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Figure 13 | Place fields shift towards the reward locations in the reference memory task 

but not in the working memory task  

 



  
 

(A-B) Example firing fields at different learning trials for inbound and outbound trials in 
familiar- and novel-goal arms. One cell of each category is shown for the reference (A) and 
the working (B) memory tasks. The rate maps show the firing rate of the cells on the goal-
arm at different trials. Note that shift towards rewards only occurs in inbound trials on the 
novel-goal arms in the reference memory task.   
(C-D) Distribution of place field shift scores comparing the place field peak positions in the 
first and last five trials for reference (C) and working (D) memory sessions. Shift scores 
measured the difference between the positions divided by the sum. Binomial test, 
Reference: novel-goal for inbound n=253 place fields, P<0.001; novel-goal for outbound 
n=275 place fields, P=0.517; familiar-goal for inbound n=353 place fields, P=0.819; familiar-
goal for outbound n=379 place fields, P=0.907; Working: novel-goal for inbound n=312 place 
fields, P=0.830; novel-goal for outbound n=328 place fields, P=0.717; familiar-goal for 
inbound n=382 place fields, P=0.678; familiar-goal for outbound n=305 place fields, P=0.522.  
(E-F), Distribution of place field peak positions as measured in the first and last five trials for 
reference (E) and working (F) memory session.  Note that more cells fired near the goal in 
the last five trials than in the first five trials but only in the inbound runs in novel-goal arms. 
K-S test, Reference: novel-goal for inbound n=253 place fields, P<0.0001; novel-goal for 
outbound n=275 place fields, P=0.7935; familiar-goal for inbound n=353 place fields, 
P=0.4757; familiar-goal for outbound n=379 place fields, P=0.2421; Working: novel-goal for 
inbound n=312 place fields, P=0.9358; novel-goal for outbound n=328 place fields, 
P=0.8384; familiar-goal for inbound n=382 place fields, P=0.3174; familiar-goal for outbound 
n=305 place fields, P=0.8456. **P<0.001, Ns, not significant. 
 
 

3.6 Firing rate modulation of cells depending on past or future arm 
choices 

 

Hippocampal place cells were recorded as animals  often followed different arm-sequences 

to complete the task Therefore, when I examined all the trials, I found  that in many 

instances the animal reached an arm from either of the remaining arms and also once it 

returned from an arm it went to either of the remaining arms. Accordingly, as seen on other 

mazes, such as the T-maze, place cell firing may be modulated by the past or future choice 

of the animal. While place cells exhibited location-specific activity throughout the maze, the 

focus of the current analysis was on those cells with place fields on the arm that animals 

traversed on every trial, i.e. the goal arms. Here, I examined cases when the animal had 

already visited one arm in a session and tested its firing rate while returning from that arm 

depending on which arm it went to next or when approaching an arm whether the rate 

depended on the previous arm visited (Figure 14, A-B).  To identify cells that exhibited 

future or past choice-dependent firing I compared the within trial rate of cells in five spatial 
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bins and used ANCOVA analysis to compare rates across the two trial conditions when speed 

at the appropriate spatial bin was compensated for.  The inbound firing of the place cells 

was significantly modulated in 43% of the place cells by the past arm choice (P<0.05, 

ANCOVA) for the combined task (Figure 14A). Similar modulation was observed for 

outbound firing of cells, firing rate modulation depended on which arm the animal visited 

next (42% ANCOVA p<0.05) (Figure 14B). Significant rate modulated cells were seen not only 

in the combined but in the spatial reference and working memory task as well, all showing 

rate dependence on the past or future arm visits (Figure 14C-D). 

 

Figure 14 | Different patterns of activity preferentially associated with future and past 

choices 

 (A-B) Firing rate modulation of place cells in inbound trials may depend on their previous 
arm choice (A) while, in outbound trials, it may predict their future choice (B). Left maps 
illustrate the place field of an inbound and an outbound firing cell depending on passes 
involving the other two goal-arms. The cells fired on a novel-goal arm stronger when other 
segment of the paths ere also a novel-goal arms as compared to a familiar-goal arm. Right 
histogram shows the proportion of place cells exhibiting significant, speed-compensated 
rate modulations (P<0.05, ANCOVA).  
 (C-D) The proportion of place cells showing significant, speed-compensated rate 
modulations (P<0.05, ANOCA) on the reference (C) and working (D) memory task. Means of 
the sessions (±SEM) are shown with individual session values. 



  
 

Although cells exhibited conditional firing depending on future or past arm choices in all 

memory tasks; however these might depend on goal novelty. We know that place cells fire 

stronger in a novel environment; therefore it is possible that such goal novelty may be 

reflected in their conditional firing as well. This rate modulation did not show goal novelty 

related changes in the working memory task. In contrast, the other two tasks involving 

spatial reference memory exhibited a firing rate bias when the previous or future arms were 

novel-goal arms (Figure 15A-B). Moreover, this firing rate modulation bias was not seen in 

the beginning of the trial only in the later trials. Accordingly, in the second half of the 

learning session the firing rate of cells was always higher in the inbound passes if the animal 

approached from a novel-goal arm as compared to a familiar-goal arm (Figure 15A). 

