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ABSTRACT  
 

This dissertation explores the relationships between self-motion, place 
field size, and theta phase precession with a primary focus on providing insight 
into the interactions between theta phase precession and place field size. The 
present data indicate that place field size increases along the dorsal to ventral 
axis of the hippocampus. Pyramidal neurons of the middle hippocampus, with 
larger place fields, exhibit a lower intrinsic burst frequency compared to dorsal 
place cells. Moreover, the firing rate of neurons in the middle hippocampus show 
a weaker relationship with running velocity compared with cells in the dorsal CA1 
region suggesting that there is a decrease in the self-motion input to this region. 
By defining place fields as phase shifts up to, but not exceeding 360°, the rate of 
phase precession is found to significantly correlate with place field size. 
Moreover, this definition revealed that approximately 10% of the pyramidal 
neurons will have place fields that overlap in space. Applying this critereon to 
interneurons reveals that a subset shows a similar spatial metric to those of 
pyramidal cells, inheriting the activity profiles and spike-phase relationships of 
the pyramidal cells that they are putatively monosynaptically coupled to. Finally, 
a reliable reconstruction of the look-ahead phenomenon provides preliminary 
evidence that suggests an increase in place field size as velocity increases.  

The results are presented to imply that the influence of the self-motion 
signals is graded along the dorsal-ventral axis of the hippocampus. These self-
motion signals are capable of influencing the neuronal spike times of both 
pyramidal cells and interneurons on short-time scales of a theta cycle or less.  
Despite these short-time scale spike timing control mechanisms, preliminary data 
is presented that the influence of self-motion information with velocity is not 
enough to maintain a fixed place field size.  
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CHAPTER 1: INTRODUCTION AND OVERVIEW 

“There is no difference between time and any of the three dimensions of space 

except that our consciousness moves along it” H.G. Wells, The Time Machine 

During the time that the experiments that comprise this dissertation were 

completed, I have had the good fortune to witness some of the largest 

breakthroughs in the neurophysiological representation of space since the 

original discovery of place cells. Grid cells were discovered in 2004 in the medial 

entorhinal cortex of the rat. These neurons exhibit the unique characteristic of 

strong periodicity in their spatial firing rates that follows a rhomboidal tessellating 

pattern. As pointed out by McNaughton and colleagues (2006), this complex 

periodicity was predicted by Alan Turing, not for the neural representation of 

space, but to describe the structure of chemical reactions: “The striking and 

unexpected regularity of both the Turing symmetry breaking and the grid cell 

phenomenon is so compelling that a possible connection between the two is 

unlikely to have escaped the attention of many who are familiar with both; 

indeed, at least two theoretical proposals for grid cell mechanisms based on 

these principles have already appeared” (McNaughton et al., 2006). This 

connection between chemical reactions and grid cell organization has, as 

intended by the authors, provided significant insights into the possible neural 

network underlying their expression. Indeed, this has set the stage to look for 

similarities across scientific fields, wherever they exist. 
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  Another salient connection between disparate scientific fields also stems 

from the work of McNaughton and colleagues. When dealing with the problem of 

path integration, the update of spatial location based on the integration of self-

motion cues, Samsonovich and McNaughton (1997) considered the possibility 

that a “topographical map” or chart of neurons exists in the brain, putatively 

upstream from the hippocampus. Each neuron on the chart represents a 

hypothetical X-Y position in space, such that, adjacent neurons on the chart 

represent adjacent locations. Thus, the neurons with maximal activity would 

provide an estimation of spatial location. The authors acknowledged that, given a 

finite number of neurons in the brain, the neural chart would have edges or 

boundaries. Thus, if the rat traveled far enough in one direction in actual space, 

the network activity representing the rats’ position would “fall off the map”. 

Therefore, the authors made the network continuous by connecting the edges; 

the result was a continuous network of neurons with a toroidal geometry. Units 

on the toroidal chart would therefore have periodic activity, similar to grid cells, 

but the base unit would be a square and not a rhomboid. In order to generate 

spatial periodicity with rhomboids as the base unit, a single twist needs to be 

integrated into the torus (Guanella et al., 2007; see chapter 3). Interestingly, this 

is not the sole appearance of a twisted torus. A tokamak is a magnetic device 

capable of controlling nuclear fusion. During fusion, the ionized gas (plasma), is 

at high temperature and moves at incredible velocities. In order to maintain 

temperatures high enough for fusion to occur, the hot plasma must be confined. 
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The tokamak solves this problem by arranging magnetic coils in a torus around 

the plasma. These magnetic coils provide a means to prevent the plasma from 

escaping, by altering its trajectory of motion. As the plasma travels around the 

torus, a second magnetic field is generated, orthogonal to the first. This results in 

a distortion in the ions trajectory; they move along the torus with a twist in their 

motion (Ethier et al., 2005).  

 

Figure 1.1:  Theoretical flow of plasma around the tokamak. The current makes 
one twist per revolution around the torus (figure from Ethier et al., 2005). 
 

 The final but most resonating parallel between fields involves spacetime. 

Spacetime is the simple concept that everything exists in four dimensions: three 

spatial domains and one temporal. Adopting the viewpoint of Albert Einstein, 

space and time are two integrated components that can never be separated. This 

is summed up by the simple adage “Moving clocks run slow”, or in other words, 

displacement in space alters the passage of time. In this way, spacetime 

provides a framework to define events. Plotting the orbit of a planet around a star 
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in spacetime coordinates would reveal that the satellite’s orbit is helical, not 

elliptical. Attempting to derive congruence between the physical construct of 

spacetime and the brains representation are matters best left to Immanuel Kant 

and the philosophers that followed.   Nonetheless, this thesis attempts to derive 

the fundamental rules which regulate the interactions between spatial and 

temporal representation of events within the brain; information fundamental for 

adaptation and survival.  

