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ABSTRACT 
 

Patterns of hippocampal ensemble activity that occur during a spatial experience are 

reactivated during subsequent rest periods and slow wave sleep.  Connections between 

active cells are thought to be strengthened, via long term potentiation (LTP), by repeated 

co-activation during experience, which suggests that the level of memory trace 

reactivation would increase proportionately with repetition.  Alternatively, plasticity 

associated with memory formation, such as LTP-dependent place field expansion and the 

induction of activity-dependent immediate early gene, ARC, saturates after only a few 

laps, indicating that reactivation would plateau after a few repetitions.  The length of the 

repeated sequence may also affect reactivation, since activation of a very short sequence 

can be repeated more frequently than a long sequence in a given time period.  We studied 

how memory trace reactivation was affected by repetition and the length of the repeated 

sequence by observing the reactivated patterns of cell-pair correlations after a rat ran laps 

around a long circular track versus running more laps around a short track.  On the 

shorter track, fewer cells had place fields, but they covered more of the track, resulting in 

generally stronger correlations among active cells.  In addition, neuronal activity was  

recorded from dorsal and mid-ventral CA1.  In mid-ventral CA1, there were fewer place 

fields in the environment but they were larger, with generally stronger correlations 

among active cells.  The comparison between dorsal and mid-ventral regions is thus 

analogous to the comparison between the sequence of place fields on a long versus short 

track, respectively.  Although there were more cells active in the dorsal region, but more 

potent correlations in the middle region, no differences in memory trace reactivation were 
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found with respect to repetitions, track length or hippocampal region.  This suggests that 

although spatial scaling increased along the dorsoventral axis of the hippocampus, 

reactivation is balanced, and possibly coherent across the hippocampal axis and it is 

relatively independent of  sequence length or number of repetitions, at least when that 

number exceeds about 20.   
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GENERAL INTRODUCTION 
 

Pyramidal neurons in the hippocampus discharge in specific spatial locations of 

an environment, known as place fields (O'Keefe and Dostrovsky, 1971) which may 

change in  location, depending upon the context of the experience.  These activity 

patterns are believed to constitute tags that link together representations of experience, 

that may be stored in distributed form in the cortex, so they can later be recalled from 

memory through a process of indirect associative retrieval.  During periods of rest 

following active, waking experience, local field potential recordings in the hippocampus 

show large fluctuations accompanied by high frequency oscillations, 100 – 300 Hz, 

known as sharp wave – ripple events (SPWR) (Vanderwolf, 1971; O'Keefe, 1978; 

Buzsaki et al., 1983; Ylinen et al., 1995).  Bursts of pyramidal neurons in sub-regions 

CA3 and CA1 are coincident with SPWRs (Buzsaki, 1986; Ylinen et al., 1995; Csicsvari 

et al., 2000), during which the ensemble firing patterns from previous waking activity are 

reactivated, as though recent events were being replayed (Wilson and McNaughton, 

1994; Kudrimoti et al., 1999).   

Repeated co-activation of hippocampal neurons during a repetitive behavioral 

experience appears to result in asymmetric synaptic enhancement, by a process called 

long term potentiation (LTP) (Hebb, 1949; Bliss and Lomo, 1973), which is thought to be 

at least one important cellular mechanism underlying memory formation.  Because LTP 

increases (up to a ‘saturation’ level) with repetition of the inducing stimulus, ensembles 

of recently active cells would be more be more likely to retain their activity-dependent 

firing patterns after more repetitions; however, the number of repetitions of a natural 
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stimulus required to saturate LTP is unknown.   Although LTP during behavior is 

implicated as one of the possible mechanisms underlying the induction of ensemble 

activity during subsequent SPWRs and memory trace reactivation (Buzsaki, 1989; Shen 

and McNaughton, 1996), the effect of increased repetitions of a behavioral sequence on 

the level of subsequent trace reactivation is unknown.   

In order to understand how reactivation of hippocampal cell activity contributes to 

long term memory consolidation, it is helpful to learn how differences in the behavioral 

task affect the reactivation of those memory traces.  “Practice makes perfect”, is a 

common phrase used to describe the fact that repetition increases memory performance.  

The central question addressed in this dissertation is: Does increased repetition of an 

experience result in increased “offline” memory trace reactivation?  Theoretically, more 

repetitions would strengthen the synaptic connections within associated memory traces, 

thus increasing the probability of subsequent spontaneous reactivation.   Does the length 

of the repeated sequence, (e.g., the length of a lap on a circular track) correlate positively 

or negatively with the degree to which it is subsequently reactivated?  The succession of 

hippocampal place fields activated during each lap on a short or long track can be thought 

of as a repeated short or long sequence of consecutive place field activities.  When trying 

to remember a sequence of numbers, it is easier to remember a short sequence than a long 

one.  Will a short sequence have greater “offline” reactivation than a long sequence?  

Theoretically more short sequences could possibly fit into a given “offline” time period 

than a long one, but a larger ensemble of cells associated with a long track might have a 

greater probability of being reactivated if the spontaneous activity of any cell in the 
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recently active ensemble can induce the reactivation of the rest of the memory trace.  

These are important conceptual issues that current experimental data cannot answer.    

The present study examined how memory trace reactivation in rat hippocampal 

area CA1 was affected by the length of a repeated sequence of consecutive place fields 

and the number of repetitions of each sequence.  This was accomplished by comparing 

reactivation after a period of exploration on a small circular track with one that was 

effectively four times longer, with correspondingly fewer laps on the long track.  In 

addition, the effect of variation in the number of laps run in a given session was assessed. 

Additional verification of this relationship could, at least theoretically, be found by 

comparison of reactivation in dorsal and mid-ventral regions of the hippocampus if the 

reactivation process were independent between these regions, which is currently 

unknown.  There is a trend toward larger spatial scaling down the dorsal-ventral axis 

(Jung et al., 1994; Maurer et al., 2006b).  Hippocampal cells in more ventral regions have 

larger place fields, but lower firing rates, and a lower portion of cells with fields in a 

given environment.  As a rat travels around a circular track, when compared to cells in 

the dorsal hippocampus, there will be fewer active cells, but those will fire over larger 

portions of the track, but at somewhat lower rate.  This comparison is analogous to 

comparing the sequences of place fields active on a short circular track with a long track.  

Thus, more fields will be sequentially active on a long track than a short track, and more 

will be active in the dorsal than ventral hippocampus.  The sequence measured in the 

dorsal region on a small track should be similar in terms of the numbers of sequentially 

activated cells to one in the ventral region on a long track.  Results consistent with this 
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conjecture may thus disambiguate the interactions between length and repetitions and 

cross-validate the hypothesis that reactivation is affected by length or number of 

repetitions of a sequence.  
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Memory Consolidation 
   

Memories are thought to be stored in the stable synaptic connections among the 

neurons that were co-activated during the original experience.   Although there are 

billions of neurons in the human brain, each one connected to hundreds or thousands of 

other neurons, there is simply not enough space in the skull for each neuron to be 

connected to every other neuron, hence enabling the instantaneous association of 

arbitrary events.  Thus, a more complex system must be used to manage long term 

memory storage.  Fortunately, not all of the information experienced in life is necessary 

to remember.  There is little value in relearning highly familiar, mundane activities, but 

events that significantly affect one’s life, such as the location of a rich food source or a 

dangerous predator are absolutely critical to retain.  Thus, selective strengthening or 

weakening of memory traces is an essential feature of efficient memory storage 

(McClelland et al., 1995; McGaugh, 2000).  Soon after an experience, memories can be 

enhanced or attenuated depending on emotional arousal and levels of neurohormones.  

This evolution of the neural representations of an experience is termed memory 

consolidation (Mueller, 1900).   

Reflections on memory consolidation and forgetting can be traced at least as far 

back in time as the first century A.D. in the writings of the Roman teacher of rhetoric, 

Quintillian, Institutio Oratoria, Book XI, where he remarks on memory: 
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 “It is astonishing how much strength the interval of a night 

gives it …and whether it be that reminiscence, which is the most 

efficient quality of the memory, is cherished or matured; certain it 

is, that what could not be repeated at first is readily put together on 

the following day; and the very time which is generally thought to 

cause forgetfulness is found to strengthen the memory.  …the power 

of recollection undergoes a process of ripening and maturing during 

the time which intervenes” .   

 

Early clues to the nature of memory consolidation came from examination of 

forgetting and incidences of memory interference.   Several decades after Korsakov 

described the amnesic syndrome caused by brain damage in 1854, Ribot (Ribot, 1881, 

1882) detailed the consequences of brain damage on memories and discovered a 

“progressive loss of memory that affects memories in the reverse order of their 

development”.  This time course of decreasing fragility with the age of the memory is 

known as “Ribot’s Law” and is also described as temporally graded retrograde amnesia 

or a Ribot gradient.  This theory was reinforced by Jost’s second law (Jost 1897) which 

stated that “when two associations (i.e. memory traces) are of equal strength but different 

ages, the older one will decay less rapidly in a given period of time than the younger one” 

(Youtz, 1941; Wixted, 2004).   

Explorations of memory processes necessitate a baseline evaluation of the degree 

of efficient recall and its eventual failure, i.e. forgetting.  Ebbinghaus (Ebbinghaus, 
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1885/1913) measured the number of trials it took to reproduce lists of nonsense syllables 

twice without a mistake, concluding that forgetting occurs in a logarithmic fashion.  In an 

attempt to determine whether forgetting was actually a process of decay or caused by 

interference by other memories, Jenkins and Dallenbach, (1924) compared the 24 hr. rate 

of decay of memory for nonsense syllables when one group of subjects slept through the 

retention interval and another remained awake.  Decay theory predicts no difference 

between groups, while interference theory predicts more forgetting in the wake group, 

since the sleep group was not learning in the interval (or so they thought).  More items 

were recalled when the subjects slept during the retention interval, suggesting (to the 

authors) that interference was a more significant cause for forgetting than decay (Jenkins 

and Dallenbach, 1924).   

The act of forgetting may be a necessary maintenance feature to clear out room for 

future memories.  Synaptic plasticity in the hippocampus is dependent on the phase of 

theta upon which the cells were firing (Pavlides et al., 1988; Huerta and Lisman, 1995; 

Holscher et al., 1997; Orr et al., 2001).  Long term potentiation can be induced by 

stimulation during the positive phase of the theta cycle, which can be depotentiated by 

stimulation during the negative theta phase.  Poe and colleagues (Poe et al., 2000) found 

that cells that were active in a novel environment fire on the positive phase of theta 

during behavior and REM sleep, then progressively shift toward the negative phase with 

familiarity.  This suggests that ensemble activity from a novel experience continues to be 

strengthened during subsequent REM sleep but older stored patterns are selectively  

weakened during REM sleep.   
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Forgetting may be a feature, rather than a failure, of the process of memory 

retention.  Although it might be inconvenient not to remember a particular mundane fact, 

such as what I had for lunch a few days ago,  those memories are now thought to be 

incrementally incorporated and interleaved with existing memories so that memories  

with similar constituent parts become connected to encourage the formation of 

generalizations (McClelland et al., 1995).  The formation of generalizations has the 

distinct advantage that the appropriate behavioral responses to a particular stimulus can 

be rapidly determined by a recall of the sum of the related experiences and consequences 

of that event without having to stop and review the memories of each and every 

experience.      

Summarizing over 40 experiments using the recall of nonsense syllables, (Mueller, 

1900) proposed the ‘preservation-consolidation’ hypothesis of memory.  They stated that 

newly formed memories were disrupted by the subsequent learning of other information 

shortly after the original learning, suggesting that new memories initially persist in a 

fragile state and consolidate over time.  If new information was presented while the initial 

memory was fragile, the initial memory would be degraded.   Burnham (1903) applied 

the preservation-consolidation hypothesis to explain the retrograde nature of memory loss 

in patients with cerebral trauma, confirmed nearly half a century later in two publications 

identifying retrograde amnesia in rodents induced by electroconvulsive shock (Duncan et 

al, 1949; (Gerard, 1949).  They found that electroconvulsive shock treatment was most 

damaging when applied during a brief time window following learning, but the memories 

were resistant to damage when ECS was applied outside the “window” of consolidation.  
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This provided further evidence to support the hypothesis that the process of memory 

stabilization continues beyond the duration of the experience, during which time the 

memory is susceptible to modification or extinction.  The rise in popularity of 

electroconvulsive therapy (ECT) to treat schizophrenia and mood disorders resulted in 

more cases of amnesia for recent events that often extend for weeks, sometimes years 

(Squire et al., 1978).   

In 1949 Donald Hebb shifted the focus from the effect of behavioral 

manipulations on memory to understanding its underlying biological components.  In his 

dual-trace theory of memory formation, the initial trace of memory exists within local 

reverberating memory circuits which induce structural changes that serve to strengthen 

the interconnections, creating a “cell assembly” that stores the long-term memory.  The 

increase in efficiency of the connections between two cells after repeated co-activity 

came to be known as “Hebb’s rule”.  24 years later, biological evidence for Hebb’s rule 

was found in the form of long term potentiation, LTP (Bliss and Lomo, 1973; 

McNaughton et al., 1978).  Hebb’s biologically based rule describing how patterns of 

activation can be stored in cell assemblies inspired several models of memory 

consolidation.  Although some of the models were mathematical abstractions, others were 

drawn from analogy to equivalent circuits or were focused on connectivity between local 

cell networks (Milner, 1957; Steinbuch and Frank, 1961; Marr, 1969; Willshaw et al., 

1969; Marr, 1970, 1971; Kohonen, 1973).   

There are several computational functions that form the basis of most of the 

theories of memory consolidation.  The first is that the essence of an experience can be 
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stored via the enhanced connectivity among a collection of coactive cells; and the 

resulting enhancement of synaptic efficacy should be specific to these cells.    Second is 

the concept of heteroassociation, in which several cell assemblies, each storing particular 

aspects of a memory, combine into a complete memory trace.  In other words, a mention 

of the word banana assembles the collective patterns associated with yellow, curved, 

sweet, fruit, etc. An important corollary to this feature is that activation of a subset of 

stored patterns, e.g. yellow and fruit, can be used to recall the initially stored 

representation, banana.  An obvious problem then is identified where patterns overlap, 

such as in the features of yellow fruit which instead could have recalled a lemon.  