Similarly, in outbound passes firing was stronger when animal went to a novel-goal arm next 

as compared to a familiar goal (Figure 15B).  

However, this conditional firing related with novel-goal arms was not seen in the beginning 

of trials, only in later trials once the animal learned the task (Figure 15A-B). To quantify 

firing rate modulation of cells depending on the novelty of the goal the animal visited before 

or after, the firing rate score of each cell was calculated to compare the rate of the cells 

when the previous or next visit was a familiar-goal arm or a novel-goal arm. Rate score was 

measured as the difference of the scores divided by the sum and this rate score was 

calculated separately for the first half and second half of learning trials. I found that during 

reference and combined memory tasks firing depended on goal-novelty, and the rate score 

distribution of cells showed a positive bias (all P<0.001, Binomial test) for the rate scores 

calculated in the second half of learning but not in the first half of learning (all P>0.64, 

binomial test) . (Figure 15 C-D). In the working memory task I did not see such bias (all 

P>0.5, Binomial test). Therefore, in the spatial working memory task place cells showed 

conditional firing on the past or future arm choices, and these did not depend on goal 

novelty before or after (Figure 15E-F). 
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Figure 15 | Firing rate modulation of cells depends on the object novelty of  past or future 

arm choices 

(A-B) Examples illustrate the past (A) or future (B) arm choice-dependent rate modulation of 
representative cells in the first and second half of the learning trials.  Firing fields and the 
mean (±SEM) firing rate of different spatial bins of the arm are shown in the top two rows. 
Bottom histogram: mean (±SEM) speed at different spatial bins. Blue curves show passes 
including a familiar- and a novel-goal arms while red curves covered passes across novel-
goal arms. Note that rate differences are stronger in the second half of learning. N, novel-
goal arm, F, familiar-goal arm.  



  
 

(C) Rate modulation of cells on a novel-goal arms on inbound (left) and outbound (right) 
passes depending on the past or future arm choices respectively. Distribution of firing rate 
scores comparing passes in which the previous or future arms were either a familiar-goal 
arm or another novel-goal arm. Rate scores were calculated by the difference of the rates 
dived by their sums, positive rate score reflect higher rates in novel-novel passes as 
compared to passes involving a familiar- and a novel-goal arm. Rate score distributions were 
calculated in the first half (grey) and second half (back) of the learning trial. Binomial test, 
inbound for the first half (1st): n=457 cells, P=0.644; inbound for the second half (2nd): 
n=457 cells, P<0.001; outbound for 1st: n=376 cells, P=0.986; outbound for 2nd: n=376 cells, 
P<0.001 
(D) Same as (C) only cells with significant, speed compensated rate modulation (P<0.05, 
ANCOVA) are included. Binomial test, inbound for the 1st: n=182 cells, P=0.515; inbound for 
the 2nd: n=182 cells, P<0.001; outbound for 1st: n=151 cells, P=0.428; outbound for 2nd: 
n=151 cells, P<0.001 
(E-F) Rate modulation histograms during the reference (E) and working (F) memory task. 
Rate modulation of cells on a novel-goal arms on inbound (left) and outbound (right) passes 
are shown depending on the past or future arm choices respectively. Top curves show all 
cells while the bottom ones represent those with significant, speed-compensate rate 
modulation (P<0.05, ANCOVA). Binomial test, Reference, top histograms: inbound for the 
1st n=310 cells, P=0.909; inbound for 2nd n=310 cells, P<0.001; outbound for 1st : n=318 
cells, P=0.753; outbound for 2nd: n=318 cells, P<0.001; bottom histograms: inbound for the 
1st: n=143 cells, P=0.071; inbound for the 2nd: n=143 cells, P<0.01; outbound for 1st : 
n=127 cells, P=0.255; outbound for 2nd: n=127 cells, P<0.001; 
Working, top histograms: inbound for 1st: n=299 cells, P=0.644; inbound for the 2nd: n=299  
cells, P=0.860; outbound for 1st : n=334 cells, P=0.568; outbound for 2nd: n=334 cells, 
P=0.741; bottom histograms: inbound for the 1st: n=109 cells, P=0.722; inbound for the 2nd: 
n=109 cells, P=665; outbound for 1st : n=126 cells, P=0.584; outbound for 2nd: n=126 cells, 
P=0.769 
 
 

3.7 Hippocampal sequence replay  

 

In the previous section I showed that place cells on the eight-arm maze exhibit conditional 

firing depending on the past and future paths in all of my tasks. I also demonstrated such 

conditional firing changes on the novel arms during the course of learning. I showed this for 

the combined and reference memory tasks and I demonstrated that goal novelty on the 

previous or the next arms influenced the conditional firing of the cell and this developed 

gradually, being seen in later trials. Next, I set out to investigate whether place cell assembly 

activity always encoded the current location of the animal, or if it reflected other locations 

or indeed entire paths. Finally, if such replay or movement paths are be observed, to 

analyze whether such out-of-place coding is correlated with the behavior of the animal and 
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related to its previous arm visit or future arm choice. Because I recorded the population 

activity of place cells in the CA1 region while animal ran on the maze (from one reward 

location to another on a linear track), I could probe whether this assembly activity expresses 

the current location of the animal or some other location on the maze. During a run, each 

place cell’s activity is tuned at a particular location along the track. These locations defined a 

temporal sequence for the firing place cell assemblies on the timescale of seconds (Figure 