Learning and Memory 

With respect to neuroscience, the field of learning and memory can be 

classified into five major cornerstones: the changes in behavior that occur as a 

result learning, the anatomical locus of memory within the brain, the projections 

and synapses required for ‘engram encoding’ (Semon, 1908), the channel activity 

and molecular mechanisms active in the formation and consolidation of the 

engram, and the electroencephalogram (EEG) patterns associated with 

encoding, consolidation, and recall.  Considerable progress had been made on 

all four fronts following Karl Lashley’s over-arching treatise, In Search of the 

Engram, in 1950.  This beginning, however, started with an end.  Lashley’s 

“mass action” principle, which stated that memory is stored everywhere in the 

cortex, fell quickly from grace following Scoville and Milner’s seminal publication, 

“Loss of Recent Memory Following Bilateral Hippocampal Lesions” (1957).  This 

spurred researchers to search in the hippocampus for the engram. 
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Prior to the development of technology that enabled the recording of 

single neurons in awake behaving animals, hippocampal physiology was focused 

on the electroencephalogram (EEG). In 1938, Jung and Kornmüller reported the 

existence of a slow rhythmic field potential within the hippocampus with a 

frequency between 7-12 Hz.  This rhythm, dubbed theta (Θ), still evades absolute 

classification in terms of function, although it is most notably associated with 

‘voluntary behavior’ and rapid eye movement (REM) sleep (Green and Arduini, 

1954; Vanderwolf, 1969; Buzsaki, 2005).  Although early reports disagree on the 

relationship of both theta amplitude and theta frequency versus velocity, it is 

generally accepted that theta amplitude increases with velocity (Recce, 1995 

thesis; Terrazas et al., 2005; Maurer et al., 2005). Recently, a correlation of theta 

frequency with novelty- after controlling for velocity- has been uncovered 

(Jeewajee et al., 2008).  The most parsimonious explanation of theta is that it 

reflects the processing of information during awake behavior  and REM sleep. 

When rats transition from behavior to sleep or quiet wakefulness, the 

hippocampal EEG rhythm is typically dominated by multiple oscillatory patterns 

described as ‘slow wave sleep’.  Slow wave sleep consists of transitions between 

small-amplitude irregular activity (SIA) and short bouts of large irregular activity 

(LIA; Vanderwolf, 1971). The limited research on SIA suggests that it reflects a 

period of “higher arousal” relative to LIA, but not reaching the arousal state 

associated with awake theta (Jarosiewicz and Skaggs, 2004).  As the name 

implies, the amplitude of the oscillation is relatively small and characterized by 
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desynchronized activity (Roldán et al., 1963; Jarosiewicz et al., 2002).  Little is 

known regarding the generation of SIA, although Jarosiewicz (2003 Thesis) 

speculates that hippocampal SIA depends on a specific behavioral state: 

“…when LIA is precluded (either behaviorally or by electrical stimulation) but 

external theta drive is somehow disrupted” most likely via serotonergic input from 

the median raphe to the GABAergic neurons of the medial septal diagonal band 

of Broca. 

 LIA, on the other hand, has received a great deal of attention.  This EEG 

pattern is associated with two components: the sharp wave and ripple.  The 

sharp wave is a large amplitude fluctuation that lasts approximately 150-300 

msec, prominent in the apical dendrites of the CA1 region. Synchronous 

discharge of CA3 pyramidal cells are responsible for the sharp wave deflection, 

which is maximal in the region of the CA1 apical dendrites (Buzsaki et al., 1983). 

This synchronous discharge results in two opponent processes: dendritic 

excitation and perisomatic inhibition of CA1 neurons resulting in the fast (100-200 

Hz) ripple oscillation, generated by sodium spikes, that ‘rides’ on top of the sharp 

wave (O’Keefe and Nadel; 1978; Buzsaki et al., 1983; Ylinen et al., 1995; 

Csicsvari et al.  2000).  

 Finally, the gamma oscillation is perhaps the most nefarious of 

hippocampal oscillations for the reason that its mechanism of local generation is 

perhaps the easiest to explain, whereas its function is virtually unknown and it 
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may be that gamma is epiphenomenomal. Similar to the theta oscillation, gamma 

depends on the spatial summation of EPSPs and IPSPs and the rise and decay 

time of inhibition. The exact mechanism is mediated by the GABAA current.  

Simply stated, “the induction of a time constant, coordinated across a large part 

of a system, inevitably biases the system toward periodicity” (Buzsaki, 2006).  

Within a large network of neurons, interneurons are constantly inhibiting each 

other.  Computational models have demonstrated that eventually all interneurons 

will synchronously fire and, then become inhibited.  The GABAA time constant of 

decay ranges from 10 to 25ms, placing the network rhythmicity on the order of 40 

to 100Hz; thus, supporting the phasic firing of the network (Netoff et al., 2005). 

The gamma oscillation waxes and wanes in amplitude at theta frequency (Bragin 

et al., 1995; Chrobak and Buzsaki, 1998) which may reflect “…the periodic 

depolarization, which reduces the driving force for the current” (McNaughton, 

personal communication). These observations appear to support a hypothesis in 

which gamma facilitates short-term memory with 7 ± 2 oscillations per single 

theta cycle (Lisman and Idiart ,1995). Approximately 5 to 9 gamma cycles are 

nested within a single theta cycle with each gamma cycle responsible for a single 

item, although the data supporting this hypothesis are limited. 

Small network dynamics and the importance of intern eurons 

All hippocampal oscillations tend to be described as the periodic firing of 

neural networks on a grand scale. Unfortunately, beyond a small microdomain, 
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the effects of even a periodic input to a region are incredibly difficult to determine. 

For example, the processes of feedforward and feedback excitation and inhibition 

are simple to understand on their own, within a small network. When considering 

their interaction in determining spike times, however, the composite neural 

activity is nearly impossible to predict.  

Feedforward inhibition is thought to dampen the effect of afferent 

excitation by quickly diminishing or terminating the principal cell activity. 

Therefore, a feedforward coupling between interneurons and principal cells 

effectively creates a fleeting (submillisecond) temporal window during which cells 

can fire, thereby increasing the precision of the network. Moreover, the number 

of cells activated by afferent excitation is limited by feedforward inhibition.  