Memory systems need to be able to combine associated features (paired associations) 

while separating similar, but unique (orthogonal) representations, e.g. banana and lemon, 

by a process of pattern separation.  Neurons discharge in a probabilistic manner, such that 

there is a non-zero level of “noise”.  Hence, without a perfect recreation of the patterns of 

inputs used to create a synaptic memory trace, there should be mechanisms of error 

correction and pattern completion in order to recall a memory by only a subset of correct 

associated patterns.  With this much redundancy and specificity, the number of synaptic 

connections necessary to create a memory trace must be immense.  Thus a necessary 

condition of a model of memory formation should be sparse and distributed encoding.  In 

fact, another common feature of memory models is that with an increasing number of 

stored patterns in the system, comes an increase in the interference between patterns, 

degrading recall, and there is a saturation point where no more patterns can be stored.  
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These computational features, first attributed to anatomical circuitry by Marr in 1971, 

have since been observed in moving animals (McNaughton and Morris, 1987).  

The bulk of theories on memory consolidation are built on the basis of the time-

limited memory functions of the hippocamapal formation (Scoville and Milner, 1957; 

Marr, 1971; Squire et al., 1984; Teyler and DiScenna, 1986; Squire and McKee, 1992; 

Treves and Rolls, 1994; McClelland et al., 1995; Squire and Alvarez, 1995).  Each model 

is an attempt to describe the network of neuronal features that can result in abrupt 

anterograde amnesia (AA), and graded retrograde amnesia (RA) with the loss of a fully 

functional hippocampal formation.  The most debated detail is how the hippocampus is 

involved after the initial formation of a memory trace.   Some believe that a complete 

representation of an experience is initially stored in the hippocampus, then later 

transmitted to the neocortex for long term storage (Alvarez and Squire, 1994; Treves and 

Rolls, 1994; Cho and Kesner, 1995).  Others have suggested that the hippocampus binds 

disparate regions of the neocortex by co-active synaptic enhancement until the local 

neocortical networks distributed across the brain can co-activate on their own, known as 

the trace replay theory (Squire and Zola-Morgan, 1985; Teyler and DiScenna, 1986; 

Buzsaki et al., 1989; Squire and Alvarez, 1995; Rolls, 2000).  Yet some have postulated 

that the hippocampus acts as an index of local neocortical circuitry (Teyler and DiScenna, 

1986).  Most of these models can be lumped into an overarching “standard consolidation 

theory” (Nadel and Moscovitch, 1997).  A common feature of these hypotheses is that 

neocortical connections form slowly, requiring repeated activation to affect gradual 

changes in the synapses involved in the memory traces (Alvarez and Squire, 1994; Treves 
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and Rolls, 1994; McClelland et al., 1995).  McClelland, McNaughton and O’Reilly 

(McClelland et al., 1995) suggested that in the neocortex, learning occurs gradually, with 

interleaved exposure to related features, slowly building a memory system with the 

capability of categorization and generalization.  The slow rate of neocortical learning 

necessitates that rapid learning occur elsewhere, namely, the hippocampus.  Rapid place 

field stabilization has been observed in the hippocampus, even on the first exposure to an 

environment (Hill, 1978; Wilson and McNaughton, 1993; Nakazawa et al., 2003).  An 

alternative explanation for the graded loss of memory nearer to the pathological incident 

is that the hippocampus is continually creating new memory traces, resulting in more 

redundancy with time.  Thus, older memories are more resistant to impairment by a loss 

of a portion of the hippocampus because they are more likely to have residual traces left 

relatively unharmed.  The multiple trace theory (MTT), proposed by Nadel and 

Moscovitch (Nadel and Moscovitch, 1997), also assumes a long-term process of slowly 

changing neocortical connections and posits that each reactivation of memory traces 

occurs in a unique context.  In this case, portions of the new trace will be shared with an 

older trace, but other parts will reflect the differences in conditions between the two.  

With time and more reactivation, there will be more traces that are associated together 

and access to any of them will become easier as there are more pathways to them.  An 

essential feature of this model is that it addresses a discrepancy in the standard theory 

with respect to the apparent inconsistency of the gradients of retrograde amnesia in 

human studies.  With the MTT model, episodic memories, those of personal experiences, 

remain dependent on the hippocampus, while semantic memories, knowledge 
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independent of context, are strengthened in the neocortex over time (as described by 

(McClelland et al., 1995), becoming independent of the hippocampus.  The MTT model 

predicts that reactivating traces will continue to proliferate until the supply of available 

synapses is depleted.  This critical limitation can theoretically be solved by limiting the 

number of traces replicated by any particular memory (Nadel et al., 2000).  Two 

modifications were used to circumvent the limitations of the MTT model: the ‘recency 

model’, where trace replication declines with the age of the memory; and the ‘saturation 

model’, where increasing number of traces of a memory decreases the probability of 

replication (Nadel et al., 2000).  When using either of these modifications the MTT 

model was able to show how memory trace reactivation contributes to long term memory 

storage while accurately replicating the retrograde amnesia found in patients with 

temporal lobe damage.  

In summary, whether memory consolidation in the actual brain is more like the 

MTT or the standard models, each theory incorporates reactivation of recent experiences 

for stabilizing the networks, resulting in a long lasting memory trace.    
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Memory Trace Reactivation 
   

According to most theories on memory consolidation, shortly after a learning 

experience, the patterns of neuronal activity, representing memory traces of an event, are 

reactivated, leading to more stable long term memory traces.  This phenomenon, termed 

memory trace reactivation, has been observed in rats (Pavlides and Winson, 1989; Wilson 

and McNaughton, 1994; Skaggs and McNaughton, 1996; Qin et al., 1997; Shen et al., 

1998; Nadasdy et al., 1999; Gerrard et al., 2001; Hirase et al., 2001; Louie and Wilson, 

2001; Lee and Wilson, 2002; Sirota et al., 2003; Pennartz et al., 2004; Ribeiro et al., 

2004; Ribeiro and Nicolelis, 2004; Battaglia et al., 2005; Ramirez-Amaya et al., 2005; 

Foster and Wilson, 2006; Jackson et al., 2006; Tatsuno et al., 2006; Csicsvari et al., 2007; 

Ji and Wilson, 2007; Garrard et al., 2008, O'Neill et al., 2008), zebra finches (Dave and 

Margoliash, 2000) and macaque monkeys (Hoffman and McNaughton, 2002a).  In 

humans, fMRI or PET studies have revealed similar broad neural activity patterns 

between learning and subsequent rest periods, but current measurements are not yet 

precise enough to distinguish much more than the fact that the regions involved in 

memory formation were reactivated in a similar way to the activation levels seen during 

learning (Maquet et al., 2000; Laureys et al., 2001; Peigneux et al., 2003; Huber et al., 

2004; Peigneux et al., 2004; Peigneux et al., 2006; Hennevin et al., 2007; Rasch et al., 

2007).  

The process of synaptic modification, using Hebb’s rule, occurs during the co-

activation of two or more cells, thus it makes sense that cells that were simultaneously 

active during the experience would be more likely to be co-active in the future.  
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Electrophysiological recordings from several pyramidal cells in the CA1 of freely 

moving rats revealed that pairs of cells whose spike trains were highly correlated during 

behavior, e.g. cells with adjoining place fields, were also highly correlated during 

subsequent periods of rest (Wilson and McNaughton, 1994), even though they were 

uncorrelated prior to the experience.  Spike trains of pairs of cells with non-overlapping 

place fields were uncorrelated before, during and after the behavioral experience.  This 

effect is not merely due to a global increase in firing rate in response to an elevated 

metabolism, or sustained activity as pairs of cells with non-overlapping place fields 

remained uncorrelated during the reactivation events.  Furthermore, temporal order 

(temporal bias) was preserved during reactivation between pairs of cells (Skaggs and 

McNaughton, 1996; Gerrard et al., 2008; Hoffman and McNaughton, 2002b), and triplets 

(Nadasdy et al., 1999).  In addition, reactivation of longer sequences of cell activity 

patterns was found using template-matching methods (Louie and Wilson, 2001; Tatsuno 

et al., 2006) and combinatorial decoding (Lee and Wilson, 2002).  The measurement of 

temporal bias reactivation is directly proportional to spatial memory performance in the 

Morris water maze (Gerrard et al., 2008).  This is the only evidence, to date, showing a 

direct relationship between memory trace reactivation and a behavioral measure of 

memory consolidation.  Studies of temporal bias or sequence reactivation revealed that 

sequences are replayed at about 20 times faster than real-time in the hippocampus and 5-6 

times faster in the prefrontal cortex (Skaggs and McNaughton, 1996; Nadasdy et al., 

1999; Louie and Wilson, 2001; Lee and Wilson, 2002; Euston et al., 2007).  In the 

hippocampus, this effect has been proposed to be a function of the accelerated temporal 
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sequence of spikes from successive place fields phase shifted within a single theta cycle. 

(Skaggs and McNaughton, 1996; Skaggs et al., 1996; Nadasdy et al., 1999; Louie and 

Wilson, 2001; Lee and Wilson, 2002; Euston et al., 2007), and hence may not be a true 

accelerated replay; however, replay in rat PFC is clearly accelerated up to 6-8 fold 

(Euston et al., 2007).  

Given its proposed role in memory consolidation, memory trace reactivation is also  

predicted to occur within neocortical and subcortical ensembles and between these 

regions and the hippocampus.  Reactivation of recent memory traces during SPWRs has 

been found not only in CA1, but within the dentate gyrus (Shen and McNaughton, 1996), 

ventral striatum (Pennartz et al., 2004; Lansink et al., 2008), motor, somatosensory, 

parietal and visual cortex (Qin et al., 1997; Hoffman and McNaughton, 2002a; Sirota et 

al., 2003; Ribeiro et al., 2004; Ji and Wilson, 2007).  Reactivation was not found in 

monkey prefrontal cortex (Hoffman and McNaughton, 2002a), but significant levels were 

found in the medial prefrontal cortex of the rat (Tatsuno et al., 2006; Euston et al., 2007).  

Trace reactivation also occurred between these extra-hippocampal structures (Qin et al., 

1997; Sirota et al., 2003; Euston et al., 2007; Ji and Wilson, 2007) except between the 

monkey prefrontal cortex and other regions (Hoffman and McNaughton, 2002a).   

Hippocampal SPWRs have been implicated in the transfer of information out of the 

hippocampus. They are hypothesized to facilitate transitions in neocortical cells from 

quiescent down-states to receptive and plastic up-states while powerful neocortical 

spindles globally synchronize cells, improving the chances of binding ensembles of cells 

in distant neocortical regions (Buzsaki, 1986, 1989; Shen and McNaughton, 1996; Siapas 
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and Wilson, 1998; Kudrimoti et al., 1999; Sirota et al., 2003; Battaglia et al., 2004a).  

Cells from the hippocampus and neocortex have been found to be modulated and become 

more synchronized during SPWRs, thalamocortical spindles, delta waves and slow 

oscillations (Siapas and Wilson, 1998; Sirota et al., 2003; Battaglia et al., 2004a) 

providing indirect support of the role of SPWR-mediated hippocampal memory trace 

reactivation in memory consolidation.   

Memory trace reactivation can be measured by comparing the patterns of correlated 

cell-pair activity during behavior and during sleep periods before and afterward.  Those 

correlations that arise from cells with overlapping place fields during behavior tend to be 

correlated during subsequent sleep episodes (Wilson and McNaughton, 1994).  Some 

pairs of cells, however, show correlated activity prior to the behavioral task.  In order to 

factor out these correlations, Kudrimoti, and colleagues (1999) used a partial correlation 

analysis to quantify the amount of variance in the spike train correlations between the 

task and subsequent sleep after the variance from the pre-task correlations was removed.  

The residual explained variance, EV, is a measurement of the reactivation of only the 

task-related memory traces.  

The explained variance measure of reactivation showed a rapid decay, typically 

with a time constant of about 30 minutes, to undetectable levels within an hour.  This rate 

has been observed using several different reactivation analyses and in several brain 

regions although reactivation did not decline for up to 40 minutes in ventral striatum 

(Pennartz et al., 2004).  Moreover, Hirase (Hirase et al., 2001) reported a long term effect 

of daily wheel training on firing rate changes in sleep for at least 24 hours.  Some of 
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Kudrimoti’s task-related paired spike train correlations were still present after 24 hours, 

indicating that memory trace reactivation persists for over a day, but the magnitude of the 

reactivation was much smaller than the amount seen immediately following the task 

(Kudrimoti et al., 1999).   

This rapid rate of decay was seemingly in contradiction to the putative role of 

reactivation in memory consolidation.  Windows of consolidation, in which recent 

memories are most susceptible to impairment, have been observed to be at least several 

days following a memory task (Riedel et al., 1999). This discrepancy has not  been 

resolved adequately, but it might mean that the content of the reactivated traces is rapidly 

diluted and interleaved with already formed memories (McClelland et al., 1995), or that 

spike sequences remain intact but quickly reduce in frequency of occurrence.  

Alternately, these methods might measure a short term form of reactivation, and there 

might be a secondary form of trace replay, albeit a more subtle one, that occurs over days 

or weeks.  In an effort to address the short time span of reactivation,  Ribeiro (Ribeiro et 

al., 2004) investigated the effects of a transient novel experience on the “reverberation” 

of neural activity patterns recorded continuously for up to 48 hours in the hippocampus, 

somatosensory cortex, putamen and thalamus.  Using a template matching reactivation 

algorithm, inspired by Louie and Wilson (Louie and Wilson, 2001), Ribeiro found long-

lasting reverberation lasting up to 48 hours in all measured brain areas.  Reverberation 

was greatest during slow wave sleep (SWS), low during awake periods and variable, but 

mostly low during rapid eye movement sleep (REMs).  These results showed promise of 

a new method to measure reactivation that yielded a time course more compatible with 
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standard consolidation theory, but the drastic discrepancy with other analyses warranted 

further investigation.  The experiment and analyses were duplicated in another laboratory 

(Tatsuno et al., 2006), but the results were not confirmed.  Long-lasting reverberation 

was not found in any brain region using Ribeiro’s template matching methods or 

explained variance, while short term reactivation was detected in the hippocampus and 

prefrontal cortex, in agreement with previous reports.  Further exploration and 

simulations led to the conclusions that the Louie and Wilson template matching algorithm 

is heavily weighted by the overall mean firing rates, and that the partial calculation of 

template-matching correlations is likely to lead to erroneous conclusions.   

It would be reasonable to assume that the best time to reactivate memory traces is 

during, or immediately after learning, then reinforcing it during sleep.  In fact, memory 

trace reactivation was strongest during slow wave sleep periods, particularly within 

SPWRs (Wilson and McNaughton, 1994; Kudrimoti et al., 1999).  Although reactivation 

increased during slow wave sleep, it was the presence of SPWRs, not sleep itself that was 

necessary for reactivation to occur.  Sharp wave events are commonly featured in 

memory consolidation theories because they are a result of spontaneous bursts of a 

significant population of cells in CA3, which has a highly recurrent synaptic network 

with a vast capacity to store information (Levy and Steward, 1983; McNaughton and 

Morris, 1987; Muller et al., 1991; Blum and Abbott, 1996; Shen and McNaughton, 1996; 

Samsonovich and McNaughton, 1997; Redish and Touretzky, 1998).  