16). I then detected high synchrony events (HSE) where many cells intensively fired action 

potential together transiently in a time period lasting from approximately 100ms or more, 

while animals performed the task. As expected from past work examining the reactivation of 

movement trajectories, I often observed that place cell assembly firing sequences seen in an 

arm during task running can also be seen during the HSEs but in a temporally compressed 

form, preserving the same order as these fired on the arm either in a forward or reverse 

temporal order.  Such HSEs tend to occur while the animal was at the center or the reward 

location (Figure 16). In the combined task, HSEs near the reward location typically contained 

place cell firing patterns representing the animal returning from that arm, but in a reverse 

temporal order; i.e. cells close to the end of the arm fire towards the end of HSE whereas 

those firing close to the center of the maze fire in the beginning. In contrast, HSEs that 

occurred in the center often incorporated place cells that fire in the next arm to be visited 

by the animal, but this time with cells firing in a forward order. 

 

Figure 16 | Reactivation of assembly sequence representative maze trajectories 



  
 

Example showing place cell assembly activity during a pass covering movement from one 
goal-arm to the next in the combined task. Left traces:  Grey traces show all the movement 
during all the learning trials while the black trace show the pass for which the network 
activity is displayed on the right. Pink circles mark the location of the 2 HSEs highlighted on 
the right. Top right raster plot: firing times of 24 place cells sorted according to their place 
field locations on the arms. Pink areas highlight the two HSEs which are expanded on the 
left and the right boxes (300-ms sections of the spike train). Note that the first HSE in the 
beginning of the pass reactivates the sequential activity of place cells firing while the animal 
returns from that arm to the center. But cells fire in a reverse temporal order; i.e. cells near 
the current location of the animal fire last. In contrast, the HSE in the center reactivate the 
activity of the cells in next arm the animal selects in forward temporal order, i.e., cells near 
the current location of the animal fire first. Bottom right curve shows the speed of the 
animal during the pass. 
 

To detect and quantify these replay events, I identified HSEs as a brief increase in population 

spiking activity and then divided these candidate events into 20ms time windows. By using a 

Bayesian prediction method I calculated the probabilities at different locations of the maze 

according to which place cells were active in a given time window. Separate Bayesian 

probability maps (composed of probabilities of positions as derived separately for each time 

window of the HSE) were calculated for inbound and outbound runs of each goal arm 

(Figure 17A-B). Using these maps I calculated the arm in which the trajectory showed the 

maximum summed probabilities, allowing for both forward and reverse trajectories on 

inbound our outbound passes (see methods). Thus, the selected maximum probability 

trajectory held information about sequences of positions that are part of the trajectory, 

whether these positions represent an inbound or outbound trajectory and also whether 

these positions represent a forward or reverse order replay (Figure 17C).  
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Figure 17 | Reactivation of maze trajectories during HSEs 

 (A-B) Examples illustrating how the replayed trajectories were calculated using two HSEs, 
one near a reward location (A) and the other at the central stem (B). Bayesian probability 
maps for both inbound and outbound runs are shown for all three goal-arms (darker grey 
colors represent higher probabilities). The map composed from inbound and outbound 
maps of the selected arm is shown on the bottom right while the reconstructed trajectory is 
shown on the bottom left (see Methods).  
(C) Examples displaying reactivated trajectories in recordings during the combined task that 
occurred near the reward location and in the center stem. Bayesian maps are overlaid with 
the reconstructed trajectory. All examples near the reward represented outbound passes of 
that arm (reverse order) while at the center these were inbound passes of the next arm 
(forward order). On the probability maps distance relative to the HSE location was 
displayed, i.e., zero marks the end of the arm for HSEs near reward locations and beginning 
of arm for HSEs in the central stem. 
  

Each replayed trajectory was quantified by a measure called the replay score which is 

measured by the summed Bayesian probability of the trajectory locations divided by the 

number of time window frames. To test whether the probability that detected trajectories 

occurred by chance, I rotated the place field of each active cell to see whether similar replay 

scores of the replayed trajectories can occur when using the same spike temporal patterns 

but with de-correlated place maps. The reconstructed trajectory events were not random 

(All P<0.0000001, K-S test Figure 18). My trajectory searching procedure generated 

significantly weaker probabilities with place field rotated probability maps than with the 



  
 

original maps. Moreover, the z-score of the reactivated trajectories as measured relative to 

the corresponding shuffled distributions was significantly larger than zero (All P<0.0001, 

binomial test, Figure 18).   