Feedforward excitation is simply a mechanism by which information is thought to 

be propagated to downstream circuitries for further processing. Although this was 

once considered to be the primary way that information propagated through the 

hippocampal “trisynaptic loop”, activation is not simply uni-directional. The 

hippocampus also exhibits feedback excitatory projections, with the CA3 back-

projections to the mossy cells of the dentate gyrus being the most salient 

(Scharfman, 2007). Within a region, feedback excitation could act (given the 

right plasticity mechanisms) as an autoassociative network that can maintain 

activity in a restricted state or complete fragmented information. Feedback 

inhibition is a process that can be thought of as a local thermostat. The increased 

firing in a region increases the firing of interneurons receiving principal neuron 
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drive, which in-turn inhibits the principal cell’s output. This type of ‘small circuit’ 

provides stability to the amount of activity in the network, reducing the probability 

that excitation will spiral out of control despite the convergence of excitatory 

inputs from cortical association areas competing for control of the hippocampal 

principal cells. Lateral inhibition is only slightly more complex than the 

feedforward and feedback inhibition small circuits, but dramatically increases the 

complexity of the system. Suppose two cells in the CA1 region are activated by 

perforant pathway input, but cell A receives a little more excitation than cell B. If 

both neurons share a common inhibitory neuron, the greater activity in cell A will 

result in a depression of cell B via the interneuron. Alternatively, lateral inhibition 

can also select the correct neuron or assembly when the synaptic weights 

between the afferent input and neurons A and B are equal. In this scenario, the 

cell that is activated first is also the first to control the interneuron and to inhibit its 

competitors. This small circuit dynamic is known as ‘n-winners take all’ (Brown 

and Sharp, 1995), providing autonomy or segregation between competing 

neurons or competing cell-assemblies.  

 

As discussed by Buzsaki (2006), the addition of inhibitory interneurons to 

a network of excitatory cells drastically changes the way that activity propagates 

through the network. A network containing only excitatory neurons will result in 

an avalanche of further excitation. Any structure in the pattern of input is quickly 

lost as the network approaches an epileptic state. If a network is constructed 
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solely from inhibitory interneurons, however, it is capable of distributing activity 

across the network by suppressing the post-synaptic neurons, thereby 

encouraging activity in other interneurons through disinhibition. Thus, a network 

of only interneurons has dramatic advantages over the “avalanche” network of 

excitatory neurons. Such a network provides a neural environment where a wide 

range of activity could potentially occur. Assuming that a wider range of activity 

could facilitate perception and memory, then consequentially, animals will be 

able to execute a wider range of adaptations in their behavior. The complexity of 

behavior should only be increased when considering the range of activity that 

can occur in a network containing both interneurons and excitatory cells (see 

Figure 1.2). 

 

Figure 1.2:  The effect of including interneurons into small neural networks. 
Excitatory neurons are dark gray. Inhibitory neurons are light gray. The inhibition 
results in a complex dispersal of activity across the network. Thus, the activity of 
the network is hard to predict (figure from Buzsaki, 2006).  
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Thus, as suggested by Buzsaki and Chrobak (1995), interneurons provide 

a scaffold by which cell assemblies are organized. Furthermore, dynamics of the 

interneurons within the network increase the computational capacity of network 

function. Despite this, interneurons rarely get the acclaim associated with 

systems computational processes that the principal neurons do, even though 

they play an equal, if not greater role in perception, memory, and behavior. 

Chapter 6 discusses the role of interneurons in shaping network activity through 

spatio-temporal interactions with hippocampal pyramidal neurons. 

 

Physiological correlations of hippocampal principal  cells. With such 

complex network interactions within the hippocampus and between brain regions, 

it may not come as a surprise that the cellular activity within the hippocampus is 

not like a sensory system (it is impossible to “read out” the contributions of 

tangible stimuli in the environment). Rather, the firing of units within the 

hippocampus exhibit a unique relationship to the external world. Utilizing a 

neuroetholgical approach, O’Keefe and colleagues discovered that pyramidal 

neurons of the rat hippocampus show a significant increase in firing rate to 

selective regions of an environment with no discernable reason for the location 

preference (O’Keefe and Dostrovsky, 1971; O’Keefe, 1976).  The specific firing 

location of these neurons did not depend on the presence of a single cue, but 

rather the ‘constellation’ of all cues.  For example, the removal of a single cue 

does not alter the spatial firing preference of a single cell (O’Keefe, 1976), 
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although the rotation of cues was found to generate an approximately equal 

rotation of place cells.  Moreover, the spatial location of the place fields remains 

relatively stable in the dark following experience in the same environment in the 

light (Markus et al.  1994). Along with early evidence that the hippocampal 

cellular activity was independent of a rat’s motivation or incentive, O’Keefe 

suggested that these neurons encoded allocentric space.  Therefore, he dubbed 

these neurons ‘place cells’, and their spatial receptive fields, ‘place fields’. 

When a rat is permitted to forage within an open arena, place cells fire 

within their spatial receptive field irrespective of the direction in which they 

entered (Muller et al., 1994).  The fields of a cell may be located anywhere within 

an environment with little tendency to cluster in specific locations (McNaughton, 

1983; O’Keefe and Speakman, 1987; but see Hollup et al., 2001). Furthermore, 

the relative location of one place cell’s field to another in one environment does 

not have any bearing on the location of the two fields in another environment 

(O’Keefe and Conway, 1978; Redish et al., 2001). Recordings of hippocampal 

place cell activity as rats take restricted paths through environments (i.e., 

traversing linear tracks) have revealed that the place fields in the dorsal 

hippocampus are unidirectional in this situation (McNaughton et al., 1983; but 

see Battaglia et al., 2004).  Place cell firing rate is also modulated by velocity 

(McNaughton et al., 1983), which could suggest that a mechanism exists to 

ensure that each cell fires approximately the same number of spikes through a 

field independent of velocity.  Interestingly, the size of hippocampal place fields 
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increase along the septo-temporal axis of the hippocampus (Jung et al., 1994), 

ranging from ~10cm in the dorsal CA1 region to well over a few meters in ventral 

CA3 (Kjelstrup et al., 2008). Alterations in place field size can also be obtained 

through modifying the size of a familiar environment (O’Keefe and Burgess, 

1996; Gothard et al., 1996a; Huxter et al., 2003). This phenomenon may be due 

to the alteration of landmark cues bound to spatial location (see McNaughton et 

al., 1996 for description). Thus, place field size is modulated by altering the 

perceived rate of optic flow. Place field size also increases when input conveying 

self-motion signals, such as optic flow, vestibular information, and proprioception, 

is degraded (Terrazas et al., 2005). Moreover, restraining the rat in a manner that 

removes any opportunity for movement renders place cells virtually silent, 

suggesting that “preparedness for movement” is necessary for place cell activity 

(Foster et al., 1989). The issues of self-motion and place field size are discussed 

in more detail in Chapters 4, 5, and 6, and represent areas of the fundamental 

research focus within this thesis. 

Oscillations are the Stage, the units are the “actor s”.  It was known from the 

early days of single unit recording that a relationship existed between the 

oscillatory states and unit activity. For example, O’Keefe and Nadel were among 

the first to report correlated neuronal firing during sharp-wave/ripple complexes:  

“Place units, whose place fields differ when the animal is active and thus never 

fire synchronously, will sometimes fire together on a ripple, recalling the 
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synchronizing effect of the neocortical slow waves during slow-wave sleep.” 