Since dreams are most likely to be remembered after waking from REM sleep, it 

has long been postulated that dreams are a form of replay of recent events.  Memory 
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performance tasks show enhancements after REM sleep (Karni et al., 1994; Hennevin et 

al., 1995; Stickgold, 2005; Vertes and Siegel, 2005), and deterioration following REM 

sleep suppression (Fishbein, 1971; Smith and Butler, 1982; Smith and Kelly, 1988; Karni 

et al., 1994), thus one might expect to find memory trace reactivation during REM sleep.  

Memory trace reactivation of a familiar task could not be detected during REM sleep in 

one laboratory (Kudrimoti et al., 1999); however, sequence reactivation of a familiar task 

was found within REM sleep during the pre-maze sleep period (Louie and Wilson, 2001) 

relating to the previous day’s experience, but it was not found after a novel experience.  

Unlike SWS reactivation, reactivated sequences were uncompressed during REM sleep, 

allowing a replication of the activity patterns found during the initial sensory input.  It is 

possible that reactivation in REM sleep might not have been noted by Kudrimoti because 

the experiment was not carried out over a long enough stretch of time.  Reactivation may 

have been too weak and dilute to be detectable during early REM sleep episodes, but in 

late episodes after several rounds SWS, presumably reinforced the memory traces may 

then be detectable.  It is also conceivable that several rounds of hippocampal reactivation 

may have significantly altered the traces or the need for further activity within those cells.  

This suggestion is supported by a report that reactivation occurs in two waves (Ramirez-

Amaya et al., 2005).  Upon a single exposure to a novel environment, Arc (Lyford et al., 

1995) protein expression in CA3, CA1 and parietal cortex, induced by cell activity and 

believed to help stabilize AMPA receptors and prolong LTP, occurred in two waves: ½ to 

2 hours, and 8 to 24 hours (Ramirez-Amaya et al., 2005).  Dual labeling of Arc mRNA 

and Arc protein revealed that more than 80% of the CA and parietal cortical cells that 
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were initially activated, were reactivated in the first wave, but only 50% of the cells were 

reactivated during the second wave.  The reduction in fidelity of the latter wave might be 

because the second wave activated only specific subsets of the larger network of cells 

representing the initial behavior, given that the entire experience can be retrieved upon 

activation of only a portion of the original pattern (McNaughton and Morris, 1987).  

Alternately, only cells that required further modifications might have been reactivated 

during the second wave.  In either case, the chance of observing the second wave of 

memory trace reactivation by single unit recordings becomes increasingly improbable.    

Another immediate early gene was observed to be reactivated, but this time three 

waves were found exclusively during early and late REM sleep (Ribeiro et al., 2002). 

Induction of LTP in the dentate gyrus upregulated the activity-dependent gene, zif-268, in 

nearby extrahippocampal regions, predominantly in the amygdala, entorhinal and 

auditory cortices during the first REM sleep episode after the induction, and spread to the 

more distant somatosensory and motor cortical regions during later REM cycles.  The 

upregulation of zif-268 was blocked by hippocampal inactivation by tetracaine injections 

during REM sleep but not while awake, indicating that the mechanisms of cellular 

plasticity in the neocortex and amygdala during REM sleep depends upon concurrent 

interactions with the hippocampus.  Additionally, a “progressive disengagement” of the 

hippocampus was observed as zif-268 gradually decreased from the time of LTP 

induction.  

These factors suggest that memory reprocessing may occur in several waves, with 

distinct functions for awake states, slow wave sleep and REM sleep.  The first wave 
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occurs during pauses in behavior, reinforcing the sequential patterns of activity while still 

in the midst of the context.  Then another wave occurs during early stages of slow wave 

sleep, when it is believed that during SPWRs, reactivation of hippocampal activity helps 

strengthen and bind extrahippocampal neuronal ensembles.  Although there is no direct 

evidence of a connection between neural plasticity and growth hormone, human growth 

hormone peaks in the early part of in night, coincidently, when slow wave sleep is most 

prevalent (Oswald, 1969).  This is similar to the two-stage model proposed by Buzsáki 

(1989), but with an added wave during the behavior.  During the third wave, the 

reactivation of the cells during REMs can induce plasticity-regulated transcriptional 

regulation (Ribeiro and Nicolelis, 2004), when the global activity states are similar to the 

wake state, except that external sensory input is suppressed, allowing the recently 

strengthened cell ensembles to reactivate with greater probability than random activity.  

Finally, the differences found in memory trace reactivation in the two sleep states seems 

to mirror the results found in human behavioral studies.  Memory consolidation appears 

to occur during SWS in the early evening, while REM sleep cycles are more important in 

later sleep (Stickgold et al., 2000).  

It is well known that SPWRs occur not only during slow wave sleep, but also 

during “offline” periods of non-locomotion, grooming, eating, drinking and copulation.  

If SPWRs, and concurrent trace reactivation, are indeed a vehicle of memory 

consolidation, the timing fits the earlier assumption of the best time to consolidate a 

memory.  As soon as the goal/reward is attained and the need for attention to the 

incoming sensory flow has been reduced, it would be advantageous to reactivate and 
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consolidate the recent memory traces before there is a chance of interference by new 

experiences.  During this time, hormones and signals from other brain areas associated 

with the goal that signal reward are present and may influence the consolidation process. 

Accordingly, reactivation of reward-related spike patterns was recently found in the 

ventral striatum, a region associated with reward and motivation (Lansink et al., 2008).  

Recently, O’Neill and colleagues (O'Neill et al., 2006; Csicsvari et al., 2007, 

O'Neill et al., 2008) discovered that memory trace reactivation is present during the 

SPWRs that occur during brief pauses in exploration (eSPWRs).  Cells with place fields 

on the behavioral apparatus had firing rate increases during eSPWRs that were greater 

than both the initial activation and the rates seen during sleep SPWRs.  Pairs of cells that 

were correlated during behavior, i.e. with overlapping place fields, were not only 

correlated during subsequent sleep SPWRs, but even more robustly correlated during 

eSPWRs.  Additionally, cross-correlations of cells with similar place fields showed that 

they had a high probability to fire together during behavior for approximately 50 ms, and 

for a longer period during sleep SPWRs, ~80 ms, and even longer during eSPWRs, ~120 

ms.  The joint-firing probabilities were lower for cells with non-similar fields in each of 

these cases.   

During eSPWRs, the sequences of cell activity were found frequently to be 

replayed in reverse (Foster and Wilson, 2006), spanning the entire track, as though the 

animal was retracing its steps from the current position.  During each pause there were 

multiple (up to 15) episodes of reverse replay, even during the first stop on a novel track.  

These experiments were performed on linear tracks where the sequences of place field 
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activation are regimented.  Reverse replay is also present during eSPWRs following 

exploration of an open field, where place fields can be approached from any direction, 

creating entirely novel sequences on each traversal (Csicsvari et al., 2007).  Reverse 

reactivation was strong immediately after high speed (>5 cm/s) locomotion, but reduced 

at slower speeds and altogether gone after long periods of immobility.  In addition, the 

onset of firing of a cell was more delayed and the firing probability decreased with 

distance between the rat’s current position and the center of that cell’s place field.  These 

features demonstrate how reverse replay is affected by the current position of the rat and 

its recent trajectory, i.e. the sequential patterns of cell activity across numerous place 

fields.  A computational model of this process has been developed (Molter et al., 2007).  

An interesting feature that emerged from these simulations was that replay was not 

perfectly represented, but alternate pathways appeared, suggesting that this mechanism 

might reveal shortcuts to a goal, or maybe spontaneously bring about new insights as has 

recently been found during sleep (Wagner et al., 2004).  

Sharp waves that occur during brief pauses in exploration increase in rate of 

emission in proportion to the number of repetitions and regularity of the task (Jackson et 

al., 2006).  An increase in memory trace reactivation during the pauses was also highly 

correlated with sharp wave.  In addition, reactivation of prior tasks (two tasks ago) 

occurred interleaved with the reactivation seen during eSPWRs of the present task, 

confirming the fact that reactivation is cumulative.   

Some researchers have raised questions about the validity of the measurement of 

reactivation of paired spike trains based on the fact that the results were obtained from 
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highly trained subjects performing in a familiar environment on a repetitive task (Ribeiro 

and Nicolelis, 2004).  Due to the skittish behavior of rats, it is necessary for the rat to be 

familiar with the trainer and environment to ensure that the rats continue to traverse the 

apparatus.  The skepticism comes from the idea that the hippocampus is critical for rapid  

acquisition of new memories, and that little new information is learned while executing a 

task aver thirty times each day over several days prior to the experiment.  The continued 

existence of place-dependent activity during all times of exploration is in opposition to 

this argument. Place fields are established upon first entry into a novel environment and 

stabilized over a 10 to 20 laps or 3 – 5 minutes even if they are separated by several days 

(Hill, 1978; Wilson and McNaughton, 1993; Frank et al., 2004).  In novel environments, 

dentate granule cell discharge rates are suppressed, while its dentate interneuron rates are 

increased.  Meanwhile, CA1 pyramidal cell activity is enhanced while its interneuron 

rates are depressed (Wilson and McNaughton, 1993; Nitz and McNaughton, 2004).  

These divergent changes in activity for novel events suggest that some parts of the 

entorhinal – hippocampal structure switch modes upon detection of novel inputs (Lorincz 

and Buzsaki, 2000); however, it is uncertain how these changes alter the content of the 

information traversing the hippocampal formation (Nitz and McNaughton, 2004).  

Kudrimoti, et al. (1999) found reactivation of a novel environment decayed more rapidly 

(~10 min.) and was not as robust as observed in a familiar environment.  Unlike in 

familiar environments, reactivation of the novel environment could not be detected 

during sleep the next day.  This suggests that memory traces are initially weak for novel 

events, becoming more robust with experience.  The study design, where the rat 
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experienced a familiar track, then a novel extension of the track, then the familiar portion 

again introduced uncertainty as to whether the differences found in the reactivation levels 

of the novel and familiar tracks were because the familiar track occurred more often and 

more recently than the novel track.  

In summary, neuronal activity patterns are replayed, within sharp wave/ripple 

events, during brief pauses in behavior and during slow wave sleep, but only in REM 

sleep after some time has passed.  Reactivation has been found in rats, monkeys and 

birds, after both novel and familiar experiences, and usually decays to levels that are not 

detectable (at least with current methods) in less than an hour, though faint traces can 

sometimes be detected the next day.  Although the knowledge of this phenomenon is 

rapidly accumulating, a more thorough understanding is limited by the nature of the 

brain’s sparse encoding, and the limitations of neuronal recording capacity.   
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Differences Between the Dorsal and Ventral Hippocampus 
 

The hippocampus measures approximately 7.3 mm from its dorsal (septal) pole to 

its ventral (temporal) pole (Amaral and Witter, 1989).  The reason for this extended 

anatomy has been a matter of interest for more than 30 years.  The extended structure 

raises the question of whether there are different functional regions along the long axis, 

or whether distinct streams of information pass through identical transverse slices across 

the longitudinal axis.  In fact, the basic trisynaptic loop structure (dentate gyrus – CA3 – 

CA1) of the transverse axis is nearly identical along the longitudinal axis, suggesting 

multiple identical units of identical processing, known as the “lamellar hypothesis” 

(Anderson et al., 1971).  Given a unitary intrinsic function along the longitudinal axis, 

differential efferent activity along the axis could also be observed if the hippocampal 

afferents were topographically distinct unless the effect was cancelled by the extensive 

CA3 longitudinal association system.  How much interconnecting circuitry exists within 

the hippocampus?  Could there be distinct outgoing signals from different regions of the 

hippocampus if the inputs were identical? Are the regions equivalently modulated by 

behavioral state? Or previous experiences?  Are there different types of memories 

processed at particular levels?  These questions have been addressed using anterograde 

and retrograde tracers, lesions and inactivations, electrical recordings and activity 

dependent gene markers. 

Some of the most instructive results came from studies using knife-cut lesions, 

aspirations, and excitotoxic lesions.  Partial hippocampal lesions of dorsal and ventral 

regions of the hippocampus revealed declines in performance for spatial memory tasks, 
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such as the 8-arm maze and the Morris water maze, that were more extreme with damage 

to the dorsal region (Hughes, 1965; Nadel, 1968; Stevens and Cowey, 1973; Sinnamon et 

al., 1978).  The use of fiber-sparing neurotoxins helped investigators improve the 

specification of damage to only the cell bodies of selective locations.  The rate of learning 

in a water maze was inversely proportional to the number of CA1 pyramidal cells lost by 

ischemia or toxin (Volpe et al., 1992; Olsen et al., 1994), and the degree of spatial 

memory impairment was directly proportional to the extent of hippocampal damage 

(Moser et al., 1993; Moser et al., 1995).  In fact, rats were able to perform in the spatial 

version of a water maze with as little as 20-30% of the hippocampus intact as long as the 

intact portion resides within the dorsal 2/3 of the hippocampus (Moser et al., 1995).  

Although lidocaine injections into the intermediate-to-ventral region of the hippocampus 

have been shown to disrupt spatial learning (Thinus-Blanc et al., 1991; Poucet and Buhot, 

1994), doubt is cast upon the conclusions of these claims because of the proximity of the 

injection sites to the perforant path fibers entering the hippocampus, possibly interfering 

with the primary inputs into the hippocampus (Lomo, 1971; Tamamaki and Nojyo, 

1993).  

In spite of the claims of fiber damage, the ventral hippocampus seems to be 

functional even after dorsal lesions: Acetylcholinesterase staining, modulation by the 

medial septum, normal population spikes and field potentials in the ventral dentate gyrus 

were all unchanged by dorsal ibotenic acid lesions (Avarez-Leefmans and Gardner-

Medwin, 1975; Fantie and Goddard, 1982; Moser et al., 1995; Moser and Moser, 1998b).  

This evidence supports the notion that the dorsal and ventral regions have some degree of 
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insulation from damage to the opposite region, and that damage to dorsal fibers flowing 

into ventral segments cannot explain the poor spatial memory performance with dorsal 

lesions (Alvarez-Leefmans and Gardner-Medwin, 1975; Fantie and Goddard, 1982; 

Moser and Moser, 1998b).   

 

 

Figure 1.  Selective lesions in rats is 
proportional to the spatial learning deficits.  

Time spent in the quadrant of a water maze that 
previously had an escape platform indicates the 
level of memory retention.   The percentage of 
residual tissue is indicated by the unshaded 
portion of the outline of the unfolded 
hippocampus.  Memory impairment was 
proportional to the loss of dorsal tissue.  
Performance with a small ventral remnant was 
similar to a complete lesion, with both not 
significant from chance.  Figure from Moser et 
al., 1995.   