 

Figure 18 | HSEs represent trajectories with significantly better replay scores than their 

shuffled equivalents  

The cumulative distribution of replay scores for the original events (data) and those of the 
shuffled events in which the place field relationship between cells was randomized by 
randomly rotating them to a different degree for each cell. For each original event 100 
random shuffled events were calculated, each involving different place field rotations. Inset 
shows the average z-score of original events relative to the mean and SD of their 
corresponding 100 shuffled events. K-S test for cumulative distribution, Combined: data n= 
1200 events, shuffle n=120000 events, P<0.0000001; Reference: data n=605 events, shuffle 
n=60500 events, P<0.0000001; Working: data n= 691 events, shuffle n=69100 events, 
P<0.0000001. **P<0.001. Binomial test for z-score, Combined: n=1200 events, P<0.0001; 
Reference: n=605 events, P<0.0001; Working: n=691 events, P<0.0001 
 
 

Given that reactivation is closely associated with SWR events, I also examined whether the 

detected HSE reactivation were associated with SWRs. The cross-correlation between HSE 

times and SWR times were calculated for all sessions and averaged. The sharp peak on the 

mean cross-correlation curve demonstrates the close association of HSE to SWRs (Figure 

19). 
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 Figure 19 | Temporal association between HSE and SWR events 

Mean (±SEM) cross correlation curves between SWR times with HSE peak times were 
averaged across sessions (Combined, n=16 recording days in 4 rats. Reference: n=8 
recording days in 3 rats; Working N=8 recording days in 3 rats). 
 
Previous studies on the linear track demonstrate that spiking sequences can be replayed in 

either the forward or reverse temporal order (Diba and Buzsaki, 2007; Foster and Wilson, 

2006; Davidson et al., 2009; Silva et al., 2015). However, it is not clear whether the replay 

order reflects the experience of the animal running on the maze.  Therefore, for each HSE I 

determined which arm it will encode in relation to the location of the HSE. In the combined 

and reference memory tasks reconstructed trajectories of HSEs that occurred in the center 

of the maze had a preference to encode trajectories on the future arm that the animal 

visited next and less the previous arm that the animal visited before (Figure 20A). However, 

at the reward location the current arm of the animal was preferentially encoded (all P 

<0.0001, ANOVA, Figure 20B). In the working memory task at the reward locations the 

current arm was encoded as well, but the previous visited arm was encoded in the central 

stem (P <0.0001, ANOVA, Figure 20A-B). I further tested whether inbound vs outbound 

trajectories were preferentially reactivated and whether forward vs reverse order 

reactivation was seen. In the combined and reference memory tasks in the central stem 

forward replay of inbound direction trajectories were seen encoding preferentially the next 

arm (i.e. forward passes in forward replay). At the reward locations reverse order replay 

trajectories encoding outbound passes were detected (outbound passes in reverse order). 

Hence in these conditions replay always preferentially encoded the upcoming movement of 

the animal but at the rewards on a reverse direction. By contrast in the working memory 

task reverse order replay was seen encoding outbound trajectories and in the central stem 



  
 

these represented the previous arm and at the reward location these encoded the current 

arm (Figure 20C).  

 

Figure 20 | Reactivated trajectories predicting the behavior of the animal 

(A-B) Left: Example showing all the reactivated trajectories of HSEs occurred on the central 
stem in a single learning session in a combined task.  Trajectories predicted the next arm 
choice of the animal (purple), the previous choice (green) and the rest of the events (black) 
are all shown.  Reactivated events are illustrated as a line showing the two extreme ends of 
the trajectory. Trajectories of the same arms are all displayed by different relative angles 
from each other so that all of them can be visible. Right: Percentage (mean ±SEM and 
individual session values) of trajectories predicting the future arm choice of the animal and 
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those displaying its past arms for HSEs in the center stem. Comb: combined task, Ref: 
reference memory task, Work: working memory task (B) same as (A) but HSE near reward 
location are shown predicting current and future arms. One-way ANOVA between future 
and past/current choice, Combined: n=16 recording days in 4 rats; Reference: n=8 recording 
days in 3 rats; Working: n=8 recording days in 3 rats, all P <0.0001. 
(C) Percentage (mean ±SE and individual session values) of HSEs reactivating in forward and 
reverse order trajectories of future, past/current trajectories of inbound and outbound 
movement of the animal.  Note that the combined and reference memory HSEs in the 
center stem predicted the future arm choice of the animal in the form of forward order 
inbound movement while in the rest of the cases the previous/current arm choices were 
predicted, in replay events representing outbound movement in a reverse temporal order. 
Three-way ANOVA with Tukey Post hoc, (Top) Combined and Reference: Future-Forward-
Inbound group is significantly different from other groups, all P<0.0000001; Working: Past-
Reverse-Outbound group was significantly different comparing to other groups, all 
P<0.0000001; (Bottom) All three task: Current-Reverse-Outbound group vs. other groups, all 
P<0.0000001. 
 

Similar results were seen when I used the probability maps of all eight arms (Figure 21). 