(1978; p.153).  

Theta Phase Precession. Several experimentalists determined that the firing of 

the majority of hippocampal neurons was modulated by the hippocampal theta 

rhythm. The most prominent of the modulated cells were the hippocampal 

interneurons (Green and Machne, 1955; Green et al., 1960; Ranck, 1973; Feder 

and Ranck, 1973; Bland et al., 1980; Buzsaki et al. 1983; Fox et al., 1986).   A 

direct relationship between pyramidal neurons and the theta oscillation, however, 

evaded description until 1993: 

“Although several laboratories found a quantifiable and reliable relationship 
between cell firing and theta phase using long recording epochs, these studies 
did not explicitly deal with 
place cells.  On occasions, 
when I have consulted 
[John] O’Keefe on the 
matter, he assured me that 
there is no relationship 
between theta waves and 
place-cell activity, or at 
least he cannot see one… 
Nine years later, he 
cracked the puzzle.  
O’Keefe’s insight was that 
the interference of two 
oscillators beating at 
slightly different 
frequencies but acting on 
the same neurons can 
systematically affect spike 
timing.  He and his student 
Michael Recce provided 
experimental support for 
the hypothesis by showing 

Figure 1.3:  Example of theta phase precession 
for a single pyramidal cell.  Panels A is the 
neurons firing phase versus position (running 
trajectory is right to left).  B shows the firing rate 
by position.  Panels C and D are the neurons 
firing phase versus time and firing rate in time 
respectively.  Although the firing profile is nearly 
Gaussian when plotted in either the spatial or 
temporal domain, the phase of cell firing is better 
correlated with position (figure adapted from 
O’Keefe and Recce, 1993). 
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that the spikes of a place cell shift systematically relative to the phase of the 
ongoing theta oscillation.  They called the phenomenon “theta phase 
precession”.  (Buzsaki, 2006, p.313-314) 

The convergence of research on hippocampal oscillations and the discovery of 

‘place cells’ lead Dr. John O’Keefe to seek the answer to the questions “What 

mechanism initiates and terminates pyramidal cell firing as a rat traverses a 

place field?”. In a discussion concerning the two pharmacologically dissociable 

forms of theta (type I and type II), O’Keefe suggested that the different 

frequencies of these two theta oscillations may generate an interference pattern, 

perhaps creating precise temporal windows during which place cells can fire 

(Buzsaki, 2006, p.  313-314): 

“If there are two independent theta mechanisms, and they each act as gates 
which determine the time period when afferents to a section of the hippocampus 
can activate the cells in that section, then the simultaneous operation of these 
two systems would act as a kind of logical AND gate, whose properties depend 
on the interactions between the two systems.  Only when the two theta waves 
had the correct phase relationship would a particular set of afferents have 
preferential access to a particular cell” (O’Keefe, 1985, Brain and Mind, David 
Oakley, Ed.) 

  This prediction garnered support when O’Keefe and Recce observed that 

the theta phase of hippocampal pyramidal cell firing systematically shifts as a rat 

traverses a place field (1993). Skaggs and colleagues illuminated many of the 

prominent characteristics of theta phase precession. Specifically, following the 

initial observation of theta phase precession, it was found that: (1) phase 

precession occurs during random foraging, although it is not as salient when 

compared to track running (but see Huxter et al., 2008); (2) most pyramidal 

neurons precess a full 360° of theta; (3) spikes early in theta phase are more 
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spatially specific than spikes late in phase- a direct consequence of the non-

linear phase-position spike profile; and (4) granule cells also exhibit phase 

precession but are nearly silent in the last quarter of the theta cycle (Skaggs et 

al., 1996).  Although the early network models of phase precession predicted that 

the generator of phase precession would require a network of recurrently 

connected neurons, tenably CA3 (Tsodyks et al., 1996; Jensen and Lisman, 

1996), the observation of phase precession in the granule cells suggested that 

phase precession arises in the connectivity within the dentate gyrus or upstream 

projections.   

O’Keefe and Recce (1993) were the first to offer a potential function for 

theta phase precession, suggesting that it increased position resolution. As a rat 

passes through a place field, the firing rate increases to a maximum at “field 

center”, then decreases as the rat exits. Given place field symmetry, if a 

downstream region read out the firing rate of this neuron, it would be difficult to 

determine location because there will be two locations within the field with the 

same firing rate. The progressive phase shift of the spikes relative to the 

hippocampal theta rhythm would break this symmetry, removing any position 

ambiguities. Skaggs et al. (1996) proposed that theta phase precession is useful 

in compressing sequences into repeatable units, thereby facilitating long-term 

potentiation and possibly sequence learning. This sequential compression or 

“look-ahead” is analogous to the 7-day weather forecast. On Monday morning, 

one can obtain information about that day’s weather as well as the weather of the 



32 
 

next six days. In this analogy, “Monday” would be the first cell to fire within the 

theta cycle, reflecting the rats’ present location in space. “Tuesday” through 

“Sunday” would be the neurons sequentially following the activity of the first. The 

phenomenon re-occurs on the next day (or next theta cycle) with one caveat- on 

Tuesday morning, meteorologists forecast the weather from Tuesday to Monday. 

The same occurs with place cells, but instead of time passing, the rats’ position 

in space is changing. The relative spike timing between two cells within a theta 

cycle occurs at a faster rate than the time it takes for the rat to move between the 

place field centers of the two neurons. 

Samsonvich and McNaughton (1997) provided the first evidence of 

compression of sequential locations, demonstrating that, during each theta cycle, 

the hippocampal pyramidal cell activity begins centered on the current head 

position of the animal, sweeps forward as it increases in intensity, and then 

collapses, to reemerge over the new current location of the rat at the beginning of 

the next cycle.  Quantification of the parameters which govern these assembly 

transitions, however, remains elusive despite the fact that they may significantly 

contribute to our understanding of mechanisms underlying theta phase 

precession and the determination of place field size. Chapter 7 presents data 

investigating the complex interaction between velocity, the temporal order of 

hippocampal units within a single theta cycle, and place field size. 