 

 

Successful retrieval of spatial memories acquired prior to partial inactivation, 

however, involved the entire dorsal 70% of the hippocampus (Moser and Moser, 1998b) 

(Figure 1).  Small portions of dorsal hippocampal inactivation, regardless of which 

dorsal-ventral section remained, impaired successful retrieval; however, new learning 

was unimpaired. These results imply that memories are widely distributed along the 

entire functional 2/3 of the longitudinal axis.  Even though small portions of the dorsal 

hippocampus are sufficient for retrieval, the extent of successful retrieval is dependent on 

the entire portion of functional hippocampus present during the learning phase (Moser 
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and Moser, 1998a).  Claims, based on electrophysiological studies, that the anatomical 

organization of hippocampal neuronal activity is not topographically correlated to the 

environment (Redish et al., 2001) are substantiated by this evidence of dispersed 

hippocampal activation.   

Rats with complete hippocampal lesions also fail to learn the association between 

internal state (fed or hungry) and receipt of a footshock, while sham-operated rats are 

able to make the correlation between fed state and footshock (Davidson and Jarrard, 

1993).  It is uncertain whether selective hippocampal lesions differentially affect this 

association (Davidson and Benoit, 1996; Hock and Bunsey, 1998; Moser and Moser, 

1998b).  The numerous direct connections between amygdalar nuclei and segregated, 

non-overlapping portions of the ventral hippocampus and parahippocampal areas is 

suggestive of a potential role in emotional behaviors (Pikkarainen et al., 1999; 

Pikkarainen and Pitkanen, 2001).  In fact, specific ventral hippocampal or subiculum 

lesions can reduce the amount of freezing seen after a conditioned mild footshock 

(Bannerman et al., 1999; Anagnostaras et al., 2001; Bannerman et al., 2001; Bast et al., 

2001; Anagnostaras et al., 2002; Sanders et al., 2003).  Ventral hippocampal lesions 

cause adrenal glucocorticoid hypersecretion in response to restraint or open field stressors 

(Murphy et al., 1979; Herman et al., 1998).  In addition, gastric ulcer formation (Kim et 

al., 1976; Murphy et al., 1979) and gastric erosion (Herman et al., 1998) are exacerbated 

following lesions of the ventral hippocampus or ventral subiculum.   In contrast, ventral 

hippocampal lesions have no effect on glucocorticoid secretion induced by respiratory 

distress, implying that the ventral hippocampus may play a role in the “adaptation of 
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hypothamalo-pituitary-adrenocortical activation to environmental information” (Moser 

and Moser, 1998b).   Ventral, but not dorsal, hippocampal lesions significantly reduced 

both unconditioned and conditioned defensive behaviors in response to cat odor and 

footshock (Pentkowski et al., 2006).  

The intrinsic connectivity within the hippocampus shows divergent and 

convergent properties.  Activity of a small group of cells from the entorhinal cortex can 

project to dentate granule cells dispersed by up to 50% of the septotemporal axis, then 

cells of the dentate hilus further disperse the signals to up to 75% of the axis (Andersen et 

al.,  2007).  Similar dispersion can be found in subsequent levels. 

Figure 2.  Dispersion  between the dentate 
hilus and CA3.  
3H-proline injections (white boxes) into the hilus 
at various points along the septal-temporal axis 
label the extent of fiber projections into CA3 
(black bars), measured by autoradiography.  All 
labeled septal fibers are distributed across the 
entire septal two-thirds but do not cross into the 
temporal third.  Likewise, temporal fibers also 
stay within the temporal third.  CA3 
associational projections are similarly dispersed 
(Swanson et al., 1978).  Figure from Moser and 
Moser, 1998, which was adapted from Fricke 
and Cowan, 1978.   

 

 

 

 

 

 



 41 

Anterograde labeling from various levels of the dorsal dentate hilus is dispersed 

across nearly the entire two-thirds of the dorsal CA3; however, injections within the 

ventral third tend to be dispersed but do not cross into the dorsal two-thirds (Fricke and 

Cowan, 1978)( Figure 2).  Axonal fiber tracing and partial lesion studies are suggestive of 

separable functions of the ventral third from the dorsal two-thirds (Finnerty and Jefferys, 

1993; Pare and Llinas, 1994; Chrobak and Buzsaki, 1996). 

Activity-dependent markers, such as the immediate early genes (IEGs), c-fos, 

Homer, zif-268 and Arc provide a snapshot, or a series of snapshots of the neuronal 

activity present during their induction.  The relative portion of Arc gene labeled cells, 

following a 5 minute spatial maze exploration, appears to decrease toward the ventral 

pole in DG, CA3 and CA1 (Sutherland et al., 2003), confirming electrophysiological 

findings that fewer cells are active toward the ventral pole.  A detailed topographical 

analysis of Arc mRNA activity during memory retrieval, 24 hrs (recent memory) or one 

month (remote memory) after water maze training, revealed complex segmented 

clustering of cellular activity that decline over time, most dramatically in the ventral 

hippocampus (Gusev et al., 2005).   

Neurochemical concentrations and receptor densities also vary across the dorsal – 

ventral axis.  Higher concentrations of norepinephrine (NE), dopamine (DA) and 

serotonin (5-HT) are present in the ventral hippocampus (Gage et al., 1978), likewise, for 

the density of NE and 5-HT terminals (Gage and Thompson, 1980), which can also be 

due to the different origins and pathways to these areas.  The dorsal Raphe projects 

primarily to the dorsal hippocampus; however, the nucleus superior centralis projects to 



 42 

both areas.  Both NE and 5-HT reach the hippocampus by two pathways: a “dorsal 

pathway” through the fimbria, fornix superior, cingulum bundle and supracallosal stria, 

and a “ventral pathway” via the entorhinal cortex (Fuse and Johnson, 1974; Lindvall and 

Bjorklund, 1974; Storm-Mathisen and Guldberg, 1974; Moore and Halaris, 1975).  

Dopamine receptor distributions are more complex.  D1-receptors are expressed in both 

areas but are much greater in ventral hippocampus.  D2-receptors in DG and CA3/1 are 

more prevalent in dorsal hippocampus, but the subiculum has the opposite gradient (Ryoo 

and Joyce, 1994).  Cholinergic projections are much stronger in the ventral hippocampus 

than dorsal hippocampus, changing steadily from one end to the other (Hoover et al., 

1978; Amaral and Kurz, 1985; Wainer et al., 1985).   The distribution of neurochemical 

and receptor density gradients indicate that the modulation of neural signals through the 

hippocampal formation varies along its axis, but not in discretely organized bands.   

The dorsoventral position of information entering the hippocampus is 

considerably influenced by the type of signal and its route of entry.  Dorsal and ventral 

hippocampal connections with the rest of the brain seem to indicate a division between 

the flow of exteroceptive sensory information and interoceptive emotional information.  

The dorsal hippocampus receives cortical information related to the environment, i.e. 

visual, auditory, tactile and sensory-motor areas, while the ventral regions interact 

strongly with the thalamus, hypothalamus and amygdala (Amaral et al., 1987; Witter et 

al., 1989b; Canteras and Swanson, 1992; Risold and Swanson, 1997a, b; Risold et al., 

1997).  
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Afferent information to the dorsal hippocampus appears to pass through two 

parallel information streams (Deacon et al., 1983; Witter et al., 1989b; Witter et al., 

1989a; Burwell and Amaral, 1998a, b).  The segregation of information streams occurs at 

the level of the perirhinal and postrhinal cortices.  Both regions receive unimodal and 

multimodal sensory and associational regions, but the anterior associational regions are 

directed through the perirhinal cortex, while posterior associational regions innervate the 

postrhinal cortex.  As a result of this separation, the postrhinal cortex receives input 

primarily from visual and visuospatial regions, while unimodal sensory areas connect to 

the perirhinal cortex (Burwell and Amaral, 1998a).  Topographically separable inputs 

from subcortical areas also exist.  The perirhinal cortex is densely connected with several 

amygdaloid nuclei (McDonald and Jackson, 1987; Shi and Cassell, 1999; Shammah-

Lagnado et al., 2001), while the postrhinal connections are generally weaker and limited 

to lateral and accessory basal nuclei (Pitkanen et al., 2000).  The lateral posterior nucleus 

of the thalamus, important for visual attention, provides a substantial connection 

selectively with the postrhinal cortex (Deacon et al., 1983; Burwell et al., 1995; Shi and 

Cassell, 1999).    The postrhinal cortex is densely connected to dorsal perirhinal area 36, 

with weaker projections to ventral area 36 and even weaker connections to area 35.  

Activity travels in a dorsal to ventral manner within perirhinal area 36, then to ventral 

portions of area 35, which has abundant connections to the entorhinal cortex.  The 

perirhinal cortex projects mostly to the rostrolateral entorhinal cortex, while the 

postrhinal cortex projects to caudal, medial portions as well as rostrocaudal entorhinal 

cortex.    
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The entorhinal cortex can be divided into lateral and medial areas based on 

cytoarchitecture and connectivity patterns (Witter et al., 2000).  The medial entorhinal 

cortex (MEC) afferents are predominantly from the postrhinal cortex while the lateral 

entorhinal cortex (LEC) receives projections from the perirhinal cortex (Suzuki and 

Amaral, 1994; Burwell, 2001), maintaining a topographical order (rostral perirhinal to 

rostral LEC) between cortices .  Three bands of rostro-caudal oriented intrinsic circuitry 

(lateral, middle and medial) flow from both deep and superficial layers across the MEC 

and LEC terminating preferentially in superficial layers II and III within the band of 

origin (Dolorfo and Amaral, 1998a, b), each band projecting to different septotemporal 

regions of DG, CA and subiculum (Ruth et al., 1982; Kohler, 1986, 1988; Witter et al., 

1989b; Dolorfo and Amaral, 1998a, b).  The caudolateral band, receiving a large portion 

of the polymodal association input that is mostly visuospatial in nature, projects to the 

dorsal portions of the dentate gyrus, while the intermediate and rostromedial bands, 

containing primarily unimodal sensory afferents, project to the middle and most ventral 

third of the dentate gyrus, respectively.   

Extensive efferents from the ventral hippocampus to the anterior hypothalamus 

and the amygdala are likely to influence social, reproductive, emotional, neuroendocrine 

and autonomic responses to environmental stimuli.  The basal amygdala receives 

projections from the temporal one-third of the subiculum (Kitt et al., 1987).  Subcortical 

efferents include the lateral septal nuclei, the mammillary nuclei of the hypothalamus, 

and the lateral hypothalamus.  The septal 2/3 of the subiculum topographically projects 

strongly to the medial hypothalamus and a weaker projection from the temporal one-third 
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of the subiculum targets the ventromedial hypothalamus (Donovan and Wyss, 1983; 

Canteras and Swanson, 1992).  Topographically organized projections from the 

subiculum also terminate in nucleus accumbens and olfactory tubercle.  The only direct 

connections with the prefrontal cortex are from the ventral hippocampus, possibly the site 

of the interaction between the long and short-term memory formation (Goldman-Rakic et 

al., 1984; Jay and Witter, 1991; Barbas and Blatt, 1995; Verwer et al., 1997).  Return 

projections to the ventral hippocampus are likely to provide cues to the homeostatic 

status, emotional and motivation states (Risold et al., 1997). 

In summary, on its way towards the hippocampus information appears to be 

directed through separate pathways depending on whether it is exteroceptive or 

interoceptive, leading toward a dorsal or ventral entry point.  Upon entry into the 

hippocampus, however, the cellular activity is widely distributed across the longitudinal 

axis.  Once inside the hippocampus, though, there is no evidence that the hippocampus is 

itself segregated into distinct bands with different functions.  If the hippocampus does 

indeed function identically across its axis, then the information content at any particular 

region of the hippocampus is a product of its incident pathways.  Thus, simultaneous 

incoming streams of sensory and emotional content are subject to the identical 

treatments, and subsequent reactivations.  The exception to this concept is that 

modulation of hippocampal processes, via the variable subcortical afferents, might differ 

in a state-dependent manner along the dorsal-ventral axis. 
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Differences in cellular activity along the dorsal-ventral axis 
 

The spatially-dependent activity of CA3 and CA1 pyramidal cells has been 

extensively studied within the dorsal third of the hippocampus, primarily out of its 

convenient proximity to the dorsal surface of the brain.  Little evidence had surfaced to 

encourage exploration of more ventral hippocampal levels until Jung and colleagues 

(1994) found 40 – 50 cm place fields in CA1 toward the middle of the longitudinal axis 

(Figure 3).  Not only were these fields twice the size of those found in dorsal CA1, but 

the proportion of cells with place fields in the environment decreased proportionately, so 

that the same number of cells are active at any given time in the dorsal as in the middle.  

Although place fields have not been observed in the ventral third of CA1, their presence 

is predicted given the recent observation of very large place fields in ventral CA3  

(Kjelstrup et al., 2008).  The authors had previously reported “context cells” in this area 

because most of the cells were silent while a few were active across the whole 

environment and a different set of cells were active in a different environment.  Further 

investigations of ventral CA3 cell activity revealed that place fields were indeed present, 

but their boundaries could only be identified in a sufficiently large environment (18 m 

linear track).  CA3 place fields, measured by mean population decorrelation half-width 

(Battaglia et al., 2004b; Maurer et al., 2005; Terrazas et al., 2005), increased linearly 

from 0.8 m in the dorsal quarter, to 3.7 m in the middle half, to 6.7 m in the ventral 

quarter.   



 47 

 

 

 

 

 

 

 

 

 

 

 

 

A portion of the data from the current experiment has been published (Maurer et 

al., 2005; Maurer et al., 2006b, a) concentrating on a regional analysis of place fields, 

cellular activity levels, depth of theta modulation and spatial scale.  The reported analyses 

also included a fourth rat that was implanted with a hyperdrive with the tetrodes split into 

two seven-tetrode bundles for simultaneous recordings in dorsal, middle and ventral 

CA1.  There were too few ventral cells from the fourth animal to be included in a 

reactivation analysis.  A summary of the findings follows. 

Figure 3.  Firing rate maps for dorsal and (mid)-ventral CA1.  CS 
cells and theta cells are the pyramidal cells and interneurons. Each 
square is a firing rate map from an individual cell with respect to  
the rat’s location in the apparatus.  Low rate is blue, high rate is 
red. Figure from Jung et al., 1994. 
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There were no significant differences between mean firing rates of dorsal and 

middle hippocampal pyramidal neurons or interneurons during rest periods (measured by 

occupancy-normalized firing-rate histograms with 12 cm bins), but rates were higher 

during maze-running for both cell types (Table 1).  This increase in firing rate was more 

pronounced in dorsal than middle neurons.  