These results could be calculated for the combined and reference memory tasks only 

because only three arms were always visited in the working memory task. I observed that 

trajectory replay in the center of the maze predicted the future arm choice that the animal 

visited next (Figure 21A). At the reward location, replay was associated with the current arm 

(Figure 21B). Trajectories at the center encoded preferentially inbound passes representing 

in forward replay while reverse replay was seen near the rewards encoding outbound 

passes (Figure 21C). Moreover, the reconstructed trajectories allowing replayed trajectories 

on all eight arms were not random, by rotating the place field of each cell the rotated map 

replay scores resulted in weaker repay scores than the original events (Figure 21D).  



  
 

 

Figure 21 | Reactivated trajectories predict the behavior of the animal testing for 

reactivation of all eight arms 



63 
 

under NMDA receptor blockade. Taking these results together, it is possible that goal-

related remapping is needed when spatial reference memories are needed to be updated 

and this process require NMDA receptors to enable the stabilization of the newly formed 

goal-maps. However in a familiar environment where a stable map of the environment 

already exists, that stable map is sufficient for the learning of a fixed goal, and therefore this 

may not require NMDA receptors.  

 

4.2 Conditional place cell firing 

 

Previous studies have shown that when a well-trained rat runs through the central or 

common segment of a maze on its way to or from different locations, hippocampal place 

cell exhibit differential firing depending on their past and future arm choices on the maze 

(Wood et al., 2000; Frank et al., 2000; Ferbinteanu and Shapiro, 2003; Bower et al., 2005; Ji 

and Wilson, 2008; Pastalkova, 2008; Ferbinteanu et al., 2011; Allen et al., 2012; Catanese et 

al., 2014; Ito et al., 2015; Grieves et al., 2016). The results of these previous studies have 

varied in the characteristics how hippocampal neurons distinguish path-choices in spatial 

working memory tasks on the maze. This firing is related to spatial working memory 

demands given that in error trials this conditional firing is disrupted (Ferbinteanu and 

Shapiro, 2003; Allen et al., 2012) or these may not be seen when animals only decide about 

alterative choices later at the choice point (Ainge et al., 2007b). In my case, trial type-

dependent firing was observed even in a reference memory maze task not requiring working 

memory. This suggests that conditional firing may be related to arm choices not exclusive to 

working memory but can occur in reference memory choices as well.  

Findings from Ferbinteanu and Shapiro (2003) indicate that retrospective coding as 

manifested by the firing modulation of place cells may not reflect trajectories. They trained 

rats on a plus maze task and showed that even when the rats took indirect trajectories to a 

goal, differential retrospective coding was observed depending not on the detoured arm, 

but the original starting arm. However the effect of the detour on the firing of the cells was 

not quantified. In my data I also observed retrospective firing and many place cells 

modulated their firing depending on the past arm visits. Importantly in my case not a task-



  
 

rule but the animal itself decided which order it will visit the three goal arms. Unlike 

Ferbinteanu and Shapiro (2003) work, I have seen examples of place cells where firing was 

modulated by the order of all three arm visits. However there were too few arm visits to 

demonstrate the significance of these events using ANCOVA.  

Given that retrospective coding does not help to solve the task in our case, or e.g. in the 

Ferbinteanu and Shapiro (2003) work, such task demand-independent coding could indeed 

transiently encode the past experience of the animal, more reminiscent of episodic-like 

coding. The fact that such coding reflected in the rate remapping of place cells further 

suggest episodic like coding properties (Allen et al., 2012, O’Neill et al., 2017; Leutgeb et al., 

2005). Such task dependent rate modulation may or may not be needed for decision making 

however. A likely possibility is that the hippocampus represents both where the animal is 

going and where it has been. Recent work by Ito et al. (2015) has suggested that trajectory 

dependent coding is found in the nucleus reuniens, which projects to the lacunosum 

moleculare of CA1. Moreover, the nucleus reuniens receives input from the medial 

prefrontal cortex (mPFC). Ito et al. (2015) also suggests that the nucleus reuniens is 

necessary for the task-contingent firing in CA1 place cells. This implies that conditional firing 

may arise in the mPFC and may be passed through the nucleus reuniens to the CA1 layer of 

the hippocampus. However, another study showed that in the encoding phase CA1 input to 

the mPFC is needed for the animal to correctly perform the delayed non-match-to-sample 

task on the T-maze (Spellman et al., 2015). This indicates that the mPFC and the 

hippocampus exhibit bidirectional interactions during spatial memory tasks in which the 

nucleus reuniens may play a role as a relay. 

 

4.3 Interaction of novel reward with dopamine 

 

One of the primary hippocampal inputs that can regulate the reward association processing 

is the ventral tegmental area (VTA) (Lisman and Grace, 2005). Single-unit recording studies 

have revealed that the firing rate of dopaminergic neurons is increased by unexpected 

reward and such firing is also reduced when an expected reward is omitted (Mirenowicz and 

Schultz, 1994). The firing rates of VTA dopaminergic neurons are increased by exposure to 
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novel stimuli (Ljungberg et al., 1992). VTA dopaminergic input inputs may play a role in 

spatial leaning. Indeed, intra-hippocampal injection of D1 and D2 agonists improves 

performance in the eight arm radial maze (Packard and White, 1991). Furthermore, 

optogenetic activation of dopamine terminals in CA1 during learning results in increased 

recall of trajectories in a “crossword” maze and enhances post-learning reactivation of place 

cells (McNamara et al., 2014). According to these previous studies, the dopaminergic 

projection from the VTA has modulatory effects on hippocampal functions like those related 

to spatial learning and novelty detection. 