A Note on Terminology 
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In our 2006 publication, “Organization of Hippocampal Cell Assemblies 

Based on a Single Cycle of Theta Phase Precession” (Maurer et al., 2006), and 

our review paper (Maurer and McNaughton, 2007), we erroneously referred to 

“cell assemblies” or “attractor states” as being the population of active neurons 

within a small temporal window whose place fields exhibit a high degree of 

overlap. It is noted here that, because all the recordings were obtained from the 

CA1 region, and the CA1 region has little recurrent connectivity, neither Hebb’s 

definition of “cell assembly” (1949) nor Amit’s description of an attractor state 

(1989) are applicable. The terms “cell assemblies” or “attractor states” will be 

defined throughout this thesis as the subset of coactive neurons whose place 

fields highly overlap will appear throughout the thesis to maintain fidelity with the 

original publications.   

The term “look-ahead” also appears throughout this thesis. Look-ahead 

will be defined in the context of this thesis as the transition of hippocampal 

activity across cell assemblies (see above) that occurs within a single theta cycle. 

Specifically, a single hippocampal cell assembly, which represents that spatial 

location the rat occupies, fires at the start of the theta cycle (this exact location 

would be the neurons’ “true place field”). Other assemblies, with their “true place 

fields” located ahead of the rat, follow the activation of the first assembly, 

sequentially firing in the order that they will be encountered.  At the end of the 

theta cycle, the activity collapses, only to resume at the start of the next cycle. 

Therefore, the hippocampus effectively “looks ahead” to upcoming locations in 
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space. This description is agnostic with respect to any potential mechanism 

governing theta phase precession. 

Finally, the term “memory index” and “memory indices” are used as terms 

in this thesis as defined by the convention of Sutherland and McNaughton 

(2000): “what is stored in the hippocampus is actually a compact representation 

of the current external input, and there is an invertable, relatively stable 

relationship between the hippocampal and neocortical ‘representations’ ”. 

Therefore, a “memory index” is the compact representation as described above 

and “memory indices” are multiple compact representations.  
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CHAPTER 2: NETWORK AND INTRINSIC MECHANISMS UNDERLY ING 

THETA PHASE PRECESSION OF HIPPOCAMPAL INTERNEURONS 

 
2.1. Preface  

This Chapter is based on Maurer AP and McNaughton BL (2007), Network 

and intrinsic cellular mechanisms underlying theta phase precession of 

hippocampal neurons, Trends Neurosci 30:325-333. It comprises a review of 

observations regarding theta phase precession and the network dynamics that 

potentially supporting theta phase precession. In order to provide a 

comprehensive review, studies appear after the original publication of this 

manuscript  are discussed in the last section of this chapter.  

2.2 Introduction 

The hippocampus of rodents and many other mammals shows an 

oscillation of its local field potential in the range of ~6–8 Hz, while animals are 

actively locomoting, attending to external stimuli or in REM sleep, and the total 

spike activity of ensembles of hippocampal principal neurons (pyramidal and 

granule cells) is phase-locked to this rhythm (Jung and Kornmuller, 1938; Green 

and Arduini , 1954; Grastyan et al., 1959; Green and Petsche , 1961; Pickenhain 

and Klingberg, 1965; Adey et al., 1966; Vanderwolf, 1969; Klemm, 1971; 

Whishaw and Vanderwolf, 1973; McFarland  et al., 1975; O’Keefe and Nadel, 

1978); however, the behavior of individual neurons is more complex. It is now 
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well established that hippocampal principal cells fire in a manner that is 

consistent both with a ‘cognitive mapping’ system (e.g. ‘place cells’; O’Keefe and 

Dostrovsky, 1971), much as originally envisaged by O’Keefe and Nadel 1978, 

and with an episodic memory indexing system (e.g. Leutgeb et al., 2005) but the 

role of the theta rhythm in these (or other) hippocampal functions has been much 

less clear. 

2.3 Theta Phase Precession   

Speculation as to the function of the theta rhythm (Vanderwolf, 1969; 

O’Keefe and Nadel, 1978; Landfield et al., 1972; Gray, 1982; Pavlides et al., 

1988; Skaggs et al., 1996; Buzsaki, 2005) entered a new era with the discovery 

(O’Keefe and Recce, 1993) that hippocampal pyramidal cells, when they show 

spatially correlated activity, systematically vary their firing phase relative to the 

theta frequency local field oscillation as a function of spatial location (Figure 2.1). 

As an animal enters a ‘place field’ of a given cell, the first spikes occur late in the 

theta cycle. As the animal leaves the field, they occur near the beginning of the 

cycle, having ‘precessed’ through almost 360° but never m ore, over the course of 

the 8–12 theta cycles typically required for the animal to pass through a 

‘classical’ place field of the dorsal hippocampus, which occupies ~25 cm. Peak 

firing at the center of the place field occurs near the minimum of the theta field 

potential recorded near the stratum pyramidale, which is why, in the overall 

ensemble, net activity seems to be phase-locked to the theta rhythm (i.e. cells 

firing at the highest rates are firing at the theta minimum, but the specific groups 
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of cells firing at this phase change as the rat moves through space). It is clear 

from such considerations that the place field of a place cell on a single pass 

through the field consists of a series of single spikes and/or short, high frequency 

bursts of spikes, which occur at a burst frequency slightly higher than theta 

oscillation in the local field. Moreover, the ‘size’ of a place field on a given lap 

must be an integer multiple of the distance traveled in one inter-burst interval (i.e. 

the period of the intrinsic oscillation frequency of the cell). 
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Figure 2.1:  Phase precession of CA1 pyramidal neuron as a rat traversed a 
rectangular track in the clockwise direction. Each spike was color coded by the 
phase of firing relative to the hippocampal theta rhythm. (a) Spatial pattern of 
spike activity and firing phase. The colored dots represent the spikes of the 
neuron superimposed onto the running path (gray). (b) Theta phase of spike 
discharge versus relative position on the 268 cm rectangular track (i.e. 1.0 on the 
position scale = 268 cm). Theta phase zero is the preceding peak of theta and 
phase one is the following peak of theta. (c) Theta rhythm and spike train for a 
single traversal of the place field. Spikes times were superimposed onto the 
filtered EEG (6–10 Hz). Below are the spike trains relative to the theta rhythm. 
Each vertical line in the raster is the time of the spikes; the tic marks on the 
continuous line demarcates the peak of the theta. At constant running speed, the 
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classical place field on a single lap is not a rate-modulated Poisson process but a 
series of discrete bursts separated by a constant interval of space (or time). (d) 
Theta time histogram of activity versus theta cycle number. This plot was 
constructed by selecting a point on the track, near the center of the place field of 
the cell, and, on each pass through the field, the theta peak that occurred nearest 
to this point was selected as cycle zero. (a–d) As the rat traversed the place field, 
the spikes occurred earlier and earlier in the theta cycle. Because theta phase on 
repeated traversals of the field is not locked to spatial location, the classical place 
field appears as a roughly Gaussian distribution; however, this significantly 
misrepresents the moment-to-moment dynamics, which presumably are the ones 
of importance as far as neural coding is concerned. On a single pass (at constant 
speed) through the place field, the spike distribution cannot be described as a 
Gaussian modulated Poisson process. Rather, it is a series of spike clusters 
separated in space by the distance the rat moves in one cycle of the intrinsic 
oscillation of the cell. Figure from Shen et al., 1997. 