Table 1.  Firing rates averaged across rats during rest and maze periods.   
A repeated measures t-test showed no significant differences between firing rates of 
dorsal and middle cells of either type at rest: P < 0.3575, < 0.9089, <0.7034, <0.0136 for 
pyramidal cells on the track, and rest and interneurons on the track and at rest, 
respectively .  During maze running firing rates increased at a greater magnitude in dorsal 
cells than middle cells.   
 

 Track Rest Track/Rest 

Dorsal Pyramidal Neurons 1.59 Hz 1.107 Hz 1.35 

Dorsal Interneurons 24.72 Hz 14.40 Hz 1.76 

Middle Pyramidal Neurons 1.33 Hz 1.15 Hz 1.16 

Middle Interneurons 17.97 Hz 13.96 Hz 1.29 

 
Dorsal hippocampal pyramidal cells have been reported to increase their rate of 

discharge proportionally with running speed (McNaughton et al., 1983a; Zhang et al., 

1998; Czurko et al., 1999; Hirase et al., 1999; Ekstrom et al., 2001; Terrazas et al., 2005), 

but until now this relationship had not been determined for middle hippocampal neurons.  

At low velocities (< 6 cm/s), the firing rates did not differ between regions but dorsal cell 

firing rates were up to twice that of middle cells at higher velocities.  
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Figure 4.  Firing rate dependence on velocity.  Both types of cells had significantly higher 
firing rates while running than at rest, but the rate of change of the firing rate of middle pyramidal 
cells differed from dorsal pyramidal cells above 6 cm/sec and reached a plateau above15 cm/sec.  
Figure from Maurer et al., 2005. 

 

Peak occupancy-normalized firing rates of dorsal pyramidal neurons were twice the 

rate found in the middle region, with no effect of track size (mean peak firing rates of 

10.87 Hz, 12.30 Hz for dorsal-Long, short track, and 5.91 Hz, 5.97 Hz for middle-Long, 

short track, respectively).  The intrinsic oscillation frequencies of the hippocampal cells 

were slightly higher than local theta oscillations (O'Keefe and Recce, 1993), resulting in 

the backward phase shift of spikes while traversing a place field.  Intrinsic oscillation 

frequencies were found by measuring the rhythmic peaks on spike-rate autocorrelograms.  

In both regions, interneuron intrinsic frequencies were similar to theta measured at the 

hippocampal fissure (dorsal 8.40 Hz, middle 8.33 Hz), suggesting that the roles of 

hippocampal interneurons with respect to the theta rhythm remained unchanged along the 

axis.  Pyramidal cell intrinsic oscillations were higher than interneurons in both brain 
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regions (dorsal pyramidal cells: 9.20 Hz; middle 8.58 Hz) and were significantly higher 

for dorsal pyramidal neurons than middle pyramidal neurons.   

Confirming the results of Jung, et. al.1994, a lower proportion of middle neurons 

had place fields on the maze than did dorsal neurons (dorsal: 433 with, and 121 without 

place fields; middle: 211 with, and 175 without), while place fields from middle neurons 

were larger than dorsal fields (Figure 5).  Using population vector decorrelation maps as 

an indicator of the spatial scale factor(McNaughton, 1998a; Battaglia et al., 2004b; 

Terrazas et al., 2005), the decorrelation rate at half height was wider for middle than 

dorsal neurons (24.5 cm versus 41.5 cm  for dorsal and ventral neurons, respectively; 

Figure 6).  But the decorrelation scale factor was no different between long and short 

tracks. 
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Figure 5.  Representative raster plots demonstrate different place field sizes from dorsal 
regions (top), middle regions (bottom) and the large track (left) and short track (right).    

The clockwise, then counterclockwise trajectory on the large (382 cm) track has been linearized 
and represented as red lines (CCW), and blue lines (CW), while the route was unidirectionally 
clockwise on the short (167.5 cm) track.  Each line represents successive laps, increasing from 
bottom to top.  Black tic marks indicate spikes.  An occupancy-normalized firing rate histogram 
reveals place fields that are unidirectional on the large track, and wider in the middle 
hippocampus.  Peak rates of dorsal place fields were twice that of ventral rates.  Figure from 
Maurer et al., 2005. 



 52 

 

Figure 6.  Firing rate state population vector decorrelation maps help determine spatial 
scale.  

Data were pooled only for rats 2-4 because rat 1 only ran on a large track.  Firing rates 
were binned by 12 cm lengths with correlation of firing rates per spatial bin represented 
by a color map from low, blue, to high correlation, red.  The red diagonal band indicated 
the high degree of correlated neural activity between nearby place fields.  A wide band 
indicates that the special vector becomes decorrelated over a larger area.  The three lower 
boxes indicate the average decorrelation functions (solid line, dorsal; dashed line, middle 
hippocampus).  The spatial scale factor, defined as the distance at which the correlation 
drops to 0.5 is approximately gaussian like the spike distribution of place fields, and is 
significantly larger for the middle hippocampus (Mean spatial scale factors: dorsal 
regions, 24.48; middle regions 41.51; P < 0.035 using a repeated measures t-test.  No 
differences were found between large and short tracks.   Figure from Maurer et. al., 2005.    

 
In spite of a contrary claim (Poucet et al., 1994) that CA1 place field sizes did not 

differ across the longitudinal axis, when the implantation coordinates are used, rather 

than an arbitrary definition of dorsal/ventral compartments, the reported field sizes are 

consistent with both Jung (Jung et al., 1994) and the present experiment (Figure 7).   The 

implantation locations across the longitudinal axis are too few to accurately determine 

how the place field sizes increase with distance from the dorsal pole but a linear 

regression of the dorsal and middle CA1 coordinates and place field sizes from the three 
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experiments showed a good linear fit (r2 = 0.83).  The equation of the regression line 

indicates a 5-fold increase in place field size from the dorsal tip, ~13 cm, to  ~65 cm at 

the ventral extreme.  This is similar to the 5 to 10-fold increase in place field size 

observed in CA3 (Kjelstrup et al., 2008).  

 

Figure 7.  Place field sizes 
along the dorsoventral axis 
from three different 
sources.   

Place cell sizes were plotted 
against implant locations 
from Poucet, et al., 1996, 
Jung et al., 1998, and the 
current experiment.  Linear 
regression (solid line), y = 
4.34x+13 r2 = 0.83. 

 
 

 

 

Increases in spatial scale from dorsal to ventral regions have been found in at least 

three parts of the synaptic pathways of the hippocampal formation.  Simultaneous 

encoding of an experience along small and large spatial coordinates may help bind 

information gathered at high resolution in relatively small areas into a coherent “big 

picture”, similar to roadmaps that use large grids at the state level and smaller sub-grids 

at the level of individual towns.   

The frequency of theta was consistent across all levels of the hippocampus, 

suggesting a phase-locked global function.  The effect of running speed on theta 

amplitude, however, was more pronounced in the dorsal than the middle hippocampus.  
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To  study place fields more accurately, Maurer and colleagues (Maurer et al., 

2006b) delimited place fields from these datasets using the phase of place field spikes as 

they precessed from 0° to 360°, rather than using an arbitrarily defined firing rate.  This 

technique avoids the commonly questioned arbitrary threshold boundaries and helps 

reveal multiple place fields from individual cells since a cell would fire at multiple phases 

of theta where different fields overlap.  Many cells had multiple place fields and some 

had overlapping place fields.  In the dorsal CA1, 87 cells had double and 16 cells had 

triple overlapping fields on the long track, and 75 cells had double and 15 cells had triple 

overlapping fields on the short track, out of 1034 place fields (15.7% double, 2.9% 

triple).  The middle CA1 had 24 cells with double and 6 with triple overlapping fields on 

the long track, and 29 with double, 4 with triple overlapping fields on the short track out 

of 505 total place fields (10.5% double and 2.0% triple).  The place field boundaries 

derived using the theta phase precession limits showed significant differences in the size 

of fields from dorsal and middle CA1 regions, but unexpectedly showed field size 

differences between track length (dorsal CA1 long, short: 37.5 cm, 29.0 cm; middle CA1 

long, short: 78.6 cm, 55.8 cm).  Since the precession of place field spikes through theta 

never surpasses 0 or 360°, a change in place field size would proportionally affect the rate 

of theta phase precession.  The rate of theta phase precession was significantly correlated 

with the size of the place fields in all conditions and differed significantly between each 

condition.  

  A question arises as to whether there is a connection between the neuronal 

responses to speed of motion and the amplitude of the theta rhythm.  Could the theta 
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amplitude be a controlling factor in modulation of hippocampal firing rates and the size 

of place fields?  Evidence against this idea was shown when transient inactivation of the 

medial septum attenuated the amplitude of the theta rhythm without affecting the sizes of 

place fields (Mizumori et al., 1989; Leutgeb and Mizumori, 1999).  Terrazas (Terrazas et 

al., 2005) discovered that when movement in space was decoupled from an ambulatory 

self motion, by training a rat to ride on a moving platform instead of running on a track, 

the amplitude of the theta rhythm decreased but the place fields became substantially 

larger while pyramidal cell and interneuron firing rates decreased.  The place fields 

appeared as though the rat was moving much more slowly through space.  This led to the 

hypothesis that the gain of the self motion signal varies systematically along the 

dorsoventral hippocampal axis resulting in a graded decrease in the power of theta and an 

increase in the spatial scaling along the axis (Maurer et al., 2005).  The signal controlling 

the amplitude of theta and the spatial scale factor comes from a combination of 

extrahippocampal areas associated with visual, tactile and vestibular sensation of motion, 

and the dorso-ventral gradient is likely impressed upon the hippocampus by entorhinal 

afferents.  A spatial coordinate system independent of the particular environment was 

recently discovered (Fyhn et al., 2004; Hafting et al., 2005) in the medial entorhinal 

cortices (MEC).  This system consists of cells that fire at regular intervals in space 

forming a grid-work of active firing zones.  The sizes of the grid fields and the spacing 

between the fields increased by about 50% from dorsal to middle regions of the MEC, 

and continue to increase so that grid fields may be as much as several meters at the most 

ventral portions of the MEC.  These regions are connected to the equivalent regions of 
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the hippocampus providing a graded spatial coordinate system to the hippocampus which 

incorporates the place dependent correlates of the sensory experience over many 

simultaneous spatial scales (McNaughton et al., 2006).   

 

Conclusion 
 

There is ample evidence in support of the involvement of the hippocampus in 

learning and memory consolidation.  Despite the massive amounts of research on this 

region, the function of each hippocampal sub-region as well as the function of the whole 

formation, is still unknown.  After its initial involvement in an experience, the 

mechanisms and brain regions that influence memory trace reactivation are also 

uncertain.  Although in theory, modulation of the hippocampal and extrahippocampal 

areas during the consolidation window is a convenient way to enhance or suppress long 

term storage, there is no direct evidence that trace reactivation can be influenced at all.  

The answers will come partially from investigations into how the nature of the experience 

(i.e., short versus long sequences, few versus many repetitions, spatial versus emotional 

tasks) affects the patterns of hippocampal activity during and after learning.  

Accumulating evidence indicates that the representation of space is encoded 

within the patterns of activity of the dorsal hippocampus while homeostatic and 

emotional content is processed toward the ventral pole. The anatomical localization of 

these functions have been grossly identified as either dorsal or ventral functions; yet there 

is no evidence that the intrinsic circuitry of the hippocampus is organized in distinct 

bands.  Instead, the degree of involvement in particular functions appear to change 
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gradually along the longitudinal axis.  The significance of this distinction is two-fold.  If 

the function of the hippocampus is homogeneous along the dorsoventral axis, then the 

difference in the neural activity patterns is determined by the upstream pathways.  The 

question then remains of whether the upstream paths influence more than just the 

encoding and rapid storage within the hippocampus, namely, its job function in memory 

consolidation.  If the function of the hippocampus is indeed invariate, will reactivated 

sequences increase in proportion to the number of sequence repetitions, as though there 

were several similar experiences, rather than one repetitive, but identical, experience?  

Alternately, if heterogeneous hippocampal function comes from its intrinsic circuitry, 

then how does  the offline reactivation of a particular event differ across different regions 

of the hippocampus?   

The present study addressed two fundamental questions.  The first assessed 

whether the degree of hippocampal memory trace reactivation was invariant, or if it could 

be influenced by the nature of the experience.  This was accomplished by evaluating the 

degree of correlation between pairs of CA1 cells prior, during and after a twenty minute 

spatial task of differing lengths and repetitions.  The second question involved whether 

memory trace reactivation was a consistent function along the hippocampal longitudinal 

axis.  Electrodes were implanted first into the middle CA1 region, then within the same 

rat new electrodes were implanted into the dorsal CA1 region.  Although both regions 

were explored within each rat, a fundamental weakness of this design was that cell 

activity from each region could not be simultaneously compared.  
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Mid-ventral CA1 place fields are larger than are dorsal fields, thus comparison of 

the regional affect on trace reactivation can be cross-validated using the effects of track 

length on reactivation.  Within CA1 the task is represented by a repeated sequence of 

place field activity that increases in proportion to the size of the track. On a given length 

of track, the number of place fields that represent the pathway along the track decreases 

toward the ventral pole as the fields increase in size.  Thus, comparing the reactivation of 

a given length track across dorsal and middle CA1 is analogous to the same comparison 

within one CA1 level, but on different track lengths.  If differences are observed between 

any of these conditions, then it may be possible to determine whether the influences on 

reactivation come from the nature of the experience, or from the architecture of the 

hippocampus itself.   Conversely, no differences observed between track length, 

repetition, or longitudinal region, assuming that the experimental design had sufficient 

power to distinguish significance, indicate that the function of CA1 following a familiar 

spatial task is relatively unaffected by repetition and invariable along it axis.  
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MATERIALS AND METHODS 

 

Animals and surgical Procedures 
 

Memory trace reactivation was assessed using three 8-14 month old Brown 

Norway/Fisher 344 hybrid male rats that were individually housed in Plexiglas cages 

with metal railed tops, in a temperature and humidity regulated room, and maintained on 

a 12 hour light-dark cycle (on at 10PM, off at 10AM). The rats had free access to water 

but their food was restricted to maintain approximately 80% of their ad libitum  body-

weight.  Weights of the rats were measured daily before feeding.  These protocols were 

approved by the Institutional Animal Care and Use Committee, (IACUC; Protocol #02-

018, Neural Basis of Internal Representation of Place) in accordance with the National 

Institutes of Health guidelines for the use of vertebrates in research. 