Given that dopamine cells increase their firing as a result of novel, unexpected rewards and 

reduce it with expected rewards (Mirenowica and Schultz, 1994), I expect that in the early 

trials while the animal is learning the task dopamine cells in the VTA are active leading to 

extra levels of dopamine in the hippocampus while the animal is approaching the reward. 

Indeed voltammetry results showed that dopamine levels in the striatum increase steadily 

as animals approach rewarded goals on mazes (Howe et al., 2014). Therefore, dopamine 

levels can be modulated even within single arm approaches. Such increased dopamine 

levels may be a factor that enables the shifting of place fields during learning. Such an effect 

may be directly caused by dopamine but it is possible that this is indirect, it occurs due to 

changes of inputs to place cells that might be modulated by dopamine. The fact that the 

animal learns the working memory task fast indicates that the animal expects a reward at 

the end of all arms it visits. Hence dopamine cells may be only weakly active, and the 

reduced dopamine levels could not induce place field shift in the working memory task.  

Dopamine may not be the only nonspecific neurotransmitter that can influence 

hippocampal place cells during goal learning. The unexpected reward at the novel-goal arms 

may trigger changes in the environmental cortex and it could be associated with similar 

network responses to that we see in novel environments. Novel environments are 

associated with a variety of nonspecific neurotransmitters that increase their firing in novel 

environments. In addition to dopamine acetylcholine has been also shown to increase in 

novel environments (Pepeu and Giovannini, 2004). Moreover, a recent study showed the 

increased activation of the locus coeruleus in novel environments, but the hippocampal 

effect in learning was dopamine-dependent (Takeuchi et al., 2016).  Given that VTA cells 

also increase their activity during environmental novelty, it may be difficult to separate out 



  
 

the effect of specific dopamine release from the VTA and that originating from the locus 

coeruleus.  

In novel environments pyramidal cells on average exhibit a higher firing rate than in familiar 

environments (Nitz and McNaughton, 2004).  Such a rate increase may be caused by an 

increase of any of these neurotransmitters. Similar to the novel environment-mediated 

firing increase, in my tasks in which spatial reference memory was needed to be updated, 

the firing rate of the cells was modulated by novel-goal locations in the previous or next 

arms.  In our case the conditional, goal novelty-related firing increase has been seen in both 

inbound and outbound trials. However, place field shift has been seen in approaching a goal 

on an arm but no shift occurred in in returning from an arm while animals approached a 

goal in another arm.  This suggests that the conditional rate modulation and place field shift 

are linked to different mechanisms, and perhaps different subcortical areas. For example 

dopamine from VTA may cause the place field shift while acetylcholine or perhaps locus 

coeruleus activation may cause the increased firing related to novel goal locations.   

Novel goal arm-related rate modulation or place field shift was not seen in the working 

memory task. Although animals did not have to remember the location of rewarded arms, 

the working memory errors certainly indicate that animals detected the new task 

configuration involving partially updated arms. Yet goal shift or novel-goal arms-related rate 

changes were not seen here suggesting that these occur only during the update of reference 

memories and are triggered by novel context-related network responses and the extra 

release of nonspecific neurotransmitters in this case. 

 

4.4 Sequence reactivation 

 

Several studies have examined whether trajectory replay predicts the future behavioral 

choice of the animal. Early studies observed the reactivation of both alternative trajectories 

at the choice point of a T-maze during theta oscillations (Johnson and Redish, 2007). This 

has been observed in animals which were hesitant at the choice points and stopped to 

decide which arm to take next. Theta sequence replay was examined further in a task in 

which animals had to decide between reward locations with varying reward amount and 
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delays on a circular track (Wikenheiser and Redish, 2014). In such cases theta sequences 

replayed longer trajectories when a more distant goal was selected. The length of the theta 

sequence trajectory was predictive of the behavioral choice of the animal but they were not 

directly related to the selected goal. In this latter study it is possible that short sequences 

reflected theta phase precession-related replay whereas longer sequence may occur during 

HSEs that can occur during theta oscillations as well (O’Neill et al., 2017). Such HSEs could be 

generated through behavioral state-dependent mechanisms, e.g. the animal may have 

stopped more frequently before undertaking a longer run on the maze.  

Indeed other work suggested that not theta periods but SWR and perhaps trajectory replay 

during SWR-associated HSEs are important for decision making related to goal locations.  

This was first shown by revealing differences in SWR firing in error trials as compared to 

correct trials on a spatial task on a W maze (Singer et al., 2013). However, replayed 

trajectories did not predict the behavioral choice of the animal. The blockade of SWR on the 

same W maze task caused working but not reference memory deficits suggesting that SWR 

associated trajectory replay may be involved in working memory recall (Jadhav et al., 2012). 