There have been two classes of speculation as to the possible function of 

this phase precession phenomenon, and two general classes of mechanisms 

have been proposed to account for it. 

2.4 Functions of Theta Phase Precession 

Since the initial discovery of theta phase precession, it was recognized 

that a downstream network that can respond to both relative phase and firing rate 

could generate a more accurate estimate of the location of the animal than firing 

rate alone(O’Keefe and Recce, 1993; Skaggs et al., 1996). The plausibility of this 

proposal was confirmed (Jensen and Lisman, 2000) using neural ensemble-

based reconstruction methods (Wilson and McNaughton, 1993) with data from 

rats running on linear tracks; however, the usefulness of phase information for 

position encoding during normal foraging behavior, in which the trajectory of the 

animal is unconstrained, is questionable, because phase always shifts from late 
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to early as the rat traverses the place field, regardless of the direction from which 

the field is entered. Thus, as with firing rate, phase information is ambiguous with 

respect to absolute location, except at the firing maximum of the field; however, 

there is information in the firing phase concerning the relative distance of the rat 

from the center of the place field. 

A second speculation regarding the functional implication of phase 

precession is that it facilitates the development of an asymmetric synaptic matrix 

that would enable the recall of spatial sequences, in a manner reminiscent of 

Hebb's (1949) ‘phase sequence’ concept (Skaggs et al., 1996). Phase 

precession implies that, within each theta cycle, there is a sequence of neural 

ensemble states that corresponds to a temporally compressed segment of the 

sequence of classical place fields through which the animal is passing (Skaggs et 

al., 1996; Tsodyks et al., 1996; Jensen and Lisman, 1996). This must be so, 

regardless of the mechanism of phase precession, because the first spikes in 

each cycle (early phase) are from cells whose place field the rat is just leaving, 

whereas the last spikes (late phase) are from cells whose place field the rat is 

just entering. Thus, within each theta cycle, the network passes through a 

sequence of states. Depending on how far the rat has moved during the past 

cycle, the subsequent cycle begins somewhat further along in the sequence of 

states. 
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For effective sequence encoding, the neural representations of the items 

in the sequence must be relatively uncorrelated, or else the connections among 

the cells encoding the sequence will tend to become symmetric and, during 

recall, the network will ‘get stuck’ in a unitary ‘cell assembly’, rather than 

progressing through a phase sequence of cell assemblies (McNaughton and 

Morris, 1987). Phase precession can be thought of as a mechanism for ensuring 

that, in a sequence that changes slowly relative to the plasticity time-constant (for 

which e.g. the NMDAR open time is ~25–150 ms (Hestrin, 1993; Monyer et al., 

1994; Holmes and Levy, 1990; Abbott and Blum, 1996)), spikes from serially 

ordered place fields that overlap in space do not, in fact, overlap much in time. 

Stated differently, the cell assemblies active near the beginning of a theta cycle 

are correlated only weakly with the cell assemblies active near the end of the 

theta cycle, despite the fact that the estimates of these assemblies based on the 

average firing rates computed over multiple laps suggest that they are highly 

correlated. This property raises a serious question about the meaning or 

theoretical utility of the term place field. This issue will be discussed later; 

however, for the moment, the reader might imagine what the appearance of a 

lap-averaged place field would be like if the theta rhythm itself were phase-locked 

to location as the animal runs at constant speed on a one-dimensional track 

(Figure 2.1d). 
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2.5 Mechanism of Phase Precession 

As mentioned earlier, phase precession necessarily implies that the burst 

frequency of the neuron must be somewhat higher than the local field oscillation. 

O’Keefe and Recce (1993) suggested that the mechanism of precession itself 

might actually be based on interference effects from two oscillators of slightly 

different frequencies; a slower oscillating input, presumably from the medial 

septum, which generates the hippocampal theta rhythm, and a slightly faster 

oscillation that arises from a synaptically activated intrinsic oscillation of 

hippocampal pyramidal cells. These two oscillators would be synchronized on the 

first spike that a place cell fires when a rat enters the place field of that cell. On 

each subsequent cycle, the intrinsic cell oscillator, running at a slightly higher 

frequency, outpaces the lower frequency oscillator. Therefore, if a spike is fired 

whenever the summation of the two oscillators exceeds a certain threshold, a 

precession of the firing of the cell will be observed relative to the slower of the 

two oscillations. 

Other models that follow similar dynamics to those proposed by O’Keefe 

and Recce (1993) can loosely be characterized as accounting for phase 

precession by intrinsic or synaptically mediated membrane currents interacting 

with periodic inputs (Kamondi et al., 1998; Yamaguchi and McNaughton, 1998; 

Bose et al., 2000; Magee, 2001; Mehta et al., 2002; Harris et al., 2002). A major 

problem with some of such models is that the phase at which a neuron fired 
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would correlate with the time spent in the field rather than the amount of field 

traversed, and there would be nothing to restrict the cell from going through 

multiple cycles of phase precession. The phase of firing, however, shows a 

stronger correlation with distance traversed than with time spent in the field 

(O’Keefe and Recce, 1993; Skaggs et al., 1996) and (Huxter et al., 2003) and 

place fields seem to be strictly limited to a single cycle of precession (although a 

cell can have more than one field; Maurer et al., 2006). Kamondi et al. (1998) 

accounted for these observations in a study in which they recorded intracellularly 

from either the dendrites or soma of CA1 pyramidal cells in anesthetized rats. 

When theta states were induced, it was observed that dendritic depolarization 

initiated an oscillation equal to or greater than the field theta frequency. 

