specific memories and predict accuracy 
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“What” stream “Where” stream 
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What is the origin of temporal information to the hippocampus? 
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B C

Does the medial entorhinal cortex code time as well as space?	
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firing rate autocorrelation 



Grid cells tell time	
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64% of grid cells tell time 
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Like grid cells, MEC time cells have multi-peaked firing patterns	
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The hippocampus creates a scaffolding for memories, 
parsing dimensions of space and time, and representing 
specific events in their spatial and temporal organization.  
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