Another study again using varying stimulus delays associated with varying reward amounts 

on a continuous T-maze showed that more SWRs occur at the reward locations when the 

animals do not stop at a decision point after as compared to cases when it stops (Papale et 

al., 2017). In this study they also compared the Bayesian place probabilities expressed by 

the cell assemblies at the decision point. As expected the highest probabilities encoded the 

decision point itself. However when the two reward location were compared, the 

probabilities encoding the chosen reward location were higher than those encoding the 

unchosen one. This finding suggests that some of the place cells encoding the next reward 

may have also fired, on occasions, at the decision point. Taking these studies together, the 

SWRs at reward locations may be involved in the decision to reach the next goal.  

Even in 2D environments, SWR-associated replay may play a role in goal selection: it was 

shown that trajectory reactivation predicts the direction in which animals move to reach a 

goal in a 2D environments in which goals are placed in many possible locations along a grid 

arrangement, similar to the cheeseboard (Pfeiffer and Foster, 2013). However, the goal 

location itself could not be directly predicted, given that several alternative fixed-placed 

goals can align with the predicted heading of the animal. In our case the radial eight-arm 



  
 

maze offered fewer possible goals, enabling us to identify which arm and thus which goal is 

to be reached by a reactivated trajectory.  Indeed, at the central arm, just before the animal 

made a decision, sequence replay predicted the future arm choice of the animal in tasks 

requiring spatial reference memories.  Such prediction worked when we tested for the three 

possible arm choices or even when tested for trajectories representing all eight arms. These 

reactivated trajectories preferentially encoded the next inbound trajectory of the animal in 

the forward temporal order. At the same time at the reward location reactivated 

trajectories encoded the movement of the animal returning from the arm to the center but 

in a reverse temporal order. Therefore our finding suggests that sequence replay at the 

decision point guide the animals’ future choice when spatial reference memory was needed 

for the task. 

In the working memory task at the decision point the previously visited arm was replayed 

preferably, the return trajectory of the animal from the arm in a reverse temporal order. 

This is identical to the trajectory replayed previously at the reward locations at the end of 

the arm. Hence replay in the central stem did not reflected alternatives of the future arm-

selection but the experience of returning from the last rewarded arm. How can our findings 

be explained in the light of the SWR blockade experiments that caused reference but not 

working memory errors on the W maze (Jadhav et al., 2012)? In fact the maze running task 

used on the W maze both had a working and reference memory component. In this 

condition our replay indeed predicted the future behavioral choice of the animal. Note, 

however, that blockade of the SWRs during cheeseboard learning only caused mild 

behavioral impairments in learning the cheeseboard task in mice experiments (Roux et al., 

2017). The cheeseboard maze task is however much easier to learn and we do not see 

trajectory reactivation in this task (Stella and Csicsvari, unpublished observation). In our 

working memory task it is likely that the hippocampus was not involved in arm selection per 

se. Indeed, the hippocampus may only signal the visited arms to the mPFC, which 

information may be retained there in pure working memory tasks (Spellman et al., 2015).  

Hence our findings suggest that hippocampus may involve actively in goal selection through 

sequence replay when alternative goal locations are needed to be localized at the decision, 

i.e. when reference memory is needed. In contrast, in agreement with past work (Spellman 

et al., 2015), during pure spatial working memory tasks the hippocampus may only signal 
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previous arms visits to the mPFC and the mPFC is keeping track of the arm visits of a trial 

and is involved in future goal selection. 

The conditions when we observed forward or reverse replay do not agree with a previous 

study. Diba and Buzsaki (2007) suggested that just before the animal leaves for a track, 

forward replay of the next trajectory may be replayed whereas just after the animal arrived 

to a place a reverse replay could be seen. In our case reverse replay of the next outbound 

trajectory was seen at the reward location unlike the predicted forward order trajectory. A 

more recent study (Silva et al., 2015) suggested that change of reward amount can 

modulate the propensity of reverse but not forward replay events so that an increase of 

reward amount is accompanied by an increase of reverse replay while decrease of rewards 

is associated with fewer reverse replays. In our case, at the reward location reverse replay 

was always more frequent than forward replay, in all of our tasks. Although reward was 

fixed in our task, reward expectancy varied across tasks and was expected to be higher in 

the working memory task. Moreover, in the center, the temporal order of the replay (i.e. 

forward or reverse) predicted whether the task on the maze required reference memories 

or only working memory. 

 

 

 

 

 

 

 

 

 

 

 



  
 

5 Future work 

 

My results revealed that place cell assemblies are influenced by spatial reference memory 

and their gradual reorganization is linked to novel-goals. Moreover, the reactivation of 

hippocampal assemblies at the decision point predicted the future arm chosen by the 

animal next. However, some other observations raise further questions about the 

behavioral factors that might influence place cells assemblies, and associated replay 

sequences. Some of these related topics of future research are outlined below.  