The protocol for recording from two distant regions of the hippocampal CA1 

pyramidal neurons required two implantation sites (Figure 8). 
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Figure 8.  Representative coronal sections with putative tetrode paths for the dorsal (A) and 
middle (B) hippocampus.  The overlying red dashed vertical lines represent the intended 
paths of some of the tetrodes.  Coordinates of the center of the implants: dorsal,  3.0 mm 
posterior, 1.4 mm lateral to Bregma; middle, 5.7 mm posterior, 5.0 mm lateral to Bregma.  
Coronal slice drawings were adapted from Paxinos, 4th ed.   

 

Surgery  
 

Surgical implantation of the hyperdrive was conducted following the National 

Institutes of Health guidelines for rodents and approved IACUC protocols. The rats were 

weighed prior to surgery, then placed into a Plexiglas induction chamber prefilled with up 

to 4 % isoflurane mixed with oxygen until movement ceased and breathing slowed.  The 

scalp was shaved and bicillin (0.1 cc Penicillin G 30,000 units, Wyeth, PA,) was injected 

intramuscularly into each hind leg before placement onto a warmed isotherm pad on a 

A B 
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sterile stereotaxic surgical table (Kopf, Tujunga, CA).  Isoflurane delivery was continued 

at approximately 2.5% through a nosepiece attachment.  

An aluminum scalpel package was cut and placed over ophthalmic ointment 

(Puralube veterinary ointment; Chlorampenicol 1% NDC 0462-0093-38, Pharmacoderm) 

treated eyes and the scalp was cleaned with alcohol and betadyne.  Approximately 0.2 ml 

of lidocaine/epinephrine (50/50) was distributed subcutaneously prior to an incision over 

the sagittal suture along the length of the skull.  The skin was retracted and fascia rubbed 

off the skull with sterile cotton swabs, staunching bleeding with drops of epinephrine or 

bonewax.  

 

Figure 9.  Rat skull diagrammed 
with dorsal and middle craniotomies.   

Dorsal coordinates: 3.0 mm posterior, 
1.4 mm lateral to bregma; middle 
coordinates: 5.7 mm posterior, 5.0 mm 
lateral to bregma.  Adapted from 
Paxinos, 4th ed. 
 

 

 

The skull was scraped and scored with a scalpel to improve cyanoacrylate 

adhesion, then the center points of the implant coordinates were measured and marked on 

the skull (Mid-ventral: 5.7 mm posterior, 5.0 lateral to bregma;  Dorsal: 3.0 posterior, 1.4 

lateral to bregma (Figure 9).  After inscribing a 3.2 mm circle with a trepanning tool over 

each implant site, craniotomies were drilled and one was resealed with silicone rubber 

Dorsal Middle 
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(silastic, Dow Corning Corporation) while the dura was removed from the other.  Seven 

anchor screw holes were distributed around the perimeter of the skull to provide stability 

for the implant. Two ground wires were connected to the cannulae bundle providing a 

robust ground.  The skull was dried with alcohol prior to application of cyanoacrylate and 

placement of a preliminary lip of dental acrylic circumscribing the skull.  The hyperdrive 

was then placed onto the surface of the brain through the unsealed craniotomy, then 

sealed with silicone rubber and stabilized with dental acrylic.  Once the acrylic cured, the 

rat was removed from the isoflurane and the stereotaxic unit and rehydrated with 10 cc of 

subcutaneous saline.  All tetrodes were moved into the brain by two full turns of the drive 

screws (640 µm) and then the rat was placed into a warm incubation chamber to recover.  

Upon resumption of movement, 26 mg Children’s Tylenol (Children’s Tylenol Elixir, 

McNeil, PA) was delivered onto the tongue before placing the rat into a recovery cage 

with a water bottle containing 2.7 mg/ml acetaminophen in water.  Ampicillin (843 

mg/day as a 0.6 ml liquid) was mixed with food in cycles of ten days on – ten days off as 

a deterrent of infection. 

Behavior   

 
The rats were trained to sleep in a basket (sleep 1), run on an elevated circular 

platform for food reward (maze 1), sleep again (sleep 2), then run on a second maze 

(maze 2), before a final sleep session (sleep 3).  Sleep 1 and 3 and the maze sessions were 

approximately 20 minutes long, while sleep 2 was 30 min.; however, the initial sleep 

period was varied so that the rat could not predict the end of the sleep period and become 

aroused in anticipation of food.  During the sleep periods, rats were placed into a towel-
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lined metal basket in the center of the recording platform.  Once the rats were 

consistently running more than twenty laps on each track, the electrode array 

(Hyperdrive) was implanted.  Then they were given several days to adapt to the added 

weight of the implant. 

Figure 10. Two elevated circular platforms (176.5 cm and 382 cm circumference).   

The rats shuttled back and forth on the long track for food reward (plastic dishes), reversing 
direction at the cardboard barrier (located between the two plastic dishes at the lower left portion 
of the photograph).  The rats traveled clockwise around the short track for a single food reward 
per lap.  The small track was removed and the towel-lined sleeping pot was placed on the black 
center platform during sleep epochs. 

 

In a 12 x 14 foot room, dimly lighted by a 30 watt light directed to a ceiling corner, 

with distinctive black cues placed on the white walls surrounding two different sized 

tracks (167.5 cm and a 382 cm circumference platforms elevated 6 inches above a table; 

Figure 10).  The rats traveled bidirectionally around the long track for food rewards 

placed in plastic dishes on either side of a barrier and at the midpoint 180º from the 

barrier, and unidirectionally (clockwise) for food reward at a single location on the short 
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track, with food bowls strategically placed to equalize the distance per reward between 

tracks. No intentional identifying cues were placed on the two tracks but they were made 

with different materials and  widths that should have been easily discriminable by the rat.  

A lap was counted for each revolution of the short track and at the termination of each 

direction on the long track, thus, if the rat ran at equivalent speeds, it would have run 

twice as many laps on the short track as on the long track.  

Each day at approximately 10:00 AM the rats were weighed and then placed into a 

towel lined, aluminum nest for transport into the recording room, where the headstage 

was connected and the small track was placed on the floor to prevent the rat from 

attempting to gain access to it instead of sleeping. While monitoring behavior on the 

video monitor, adjustments were made to the recording system and cells were counted 

and EEG channels were evaluated.  If more than 20 cells were counted, data acquisition 

was initiated when the rat was calm.   

After a 20 - 30 minute initial rest period (sleep 1) the rat was placed onto one of the 

tracks, always in the same position and direction (facing clockwise, 45º from the barrier 

on the long track or from the food dish on the small track, and encouraged to run for food 

reward around the track for 20 minutes (maze 1).  At the end of maze 1, the rat was 

placed into his nest and the small track was again removed from the table.  After 30 

minutes (sleep 2), the rat was placed on the second track for another 20 minutes (maze 2).  

The order of the tracks was alternated so that there were at least five recordings with each 

track in the maze 1 timeslot.  A final rest period (sleep 3) followed.  At the end of the 
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recording, tetrodes were evaluated and repositioned before the rat was returned to his 

cage in the colony room and supplied with his leftover food. 

Neurophysiology   

 
Multi-unit recordings were obtained by the use of a 13 gram bundle of 14 

“tetrodes” assembled into a “hyperdrive” (Wilson and McNaughton, 1993, Gothard et al. 

1996) with a 1.5 mm footprint, manufactured by Kopf Instruments (David Kopf 

Instruments, Tujunga, CA; Figure 11).  The hyperdrive consisted of a bundle of thin 

walled 30 gauge guide canulae (0.007/.012 inch i.d./o.d., Small Parts, Miami Lakes, FL) 

bundled together and housed in a Delrin core protected by a conical dust cover and a cap.  

Tetrodes were attached to a circuit board using gold pins (Neuralynx, Tucson, Arizona) 

or cactus needles (prickly pear cactus, oven dried) and inserted into silica tubing (75/150 

µm i.d./o.d., Polymicro Technologies, Phoenix, AZ) for added support and glued to the 

guide cannulae with viscous cyanoacrylate (Superglue) or nail hardening polish (Hard As 

Nails).  While in the recording room, the dust cap was removed and a 54 channel  unity-

gain field effect transistor preamplifier headstage (HS-54; Neuralynx, Inc., Tucson 

AZ) was attached.   

 

 

 

 

Figure 11. Cross-section of a hyperdrive, showing 
two tetrodes protruding out of the canulae bundle 
(solid black lines). 
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Four 13 µm polyimide-coated nichrome wires  (H. P. Reid, Neptune, NJ)) were 

twisted under tension and heated to make resilient, stiff tetrodes (McNaughton et al., 

1983b; O'Keefe and Recce, 1993).  Within two days prior to implantation the tetrodes 

were cut at a 90o angle with tungsten carbide-edged surgical scissors (Fine Science Tools, 

North Vancouver, BC, Canada) then gold plated for 0.5 to 1 second using a gold salt 

solution (Sifco, Cleveland, OH) with a 2 µA current, using a stimulation isolation unit 

(SIU, World Precision Instruments, Sarasota FL).  The gold plating procedure decreased 

the impedance to 0.5 -  1.0 MΩ.  The tetrodes were individually moveable to optimize the 

number and quality of single units and EEG waveforms.  Each tetrode was attached to a 

pair of posts which were threaded so that a full turn on a drive-nut will advance the 

tetrode 318 µm into the brain.  

Immediately following implantation, tetrodes were advanced 640 µm into the brain.  

While the rat was recovering from anesthesia, the rat was attached to the recording 

system and one tetrode was placed into the corpus callosum (CC), as a quiet reference, 

and another was placed in the hippocampal fissure to record theta activity.  Accuracy of 

tetrode placement was evaluated by the presence of characteristic spike activity and EEG 

waveforms (Ranck, 1973; Fox and Ranck, 1981; McNaughton et al., 1983b).  

Sharpwaves measured in the EEG of the dorsal CA1 region were increasingly positive 

when approaching the pyramidal cell layer (Buzsaki, 1986; Suzuki and Smith, 1987), 

rapidly reversing in the layer, yielding a real-time functional depth assessment.  Cortical 



 67 

spindles, hippocampal ripples, theta and delta also provided clues to probe depth.  The 

twelve other tetrodes were moved down through the bottom of the corpus calosum and 

reversed to about ½ of the distance back on the first and third days (on the third day 

tetrodes are reversed by only ¼ of the distance).  On the fourth day and beyond, when the 

rat was accustomed to the hyperdrive, tetrodes were advanced slowly in a pseudo-random 

order to account for the brain’s elasticity and avoid a “bed of nails” effect.  When placed 

in the pyramidal layer of the hippocampus, typically 2 to 12 cells per tetrode were 

acquired and reasonably good separation of up to 20 cells were achieved on a single 

tetrode, yielding a total of 10 – 80 cells per session.  Only minor movements were made 

once a tetrode was near the CA1 pyramidal layer.  After several weeks, if the cell counts 

were below 2 cells per tetrode, the tetrodes were pulled up through the cortex, then 

pushed back down to the pyramidal layer over a two to three day period.   

The anatomical position of the tetrodes were functionally identified objectively by 

the complex spike firing characteristics of CA1 pyramidal cells and by the strength and 

polarity of sharpwaves, ripples, theta or sleep spindles in the EEG; however, direct 

verification of their position was established by histological examination of the tetrode 

tracks (Figure 12).  Upon termination of the experiment, the rat was euthanatized with 

pentobarbital (1 cc), then perfused with 300 ml of a 10% formalin solution before 

removal of the head.  The tetrodes were left in place for 24 hours, while the brain was 

being fixed by formalin, to increase the visibility of the tetrode tracks.  The tetrodes and 

skull were then removed and the brain immersed in a 5% sucrose/formalin solution for at 

least 48 hrs.  A vibratome was used to create 40 -100 µm coronal sections, then the slices 
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were mounted on electrostatically charged gelatin treated slides and nissl stained with 

cressyl violet and air-dried.  Slides were coverslipped, examined and photographed with a 

digital camera attached to a Leica VT1000S microscope.  The paths of the tetrodes were 

identified and traced through successive slices. 

 

 

 

Figure 12. Example of tetrode tracks through hippocampal CA1 pyramidal layer in the 
dorsal hippocampus.   

The cresyl violet stained 40 µm coronal brain sections were examined with a light microscope at 
40X and 100X. Eight tetrode tracks can bee seen in the left slice of the above the far dorsal hippo 
campus, with the tip of one in the pyramidal layer.  Subsequent (more posterior) slices reveal the 
destination of other electrodes (right). 

 

Neural signals were directed through a multiwire tether to a 64 channel commutator 

(Beila Idea Tethers, Development, Anaheim, CA) then to a patch panel (ERP-54; 

Neuralynx, Inc.) by extension cables.  Spike signals were amplified by a factor of  1000 

to 5000, filtered between 600 Hz and 6 kHz, and passed to a Cheetah Data Acquisition 

System (Cheetah 32; Neuralynx, Inc., Tucson, AZ) and digitized at 32 kHz.  A10 kHz 
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time-stamp train accompanied all recordings.  Tetrode signals were passed through an 

oscilloscope and an audio monitor (Model AM 8C, Grass Instruments, Quincy, MA) for 

troubleshooting and close inspection of waveforms.   

 

EEG signals were obtained from one channel of each tetrode, using a set of 

programmable amplifiers (Lynx-8; Neuralynx, Inc., Tucson, AZ) with a gain of 1 k to 5 

k, filtered between 1 and 475 Hz and acquired continuously at 2.4 kHz (Figure 13).  The 

two reference tetrodes were each physically recombined at the tetrode interface board on 

the hyperdrive.  One reference was placed in the corpus callosum to serve as a quiet 

Figure 13. Two second representative snapshot of the Cheetah EEG display while the 
tetrodes were in CA1.  The colored traces are from a channel of each tetrode.  The 
bottom two traces were the theta reference recorded from the hippocampal fissure, and a 
quiet reference electrode in the corpus callosum.  Two sharp waves are visible in all 
traces as the large deviations accompanied by high frequency ripple events.  Theta 
rhythm (5 - 12 Hz) is evident on the theta reference. 
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reference for differential recordings of both spike and EEG signals.  The other reference 

was placed in the hippocampal fissure to record hippocampal theta .  

Spikes, EEGs and position signals were processed on a Pentium II, 1GHz CPU and 

visualized by Cheetah Data Acquisition Software (Neuralynx, Inc., Tucson, AZ).  The 

Cheetah software allowed real-time objective evaluation of the recordings as well as 

control over the recording parameters, such as individual spike channel thresholds, gains, 

and video filtering, and were stored in configuration files specific to the rat.  Spike 

waveforms were displayed for each channel as well as a plot of the peak (or energy) of 

the spikes recorded simultaneously on each channel compared to another channel of the 

same tetrode. (Figure 14).   

Figure 14. Cheetah software spike window.  