Moreover, theta states resulted in a hyperpolarization of the soma and in a 

somatic membrane oscillation in theta frequency, 180° o ut of phase with the local 

field theta. Using a computer model together with intracellular current injection, 

Kamondi et al. (1998) observed that the size of dendritic depolarization was 

correlated with the size of phase advancement and with the number of spikes 

fired. Therefore, if a rat entered a field and stopped, the amount of excitation 

received by the dendrites would remain constant, retaining the firing phase of the 

neuron. These data suggest that a competitive interaction between the inhibition 

of the soma and the excitation of dendrites interact to generate phase 

precession. The experimental results (Kamondi et al., 1998) failed to replicate 

phase precession over ranges greater than 180°, perhap s dues to the diminished 
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excitability of dendrites under anesthesia. The results of their model, however, do 

provide a possible explanation for the observation of overlapping place fields 

(see later; Maurer et al., 2006). 

Lengyel et al. (2003) generated a similar model, also with two oscillators. 

The first is a somatic, hyperpolarizing oscillation generated by either the septal 

inputs or the hippocampal interneuronal network and modulated by the theta 

rhythm, whereas the second is the dendritic membrane potential oscillation 

caused by a variety of sensory inputs through the entorhinal cortex and 

modulated by a velocity signal. The dendritic membrane oscillation, when outside 

of the firing field of a cell, is anti-phase to the theta rhythm as well as the somatic 

oscillation. Therefore, the net excitation of the combined oscillations would be 

zero. As the rat enters the place field of a cell, dendritic input increases, gradually 

shifting the dendritic membrane oscillation into phase with the somatic oscillation. 

The more the somatic oscillation is in phase with the dendritic oscillation, the 

higher the probability that the cell will fire. As the rat leaves the place field, the 

dendritic oscillation shifts back into anti-phase with the somatic oscillation 

(Lengyel et al., 2003). The authors (Lengyel et al., 2003) found that the neurons 

in their model had better spike phase correlation with the amount of field 

traversed, than with time spent in the field. Furthermore, by enhancing the 

amount of excitation that the dendrites contribute to firing probability, they could 

also recreate a 360° phase precession. 
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The second class of models account for phase precession by systems-

level synaptic interactions rather than by intrinsic membrane oscillations 

(Tsodyks et al., 1996; Jensen and Lisman, 1996), and are related to Hebb's 

(1949) phase sequence concept in which cell assemblies that are repeatedly 

activated in a fixed order develop asymmetric connections such that the earlier 

assembly begins to activate the later one even in the absence of the normal 

adequate stimulus for the later one. In such models, a recurrent network of 

neurons receives two main inputs: a weakly location-specific external input and 

an intrinsic (i.e. recurrent) input that connects the cell with other neurons in the 

network. As the rat moves through space, activity shifts through a continuum of 

states (in Hebb's terms, cell assemblies) whose membership changes with 

location, as illustrated in Figure 2.2 and Figure 2.3. The phase precession is a 

result of the asymmetric spread of activation through successive cell assemblies 

over the course of one theta cycle. At the beginning of a theta cycle, the 

assembly with the strongest external input* is activated. These cells then activate 

cells whose firing maxima are located further ahead of the rat in its direction of 

travel, as a consequence of asymmetric connectivity among successively 

activated assemblies. This effect might be facilitated by phase-specific, selective 

inhibition of the external inputs (Wallenstein and Hasselmo, 1997), thus enabling 

the intrinsic connections to dominate the dynamics during the later portions of 

each theta cycle. The accumulation of inhibition within the theta cycle, is 

presumed to terminate the activity at the end of the cycle, enabling the network 
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state to be reset by the extrinsic inputs at the beginning of the next cycle. Thus, 

as the rat enters the place field, the first spikes arise late in the theta cycle, 

because the spiking of the neuron is in fact driven by the forward sweeping 

intrinsic activity. Note, that the distance the network looks ahead during each 

theta cycle would be a function of the strength and asymmetry of the intrinsic 

connections and that, somewhat paradoxically, the apparent size of the 

classically defined place field is determined by the look-ahead distance, not by 

the external input. For a completely symmetrical synaptic matrix, a place cell 

would be activated solely by external input, resulting in a minute field 

approximating a single point. In other words, the portion of the place field of a cell 

that can be attributed to external input to the network rather than to intrinsic 

dynamics is much smaller than the classical place field. The apparent size of the 

much larger classical place field is a consequence of the network driven look-

ahead phenomenon within each theta cycle, which, in this model, is also the 

basis of the phase precession. 
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Figure 2.2 : The look-ahead concept of theta phase precession. (a) Each vertical 
black line represents the beginning (or end) of a theta cycle, the black dots 
represent a spike from the simulated neurons, and the red diagonal line 
represents the change in position of the rat along a one-dimensional route as a 
function of time. More generally, the red line can be thought of as representing 
the change in brain state through a continuum of states over time. Each 
simulated neuron is assigned a point on the trajectory (the spikes in one neuron 
are circled). In the ‘asymmetric connection’ model, this point represents the 
position at which that neuron becomes driven by external rather than intrinsic 
synaptic input. This phenomenon could be produced by either an intrinsic 
oscillator or a network model of theta phase precession. In either case, within a 
single theta cycle multiple principal cells are active, but the neurons active near 
the beginning of the cycle are different from those active near the end. The 
classical place field is the distance between when the cell begins to fire and 
when it stops firing, but, in the asymmetric connection model, most of this activity 
is driven by network dynamics, not extrinsic input. Figure from Tsodyks et al., 
1996). (b) The effects of experience dependent asymmetric synaptic potentiation 
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on the look-ahead model of theta phase precession. The thick black lines 
represent the network look-ahead before experience dependent plasticity; the 
blue lines represent the look-ahead after the center of mass shift. The field is 
always activated by external input at position Z but starts firing at either position 
Y in the unexpanded condition or position X in the expanded condition because 
of asymmetric internal network connections. As synaptic strength increases, the 
network looks ahead farther in space, resulting in an increase in place field size 
(the effect size is exaggerated here for the purposes of illustration). The intrinsic 
oscillator model would have to assume that the intrinsic oscillation slowed down 
as a consequence of experience. 

