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Summary 

Humans and animals construct internal models of the world around them, and use these models to guide 

behavior. Such model-based cognition is often referred to as “planning”, and its neural mechanisms remain 

poorly understood. Planning has been proposed to depend on hippocampal sequences, in which place cells 

“sweep out” trajectories through space while an animal is at rest (Foster & Knierim, 2012; Mattar & Daw, 

2017). Research into the role of sequences in planning, and into the neural mechanisms of planning in general, 

has been hampered by a lack of tasks for animals which both demonstrably elicit planning behavior and are 

suitable for neural recordings. In recent work, we have lifted this limitation, adapting advances from work with 

humans (Daw, et al., 2011) to develop a multi-step decision task for rats, and showing that they adopt a 

planning strategy which depends on neural activity in the dorsal hippocampus (Miller, Botvinick, & Brody, 

2017). Here, we report the results of electrophysiological recordings made in dorsal hippocampus during 

planning behavior. We find that individual cells encode the states of the task, and that hippocampal sequences 

take place during sharp wave ripple events at the conclusion of most trials. The content of these sequences 

reflects knowledge of the structure of the task, consistent with a role in model-based planning. Ongoing work 

seeks to characterize the relationship between sequence content and behavior at a trial-by-trial level. 
 

Additional Detail 

Planning task for rats: Rats performed a multi-step 

probabilistic decision task, adapted from the human 

literature (Daw et al., 2011, Miller, Botvinick, and 

Brody, 2017; Figure 1). In the first step of this task, rats 

choose between two choice ports, each of which leads to 

one of two reward ports becoming available with high 

probability, and to the other with low probability. In the 

second step of the task, the rat enters the available 

reward port, and either receives or does not receive a 

water reward. Reward ports differ in the probability 

with which they give reward, and reward probability 

changes at unpredictable intervals. Optimal performance 

requires learning which reward port currently has the 

higher reward probability, and selecting the choice port 

more likely to lead to that port. This requires using 

knowledge of the task structure to inform behavior – 

that is, it requires model-based planning. In previous 

work, we have demonstrated that rats indeed adopt such 

a planning strategy, and that this strategy depends on 

neural activity in the dorsal hippocampus (Miller, 

Botvinick, and Brody, 2017). In this strategy, rats 

update their preferences about the first-step choice ports 

in light of the second-step outcomes, events which are 

separated in time and space but connected by 

knowledge of the task structure. We hypothesized that neural sequences in the hippocampus might bridge these 

events. Here, we characterize this neural activity while rats perform the task, showing that it carries key markers 

of a role in planning.  

Sequences during behavior code task states: Neural activity in CA1 during task performance was organized 

into sequences which encoded the states of the task (Figure Two). The period of time leading up to trial 

initiation elicited activity from a group of cells that was common to all trial types (Figure 1i; Figure 2, dark 

green). As the rat made his choice (Figure 1ii), neural activity diverged into a pair of sequences, one for each 

choice (Figure 2, lime green and blue). As the rat entered the bottom center port in all trial types (Figure 1iv,), a 

sequence of cells common to all trial types became active (Figure 2, red). Finally, as the rat entered an outcome 



port (Figure 1v), neural activity again diverged into a pair of sequences, one for each outcome port (Figure 2, 

orange and purple). This pattern of sequential activity is consistent with the idea that CA1 neurons tile the space 

of task-relevant states, clustering strongly around the most salient states. Since this pattern of coding is 

reminiscent of the “place cell” coding found in large-scale maze experiments, we refer to our cells as “port 

cells” if their firing pattern contains a single peak that is centered on a port entry event. By this metric, 45% of 

pyramidal cells active during behavior qualify as port cells. 
 

 
Figure Two. Activity of CA1 pyramidal neurons (n=169) during task performance, normalized 

by peak firing rate, sorted and colored by the time of the peak. Not shown: 253 pyramidal cells 

with firing rate less than 2 Hz in all time bins (“silent cells”); 26 putative interneurons. 
 

Content of sharp-wave ripples consistent with world model: We detected sharp-wave ripple events (SWRs) 

using the broadband LFP signal (Figure 3, left). These events took place immediately following trial completion 

on a large fraction of trials (89% of trials with at least one SWR, average SWR count 2.9). Individual port cells 

fired during a subset of these trial-end SWRs (mean 7.4%, standard deviation 6.5%), and this did not differ 

based on whether their ports were visited or not during the trial (data not shown). We computed a 

“coparticipation score” between pairs of cells, indicating whether they tended to fire together in the same SWR 

events. We found that pairs of one choice-port cell and one outcome-port cell earned high coparticipation scores 

when their ports were linked by a common transition, but lower scores when the cells were linked by an 

uncommon transition (Figure 3, right). This establishes activity during SWRs as a candidate substrate for the 

structure-based association between choices and outcomes that is evident in rats’ behavior. We are now 

investigating whether it is related to effects of feedback on choices at a more granular, trial-by-trial, level. 

 

 
Figure Three. Left: Example sharp-wave ripple event, including broadband local field potential 

(above), and spiking activity from four of six simultaneously recorded port cells (below). Right: 

Co-participation scores for pairs of port cells. 