Screen capture from approximately 5 minutes of sleep 1, rat 8042, dorsal implant.  Spike 
waveforms from 12 tetrodes are displayed overlapped in four windows.  Energy (area under the 
curve of a single spike) for one channel of a tetrode plotted against another reveals clusters of 
points, each cluster corresponding to a single cell.  
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Eight light emitting diodes (LEDs) mounted on the headstage allowed tracking of 

position and head direction via a video camera placed directly above the table, which 

recorded the LEDs at a 60 Hz sampling frequency with a resolution of approximately 0.3 

cm per pixel.  The signal was passed through the cheetah system where it was time-

stamped, digitized, and filtered so that only the LEDs were recorded.  The video signal 

was also sent to an analog television screen for real-time monitoring.    

 

Analyses 
 

 

Figure 15. Scatterplot of spike parameters 
reveals clusters corresponding to individual 
cells.   

Energy characteristics of spike waveforms 
from two channels of a tetrods were plotted to 
reveal clusters.   The clusters were scrutinized 
in several dimensions and colorized for visual 
separation.   

 

 

 

Spikes were sorted by a semi-automatic clustering algorithm that compared peak 

spike amplitudes and the principle components of the four channels of each tetrode 

(BubbleClust, P. Lipa, University of Arizona, Tucson, Arizona; KlustaKwik, K. Harris, 

Rutgers University, Newark, NJ; Figure 15), then subjective corrections were made using 

MClust cluster-cutting software by means of hand drawn boundaries  (MClust 3.03f, by 
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A.D. Redish, University of Minnesota, and Matlab 6.0, The MathWorks Inc., Natick 

MA). Clusters were refined until they had at least one projection that did not overlap 

others, and checked by generating a report of cluster characteristics (Figure 16).  Cells 

were scored based on subjective assessment of the waveforms and size of the standard 

error bars, whether spikes were lost due to thresholding (visible as a straight line of 

absent points on the peak plots), cleanliness of the refractory period in the 

autocorrelogram, and the stability of firing over time.  Cells with less than 30 spikes in 

any sleep or maze epoch were also eliminated.   

 

 

 

 

 

Figure 16. Cluster Summary 
Sheet for a tetrode.   

Average waveform +/- s.e. bars, 
summary statistics, Log ISI 
histogram, Peak plot for ch 1 vs 2, 
2 vs 3, 3 vs 4, and 4 vs. 1, 
autocorrelation plots at 4 and 1 
msec bins, and a plot of waveform 
peak of all four channels over 
time. 
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Cells were classified as interneurons if their firing rate was greater than 4 Hz, 

symmetrical waveform, small spikewidth (< 300 µs).  Pyramidal cells were identified by 

firing rates less than 4 Hz and a characteristic bimodal autocorrelogram due to bursting 

spike patterns (Ranck, 1973; Kubie et al., 1990).  Neurons not clearly belonging to either 

of these categories were placed into an “other” category and not used for this experiment.  

MClust and KlustaKwik software are freely distributed and are available for 

download (MClust: http://ccgb.umn.edu/~redish/mclust/ and  KlustaKwik 

http://osiris.rutgers.edu/Buzsáki/software/). 

The position of the rat was recorded by detection of the headstage LEDs by an 

overhead camera at 60 Hz with a pixel size of approximately 0.3 cm.  A center of mass 

was calculated using all of the visible diodes for each time frame.  Since the video frames 

were time-stamped by the same clock as the spikes, the position of the rat during each 

spike could be determined (Figure 17).  

Large single data point position fluctuations were due to errors in the detection of 

the LEDs, possibly from errant reflections, the hyperdrive being perpendicular to the line 

of sight, or cables blocking the view of the LEDs, and were corrected by a smoothing 

algorithm.  Precise timing of the beginning and ending of behavioral epochs were 

obtained from a plot of position versus time (Figure 17B).   
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LFP analyses 
 

  Sharp wave/ripple events were measured during the 10 minutes prior to, during, 

and following the maze experience.  The raw EEG voltage trace with the strongest ripples 

for each dataset was band pass filtered (Chebychev filter) between 100 and 300 Hz to 

retain only ripple-frequencies, and then squared to simplify analyses by rectifying the 

voltage traces (Figure 18).  Ripple envelopes were then revealed by a low pass filter 

between 1 and 20 Hz, and finally, a high pass threshold was applied to the trace to 

eliminate most of the random low energy noise and chewing artifacts.   

 

Figure 17. Representative trajectory maps. 

The position of the rat’s head was acquired from the video recording to create an X and Y 
coordinate for each timestamp.  A. Blue lines represent the instantaneous position of the 
rat throughout the five sessions, in A) X and Y position coordinates and B) X position and 
time.  The sleeping nest is the centermost cluster of lines in A. and the stable horizontal 
portion in B. while the trajectories on the long and short tracks are clearly visible as the 
outer and inner circles in A. and the rapidly oscillating traces in B.  The food bowls were 
at the 9 o’clock and 3 o’clock positions on the long track and at the 9 o’clock position on 
the short track.  The loops at the 9 o’clock position on the long track show the rat reversing 
direction. 

A B 
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Figure 18. Detection of sharp wave/ripple events.  The raw EEG trace (top figure) was 
filtered between 100 – 300 Hz (second), then squared (third), then filtered between 1 – 20 
Hz to find the ripple start and end times (green and red vertical lines).   
 

The high-pass threshold for each dataset was automatically determined using an 

algorithm developed by Bill Skaggs and Andrew Maurer that reduced the number of false 

positive identifications due to noise artifacts.  Histograms of ripple amplitude 

distributions for the maze and sleep 1 intersect where the number of high amplitude 

ripples in sleep 1 exceeds the number of low amplitude artifacts during the maze (Figure 
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19).  The amplitude of that intersection was used as the threshold for ripple detection, 

then the start and end times for the ripple event were interpolated to the mean of the low 

pass data.   

 

 

 

 

 

 

 

 

Figure 19. Detection of ripple thresholds.  The point where the distribution of ripple 
amplitudes  during sleep 1 and the maze cross indicates a threshold (vertical dashed 
line) between high amplitude ripple events and low amplitude noise.  

0 2 4 6 8 10 12 14
0

0.02

0.04

0.06

0.08

0.1

Log10 of Low Pass Amplitudes

P
ro

po
rt
io

n 
of

 O
bs

er
va

tio
ns

Sleep 1
Run

0 2 4 6 8 10 12 14
-0.015

-0.01

-0.005

0

0.005

0.01

D
iff

er
en

ce
 in

 S
le

ep
 1

 -
 M

az
e

Ripples 

Noise 



 77 

Reactivation  

 
Spike trains were binned into 20 ms intervals to generate a sequence of firing rates 

for each cell.  A normalized Pearson’s correlation coefficient (r) was then calculated 

between the firing rate vectors of each pair of cells (i,j) for each epoch (sleep 1,run, 

sleep2) using the equation:   

where T is the number of 20 ms binned intervals, and ƒ[t] is the sequence of binned spike 

counts, and µ and σ are the respective mean and standard deviations of ƒ[t] (Perkel et al., 

1967; Gerstein and Perkel, 1969; Wilson and McNaughton, 1994). 

The explained variance (EV) measure was designed to detect increased similarity 

between behavior (run) and post-behavior (post) cell pair correlation matrices, while 

factoring out the existing correlations between behavior and pre-behavior (pre) epochs.  

The partial correlation coefficients, r, of the rest periods, pre , post, and the behavioral 

task, run, were calculated and squared to find EV:  

where rrun,post, rrun,pre, and rpost,pre are the firing rate matrix correlations between the run 

and sleep 2, run and sleep 1, and sleep 2 and sleep 1 (Kleinbaum et al., 1988; 

McNaughton, 1998; Kudrimoti et al., 1999).  To assess whether firing rate similarities 

between run and sleep 2 were different from the pre-existing similarities between run and 
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sleep 1, the explained variance was calculated in reverse (REV), exchanging the rest 

periods.     
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RESULTS 
 
A total of 89 datasets with twenty or more cells were acquired among three rats; however, 

some sessions were excluded due to poor spatial tracking, poor behavior or low cell 

counts.  The database for the present study included a total of 1886 well isolated, stable, 

putative CA1 pyramidal cells from 59 datasets (Table 2).  The numbers of cells recorded 

and used were significantly different between dorsal and middle locations (p < 0.005) but 

not between long and short tracks (p < 0.56).   The three rats included are sometimes 

denoted as rat 1, 2 and 3, which correspond to rat numbers 8042, 8001, and 7951, 

respectively.  Recording times for each rat were initiated at approximately the same time 

each day, within a three hour window, to reduce chance of artifacts related to the time of 

day.   Mean start times for rats 1 and 3 were 10:37 (middle) and 11:43 (dorsal), and 13:44 

(middle) and 15:10 (dorsal) for rat 2.   
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Table 2.  Summary of the database for the present report.   
The data are sorted by the experimental conditions: Dorsal, Middle, Long or Short, and further 
subdivided into the least common conditions.  HC Region, Hippocampal region; Rats were 
indicated by their reference number followed by the letter indications of the appropriate 
condition; sessions, number of pyramidal cells acquired and number of cell pairs used, sorted by 
HC region and track length. All cell pairs combinations recorded from the same tetrode were 
eliminated from all analyses. 
 

Hippocampal 
Region 

Rat 
Number of 

Sessions 
Pyramidal 

Cells 
Number of 
Cell Pairs 

7951-D 11 338 4693 
8001-D 9 182 1754 Dorsal 

8042-D 11 662 22838 
7951-M 10 324 4867 
8001-M 9 122 682 Middle 
8042-M 9 251 3531 
7951-L 10 291 3924 
8001-L 8 137 1048 Long 
8042-L 11 519 15528 
7951-S 11 371 5636 
8001-S 10 167 1388 Short 
8042-S 9 401 10841 

7951-DL 5 143 1880 
8001-DL 4 81 694 Dorsal - Long 
8042-DL 6 392 13920 
7951-DS 6 195 2813 
8001-DS 5 101 1060 Dorsal - Short 
8042-DS 5 277 8918 
7951-ML 5 148 2044 
8001-ML 4 56 354 Middle - Long 
8042-ML 5 127 1608 
7951-MS 5 176 2823 
8001-MS 5 66 328 Middle - Short 

8042-MS 4 124 1923 
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The primary significant findings of this dissertation concern comparisons of the 

levels of memory trace reactivation in dorsal and middle hippocampal CA1 pyramidal 

cells following long and short repetitive track-running experiences.  The behavioral 

period was a fixed interval, placing the influence on the number of laps traveled on the 

two different length tracks.  These results were computed by the explained variance 

method (EV).  EV was measured only during ripple events since memory reactivation 

occurs mostly during SPWR events (Kudrimoti et al., 1999).  Daily EV measurements 

were pooled across the three rats by the conditions: dorsal CA1, middle CA1, long track, 

or short track, and further subdivided by combinations of these conditions.  

 

The mean EV magnitudes were between 6 and 7 % and were not significantly 

different between CA1 region or track size or between rats (log-transformed 3-way 

Figure 20. Mean explained variance pooled by CA1 region and track length (A) and further 
subdivided (B).    Error bars are standard error of the mean, and the number of datasets 
included in each condition are indicated in white within each bar.  DL, dorsal CA1, long 
track; DS, dorsal CA1, short track; ML, middle CA1, long track; MS, middle CA1, short 
track. 
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ANOVA, p < 0.80, p < 0.65, p < 0.551, respectively; Figure 20A).  Further subdivision 

into dorsal-long, dorsal-short, middle-long, middle-short did not reveal any differences 

(Figure 20B). The number of laps run on a given day ranged from about 20 to 150; 

however there was no change in the level of reactivation with number of laps (Figure 21).  

The variances were distributed equally across rats and none significantly biased the 

results.  There was also no consistent effect of time (or familiarity) on the level of 

reactivation, and there were no differences between the first and the second implant for 

each rat.  The reverse calculation for EV was very small and consistent across datasets, 

thus it was not included in the analyses.  

Figure 21. Repetitions (laps) do not significantly affect reactivation.  There seemed to 
be a downward trend of explained variance with increasing laps, but an accurate 
regression could not be fit to the data.   Least squares fit regression line, heavy line y = -
0.00038x + 0.12281, r2 = 0.04; 95% confidence intervals for the regression, light grey 
curves;  95% prediction interval, dotted lines. The slope was not significantly different 
from 0 (p < 0.13).   
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Sharpwave-Ripple Events 
 

The average rate of ripple events did not significantly differ between sleep 1 

(27.5/min ± 1.93) and sleep 2 (29.7/min ± 1.87 ; T-test p < 0.412), although the rate 

during both sleep periods far exceeded the rate on the maze under all conditions 

(P<0.001).  There was a trend for the dorsal region to have a greater ripple rate than 

middle regions during sleep, but significance was reached only during sleep 1 (2-way 

ANOVA for region and length: location sleep 1 p < 0.03 for s1, p < 0.11 for sleep 2; 

Figure 22).  No differences were found for ripple rate as a result of track lengths or the 

number of laps in any condition (Figure 23).  
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Figure 22. Mean frequency (per min.) of ripple events per epoch.  Dorsal hippocampal ripples 
were more frequent than middle ripples during sleep 1, and ripples were more frequent during 
sleep than on the maze.  No other differences were significant.  Significant differences marked by 
asterisks.  D-L, dorsal/long; D-S, dorsal/short; M-L, middle/long; M-S, middle/short. 
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Figure 23. Effect of laps in the rate of sharp-wave ripples during sleep 2.    A least squares fit 
linear regression did not accurately describe the data,  y = -0.02623x + 31.662, r2 = 0.004, heavy 
line.  The slope of the regression line was not significantly different from zero (p < 0.62). 95% 
confidence intervals for the regression, light grey curves;  95% prediction interval, dotted lines.  

 
The duration of the ripple event could also be expected to vary with cell ensemble 

behaviors; however, ripple duration was remarkably consistent across regions and 

epochs, with no significant differences during sleep epochs between regions or track 

lengths (Figure 24) or repetition (Figure 25).  Ripple events during the maze were shorter 

than during sleep, and were significantly shorter in the dorsal than middle hippocampus 

(2-way ANOVA, p < 0.000) 
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Figure 24. Ripple duration (msec) for each condition.   

Ripple duration differed between dorsal and middle regions only during the mazes.  Significance 
marked by asterisk.  Error bars, s.e.m. Sleep 1, S1; maze 1, M1,  sleep 2, S2; maze 2, M2; sleep 3, 
S3.  
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Figure 25. Duration of sleep 2 ripple events does not change with repetition.  An accurate 
regression could not be determined.  The slope of the least squares fit linear regression, y = -
0.0108x + 67.297, r2 = 0.04, heavy line, was not significantly different from zero (p < 0.1105). 
95% confidence intervals for the regression, light grey curves;  95% prediction interval, dotted 
lines.  