 

5.1 Place coding in CA1 versus CA3 regions 

 

According to my results, many CA1 cells in the hippocampus showed conditional firing; i.e., 

they showed changes in firing patterns depending on the past and future arm choices of the 

animal. It is unclear, however, whether such conditional firing can be observed in in CA3 

region. Nucleus reuniens do not project to the CA3 area only to CA1 (Griffin, 2015). 

Therefore, if indeed the nucleus reuniens input is needed for conditional firing of 

hippocampal cells (Ito et al.  2015) we may not see such firing in CA3. Yet, considering that 

superficial layer medial entorhinal cortex cells also exhibit conditional firing (Lipton et al., 

2007; O’Neill et al., 2017), CA3 cells may exhibit conditional firing in using inputs from the 

medial entorhinal cortex. 

 

5.2 Gamma synchronization across the CA3 and CA1 regions 

 

Previous modeling studies suggested that gamma oscillation has been implicated in working 

memory process (von Stein et al., 2000; Fries et al., 2001) and in particular it may play a role 

in segregating and maintaining items in working memory (Lisman and Idahrt, 1995). 

Experimental support has been also provided for this, CA3-CA1 gamma frequency 

synchronization selectively increases on the center of a modified T-maze where the animal 

makes a choice (Montgomery and Buzsaki, 2007). Indeed other studies have also implicated 
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CA3-CA1 slow-gamma synchronization to memory recall (Colgin et al., 2009; Zheng et al., 

2016). Gamma synchronization may not be related to working memory recall only, it may 

occur during reference memory recall as well. Parallel recordings in the CA3-CA1 regions can 

reveal conditions in which gamma synchronization might increase between these regions 

and also which task can modulate such firing.  

 

5.3 Awake versus sleep replay 

 

In this study, forward and reverse replay has been examined during the awake state. 

However, I have not checked the replay during sleep SWRs or HSE periods. Early work has 

suggested that only forward sequences are present during sleep (Lee and Wilson, 2002). 

More recent work using Bayesian encoding-based methods however showed that both 

forward and reverse replay takes place in sleep as well (Dragoi and Tonegawa, 2011; 

Olafsdottir et al., 2016; O’Neill et al., 2017). It is unclear however whether in our conditions 

sleep replay would exhibit similar bias for forward and reverse replay as waking replay. 

Similar bias would suggest a similar mechanism behind both types of replay. It is possible 

that sleep replay is more literal reflections of experience, serving mainly a memory 

consolidation function, whereas awake replay represents all possible paths supporting 

learning or search function or navigation on the maze. Accordingly, unlike in waking replay 

where replay sequences were restricted to single arms sleep replay may involve multi-arm 

trajectories. It has been shown that during consecutive SWR long sequences may be 

replayed (Davidson et al., 2009). Therefore it is possible that during sleep sequences 

involving consecutive arm choices can be seen, particularly those combinations that the 

animal has a bias in taking during behavior. Finally it was shown that novel environments 

are relayed stronger than familiar ones (Cheng and Frank, 2008; O’Neill et al., 2008). 

Therefore, it is possible that sequences involving novel-goal arms are replayed more often 

than those of the familiar-goal arm. 

 

5.4 Interaction of hippocampus with other brain regions   

 



  
 

Recently, a few studies have utilized dual multichannel recordings in the hippocampus and 

reward processing areas such as the ventral tegmental area (VTA), ventral striatum and or 

other cortical regions such as the entorhinal cortex, prefrontal cortex (Ji and Wilson, 2007; 

Lansink et al., 2009; Gomperts et al., 2015; Olafsdottir et al., 2016; O’Neill et al., 2017). In 

the context of my findings on the eight-arm maze, multi-region recording can enable an 

understanding of the interaction between these areas, particularly to check how 

hippocampal interactions with other brain areas contribute to the place fields shifting, task-

dependent firing modulation  or to sequence replay. For example, in order to test whether 

some of the effects are originated from the medial entorhinal cortex, once can test whether 

gird cells behave similarly as described on relation to hippocampal place cells. Grid cells 

have been shown to show task parameter-related rate modulation and medial entorhinal 

cells also exhibit waking sequence replay during a working memory task (O’Neill et al., 

2017). Hence, goal-related shift of grid fields, novel-goal arm related firing increase and 

behavioral choice dependence of replayed sequences can all be tested in the media 

entorhinal cortex. Prefrontal hippocampal interactions are also interesting to test, for 

example during memory encoding theta synchronization was seen between mPFC and 

hippocampus (Jones and Wilson, 2005). In my task it would be also possible to test at which 

stages of the task one may see such synchronization  

Past work has relied examining on oscillatory synchronization of local field potentials across 

regions, which is useful tool for establishing functional connections between regions 

(Chrobak and Buzsaki, 1996; Fujisawa and Buzsaki, 2011) or between cell pairs in different 

regions (Gomperts et al., 2015; Lansink et al., 2009; van der Meer et al., 2010). However, 

simultaneous monitoring of replay events and neuronal assembly activity in other regions 

will help us understand how reward-related activity or replay sequences are influenced by 

different hippocampal inputs. This can ultimately reveal how spatial learning and spatial 

decision take place through the coordinated activity of assemblies in different brain areas. 
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