 
 
It could be expected that differing ensemble organization could result in differing 

ripple amplitudes and thereby possibly affect the strength of memory trace reactivation.  
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Figure 26).  Like the duration, ripple amplitudes were greater during sleep than maze 

epochs, however, maximum amplitudes declined with repetition (Figure 27). 

 

Figure 26. Mean peak ripple amplitude per epoch.  Only maze 1 differed significantly and 
only between middle and dorsal HC. Significance marked by asterisks.   Error bars, s.e.m. Sleep 
1, S1; maze 1, M1,  sleep 2, S2; maze 2, M2; sleep 3, S3 
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Figure 27. Maximum amplitude of the low pass ripple envelope  with respect to laps.  The 
least squares fit regression line, y =-265.79x +70893.18, r2 = 0.09, did not accurately describe the 
data, but its slope was significantly different from zero (p < 0.02).  95% confidence intervals for 
the regression, light grey curves;  95% prediction interval, dotted lines.  

The hippocampal neuronal activity during the different sized mazes was expected 

to be mirrored during ripple events.  The firing rates of the CA1 pyramidal cells were 

higher during ripples than non- ripple periods, but they were even higher during sleep 

epoch ripples compared to maze epoch ripples (Figure 28; 2-tailed T-test for sleep vs. 

maze during ripple periods: dorsal p < 0.00, middle p < 0.00).  When compared to the 

middle CA1 region, higher firing rates were found during ripples in dorsal regions for all 

sleep epochs but the maze epochs were equivalent between regions (2-way ANOVA, 
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sleep 1: p < 0.024, maze 1: 0.551, sleep 2: p < 0.054).  No differences were found with 

respect to track length or repetition (Figure 29). 

Figure 28. Firing rates (Hz) during ripples by epoch. Significance between dorsal and ventral 
counterparts of the same epochs are marked by asterisks (white for ripple, black for non-ripple 
times), and the asterisks are horizontally aligned with its point of comparison.   During sleep 
epochs, Dorsal CA1 pyramidal cell firing rates during ripples were higher than in the Middle 
CA1, but were lower than middle CA1 during non-ripple periods.  There was no effect due to 
track length.  Error bars, s.e.m. 
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Figure 29. Mean firing rate (Hz) during sleep 2 ripple was not affected by repetitions.    The 
least squares fit regression line, y = 0.003x + 3.11, r2 = 0.008, did not accurately describe the 
data, and its slope was not significantly different from zero (p < 0.51).  95% confidence intervals 
for the regression, light grey curves;  95% prediction interval, dotted lines.  

Out of the total number of cells recorded, the mean proportion that participated in 

each ripple was much greater during sleep periods than while on the maze (p < 0.001), 

and was greater in the dorsal hippocampus than the middle hippocampus during both 

sleep epochs (2 way ANOVA, sleep 1: p < 0.030, maze 1: p < 0.349, sleep 2: p < 0.030; 

Figure 30).  No differences were found across different track sizes or repetitions (Figure 

31).  
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Figure 30. Proportion of the total number of cells that were active during ripples by epoch.  
The proportion of cells participating in each ripple was greater during the sleep epochs compared 
to maze epochs.  During the first two sleep epochs the proportion of active cells was higher in the 
dorsal hippocampus.  Track length did not affect cell participation in ripples.  Error bars, s.e.m.  
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Figure 31. Mean proportion of recorded cells that were active during sleep 2 ripples did not 
change with behavioral repetition.  The least squares fit regression line, y = 0.00012x + 0.1508, 
r2 = 0.008, did not accurately describe  the data but its slope was not significantly different from 
zero (p < 0.49). 
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DISCUSSION 
 

The goal of the present study was to improve our understanding of the 

mechanisms and rules that govern hippocampal memory trace reactivation, allowing 

possible insights into its role in memory consolidation.  The study design was based on 

the Hebbian learning rule that cells which fire together due to experience enhance their 

future ability to fire together in the same pattern by some means of physiological change.  

Thus, with increased repetition, pairs of cells with neighboring place fields will have an 

increased probability of co-firing and be more likely to be reactivated during future 

periods of sleep.  During pauses in behavior, both the incidence of SPWRs and levels of 

reactivation during those SPWRs have been shown to develop during a series of 

behavioral tasks and in proportion to the regularity of the behavior (Jackson et al., 2006).  

Additionally, O’Neill (O'Neill et al., 2008) found that reactivation of co-firing cells 

increased with the number of visits to a particular place once the accumulated time spent 

in each place passed 30 seconds.  Cells whose place fields were not near each other and 

did not fire together during behavior further reduced co-firing in proportion to number of 

times they fired independently, suggesting that experience dependent change during 

reactivation is bidirectional. 

The results of the present experiment indicate that after a stable hippocampal 

representation has been created, the number of repetitions of a simple behavioral task has 

no relation to the degree of memory trace reactivation during subsequent sleep.  This 

finding seems to conflict with the hypothesis that experience-dependent Hebbian 

plasticity underlies the formation and reactivation of memory traces;  however, the 
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present reactivation comparisons were made after many repetitions on two well 

familiarized tracks upon which the paths were highly stereotypic.  Under these 

conditions, plastic changes are expected to have already occurred or saturated within the 

first 10 or so laps (Wilson and McNaughton, 1993; Mehta et al., 1997; Guzowski et al., 

2006) or the first three to five minutes (Frank et al., 2004).  The expansion of CA1 place 

fields backward in space during the first few laps of each exposure to a familiar track 

(Mehta et al., 1997) is attenuated by pharmacological blockade of LTP (Ekstrom et al., 

2001); however, this shift is absent in CA1 during the first 24 hours, whereas backward 

shift of CA3 place fields is present only during the first 24 hours (Lee et al., 2004).  The 

dissociation between the activities of CA3 cells in familiar environments, and upon initial 

exposure to a new, or altered environment, indicate that CA3 is responsible for initial 

encoding of an experience but not subsequent retrieval after 24 hours (Lee and Kesner, 

2004; Lee et al., 2005). The patterns of CA3 cell activity are unchanged upon reentry into 

an environment that has few changes (pattern completion), but a new pattern of cell 

activity is present if the environment is significantly changed (pattern separation) 

(Vazdarjanova et al., 2002; Lee et al., 2004; Leutgeb et al., 2004).  Meanwhile, CA1 cell 

patterns change in a more linear, but less coherent, manner with increasing changes to the 

environment (Vazdarjanova et al., 2002; Leutgeb et al., 2004).  The behaviors of well 

trained rats are very consistent when on the apparatus, resulting in few, if any, salient 

cues to differentiate one experience from another.  Thus, plasticity may be unnecessary 

upon representation, and reactivation, of an almost identical experience (Shen and 

McNaughton, 1996).  Given these results, one would not expect to find significantly 
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different levels of memory trace reactivation in either CA3 or CA1 on familiar tracks, 

regardless of the number of laps.  Any influences of the content or repetition of the 

experience on reactivation would be more likely to be found in the CA3 region following 

a novel experience.           

Finally, the current experimental design evaluated the difference between the 

number of laps traveled on a short track compared to a long track during equal periods of 

time.  This method controls for the duration on the tracks while allowing a different 

number of laps to be traversed.  An evaluation of reactivation after a variable length of 

time (and laps) might have revealed more about how the of the accumulation of 

experience affected reactivation in addition to the number of repetitions.       

 Memory trace reactivation was also compared across different sequence lengths.  

The sequence of successive place fields increases in proportion to the length of the track.   

As a cross-validation, recordings were made within both the dorsal and mid-ventral CA1, 

where pyramidal CA1 cells possess progressively larger place fields with lower peak 

firing rates toward more ventral regions and proportionally fewer cells with fields within 

a given environment (Jung et al., 1994; Maurer et al., 2005; Maurer et al., 2006b).  More 

place fields will be active on a long track or in the dorsal hippocampus when compared to 

a short track or the ventral hippocampus.  Thus if reactivation were greater in the long 

track and dorsal CA1 when compared to their counterparts, the determining factor could 

have been considered to be the number of participating cells or the length of the repeated 

ensemble of cell activity.  If the short track and ventral region reactivation were greater, 

then it might have been due to the more potent correlations between the few cells that 
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were active, but were coactive over an extended period of time.  However, it is not the 

strength of the correlations but the relative likenesses of the pattern of correlations 

between behavior and sleep epochs that matter (McNaughton, 1998b).  A final possibility 

is that a small activity vector, i.e. a short track or mid-ventral representation, can fit more 

frequently in to a given time window than a long sequence. 

The present finding that there were no differences in reactivation between long 

and short tracks and dorsal and mid-ventral CA1 regions suggests that the degree of 

reactivation is independent of the size of the activity vector and the amount of 

overlapping place fields and the time spent within overlapping fields.  The regional 

equality might be due to the inverse relationship between the size of the place fields and 

the sparsity of spikes along the longitudinal axis due to lower peak firing rates and fewer 

active cells the mid-ventral region.  Thus, the total number of spikes summed over the 

population representing a given environment is balanced between the dorsal and ventral 

hippocampus.    

The explained variance calculation of memory trace reactivation is a measure of the 

relative correlation between the binned spike-train correlation matrices during sleep and 

maze epochs.  The corresponding matrices possess no remaining temporal sequences or 

measures of the number of correlated cells or the duration of correlated cell activity.  The 

lack of differences found between long and short sequences suggests that any vector of 

activity states has an equal probability of being reactivated regardless of its length as long 

as there have been an adequate number of repetitions to stabilize the initial memory trace.  
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Sharpwaves and ripples (SPWR) are thought to be a consequence of bursts of cell 

ensemble activity from recently active cells within the highly recurrent network of CA3 

and its interactions with the dendrites of CA1 and are believed to be periods of 

communication between hippocampal, cortical (Buzsaki, 1989; Sirota et al., 2003; 

Battaglia et al., 2004a) and subcortical (Pennartz et al., 2004) regions.  If so, it is 

reasonable to infer that memory trace reactivation, which is strongest during sharpwaves, 

is directly influenced by the quantity, magnitude and duration of SPWR events.  And 

since cell activity markedly differs along the dorsal – ventral axis, cell ensembles that 

contribute to SPWRs must also differ, resulting in different SPWR dynamics along the 

axis, in turn affecting memory trace reactivation along the axis.  A corollary is that the 

characteristics of sharpwaves themselves may reveal either the content of their 

constituent ensemble activity or the summation of inputs involved in the formation of the 

ensemble.    

All of the measured characteristics of sleep SPWRs (rate, duration, and amplitude) 

were relatively consistent across hippocampal regions, number of laps and the length of 

the track.  This implies a tightly regulated mechanism which is independent of 

experience.  The fact that the proportion of active cells and their firing rates during 

SPWRs are greater in the dorsal CA1 support the hypothesis that experience-dependent 

cell activity is reflected in the content of cell activity during SPWRs since the “in-field” 

peak firing rates and the portion of cells active within an environment are similarly higher 

in the dorsal region.  Together these facts indicate that the induction and morphology of 
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the SPWR local field potentials are influenced by a different mechanism than the activity 

of its coincident pyramidal cells.   

Foster and Wilson (Foster and Wilson, 2006) recently discovered that while rats 

take short breaks from exploring an environment, memory trace reactivation occurs 

during “exploratory” SPWRs (eSPWRs), but in reverse order.  It is entirely possible that 

the eSPWRs might be essentially different from the sleep-related SPWRs (sSPWRs).  For 

the current experiment, sSPWRs occurred at least six times more frequently than 

eSPWRs which was expected due to the consistent running between food dishes.  

Unexpectedly, the duration, peak ripple amplitude, and the number of spikes or cells per 

ripple were greater during sleep than on the maze, indicating that SPWRs and SPWR 

related pyramidal cell activity differs significantly between behavioral states.   
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CONCLUSIONS 
 

The present study revealed that offline hippocampal CA1 memory trace 

reactivation of a familiar, repetitive spatial task is performed at a set basal level, 

regardless of whether the task involved a long sequence or how often it was repeated.  

Additionally, this same level of function is present throughout the longitudinal axis.   

These findings address two fundamental aspects of hippocampal physiology.   

First, although the pattern of activity of hippocampal ensembles reflects the 

representation of recent events, the actual function of the hippocampus does not appear to 

change with respect to differing content, given that the two observed conditions had no 

discernable effect on the level of hippocampal reactivation.  This does not, however, 

preclude the hippocampus from an involvement in the subtle modulation of memory 

traces theorized to occur during the process of consolidation.  The second aspect 

addressed involves whether, and how, the function of the hippocampus differs along its 

axis.  Given that the spatial scale represented within CA1 and CA3 expands ventrally, 

and that spatial content is attributed more to dorsal hippocampus and 

emotional/homeostatic content to the ventral portion, the source of these gradients can be 

localized to upstream pathways, rather than intrinsic hippocampal properties.  This 

implies that the hippocampus is capable of performing the same function at any 

dorsoventral level, with no distinct channels or bands dedicated to a particular type of 

information.  The present study also supports the position that the hippocampus employs 

sparse, distributed encoding, endowing it with characteristics thought to be ideal for a 

high capacity long-term memory system that is resistant to interference or partial damage. 
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FUTURE INVESTIGATIONS 
 

The linearity of hippocampal function, with respect to trace reactivation, can be 

verified in future investigations by simultaneous recordings at several points along the 

length of the hippocampus and across CA3 as well as CA1, being sure to include the far 

ventral extreme.  Novel or familiar experiences are handled differently by CA3 and CA1, 

thus differences in trace reactivation in the two regions as familiarity develops would 

provide convincing evidence that hippocampal memory trace reactivation is indeed part 

of the process of memory consolidation.  Pharmacological blockade of LTP during or 

after learning, in both CA3 and CA1 in novel or familiar conditions would then indicate 

the necessity of plasticity in reactivation or consolidation.  Whether the behavioral task is 

appetitive in nature or if fear or stress is involved, these experiments will be even more 

revealing about how the functions of the hippocampus are distributed along its axis.   

The effects of  repeated sequences can be further elaborated by studying 

reactivation following only a few repetitions, compared to a several, then up to hundreds 

of repetitions, all acquired on the same length track.  Further elaboration can be achieved 

by  keeping the number of laps equal while changing the length of the track from about 

100 cm to 10m to 20 m.  All of the experiments mentioned here can be studied with 

greater simultaneous 3-dimensional clarity by the use of whole-brain imaging of 

experience-dependent immediate early genes such as Arc and Homer. 

Finally, additional knowledge of the mechanism of hippocampal function can be 

gleaned from comparisons of cell activity during behavior and during eSPWRs and 
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sSPWRs.  This analysis may reveal how the representation of the event, as a sequence of 

place fields, evolves upon each subsequent reactivation.  
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