 

 

 

Figure 2.3:  Theta phase precession-based look-ahead of the hippocampal 
population code reconstructed from a population of approximately 100 CA1 
pyramidal cells recorded in a rat that was freely foraging in a 70 cm2 box. Theta 
phase is indicated in the upper right of each panel. At each phase, the ‘activity 
packet’ was computed by representing the position of the center of each classical 
place field in coordinates relative to the head and summing over all place fields 
weighted by the current firing rate of the cell. The two ends of the arrow 
represents the front and back of the diode array (10 cm) used to track the 
position and head orientation of the animal. During each theta cycle, the activity 
begins centered on the current head position of the animal, sweeps forward as it 
increases in intensity, and then collapses, to reemerge over the new current 
location of the rat at the beginning of the next cycle. Data from Wilson and 
McNaughton, 1993; movie created by A. Samsonovich as described in 
Samsonovich and McNaughton, 1997; 
http://www.nsma.arizona.edu/abstracts/2006/packet1.avi. 
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One particular strength of the phase sequence model is the ease with which it 

accounts for the restriction of phase precession to a single cycle when place 

fields undergo experience dependent expansion during repeated activation of 

place cells in a fixed temporal order, a phenomenon that is dependent on NMDA 

receptors, and that seems to be synapse-specific, as Hebb's phase sequence 

concept would predict (Mehta et al., 1997) and (Ekstrom et al., 2001). This point 

is elaborated later. 

2.6 Strengths and Weaknesses of the Two Classes of Model 

Phase precession could be generated by a network mechanism, an 

intrinsic oscillator mechanism, or possibly by a combination of these. Some 

recent findings, however, are difficult to reconcile with the intrinsic oscillator 

model, at least as an explanation for phase precession in CA1. Perhaps the most 

difficult problem for the intrinsic oscillator model is that CA1 place cells can 

participate in multiple assemblies within the same theta cycle. For the majority of 

place fields, phase precession covers approximately 360° of phase shift, but not 

more, despite variations in place field size along the septotemporal axis (Maurer 

et al., 2005), and despite changes in place field size brought about by 

experience-dependent effects (Ekstrom et al., 2001), manipulations of the 

environment (Huxter et al., 2003), aging (Shen et al., 1997) or manipulations of 

self-motion signals that result in large changes of place field size (Terrazas et al., 

2005). 
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This constant phase shift, in the face of induced or constitutive place field 

size differences, suggests that a cycle of precession is in some way deeply 

linked to the basic mechanism of expression of place fields and can be used as a 

means of operationally defining the classical place field. According to most 

definitions of place field, a given cell can potentially have multiple place fields, 

separated by arbitrary distances in the environment. Each of these fields is 

typically associated with an independent cycle of 360° of  phase precession; 

however, double or triple place fields can approach each other arbitrarily closely, 

such that the cycles of precession overlap. In other words, a single cell can 

sometimes fire reliably in two or more bursts within each theta cycle, separated 

by a constant phase shift (Maurer et al., 2006; Figure 2.4). The difficulty that this 

poses for intrinsic oscillator models is that the intrinsic burst frequency of these 

neurons would have to be dynamically modulated in order for these burst 

doublets to occur. The neuron must start with a burst frequency slightly faster 

than theta, eliciting spikes for the first field encountered, then abruptly double in 

burst frequency when then rat occupies both fields simultaneously, and then 

switch back to the original frequency when the rat occupies only the second field 

in the sequence. The idea that phase precession arises simply from interference 

between an ongoing intrinsic oscillation of higher frequency than the background 

theta field potential implies, however, that within each theta cycle spikes within a 

unitary place field always cluster unimodally around a single phase. It cannot 

account for the observed apparent overlap of two cycles of phase precession 
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within a common region of space, with the consequent appearance of bimodal 

distributions of spikes at different phases within a single theta cycle (see, 

however, Kamondi et al., 1998). 

 

 

Figure 2.4:  CA1 neurons can have multiple place fields that can overlap in their 
phase–position profiles such that the cell fires at two different phases within the 
same theta cycle. (a) Examples of firing rate distributions and theta phase 
information by position from a single dorsal CA1 neuron that had overlapping 
place fields (as defined by single cycles of phase precession). The direction of 
movement of the rat was from right to left. (i) The firing rate distributions by 
position. The firing rates for the different fields from the same cell are shown in 
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different colors; the black dotted line is the unsorted mean firing rate versus 
position. The number of place fields expressed by the single neuron corresponds 
to the number of firing rate peaks. (ii) The theta phase (ordinate) by position 
(abscissa) information for the place fields of each neuron, after selecting the 
place field boundaries based on 360° of theta phase. E ach dot corresponds to a 
spike. (iii) The smoothed density plots of the phase by position information for the 
spikes from the neuron shown in (i) and (ii). No spikes are cut out. Red indicates 
the highest spike density; dark blue indicates the lowest. The theta phase is 
plotted over two cycles. (b) (i) Theta cycle time histograms (see Figure 2.1; 
Skaggs et al., 1996; Shen et al., 1997) constructed for the fields in (a). 
Histograms were constructed by selecting a point near the maximum overlap 
between the three fields, finding the nearest peak in the theta rhythm, setting that 
point to zero and aligning each spike in terms of its theta phase for the five theta 
cycles before or after the rat passed the chosen point (bin size = 0.1 theta 
cycles). The black vertical lines delineate the different theta cycles. In each 
example, the centers of the bursts for each field process steadily leftwards with 
respect to the tick marks. For this example, ten representative consecutive laps 
were chosen, and (ii) spike rasters, in cycle-phase time, were generated. The 
spike rasters show that, within a lap, spikes from different place fields occur 
during single cycles of theta. Hence, the overlap in the average place fields is not 
due to any lap-by-lap fluctuation between one field and the other. Reproduced 
from Maurer et al. (2006). 

Intrinsic oscillator models also assume that the suprathreshold oscillation is 

generated by the input that drives the cell. At least under some conditions, during 

wheel-running (‘space clamping’ ; Hirase et al., 1999; but see Harris et al., 2002), 

location specific firing is not accompanied by any phase shift, except possibly at 

wheel running speeds well above the normal locomotion speed range of rats. 

As place field size increases along the dorso-ventral axis of the 

hippocampus, the intrinsic burst frequency decreases (Maurer et al., 2005) and 

the relative phase shift between theta cycles is smaller. This observation is not 

completely incompatible with the intrinsic oscillation model but would require a 

difference in the nature of inputs or a gradient of ion channel distribution. 
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Although there is no evidence for a dorso-ventral gradient of ion channel 

properties in hippocampus, as this review was being prepared an important new 

finding was reported on the properties of layer II cells in medial entorhinal cortex. 

Giocomo et al. (2007) report a dorso-ventral gradient in the frequency of 

subthreshold membrane potential oscillations of layer II stellate cells, which might 

be due to systematic lengthening of the time constant of the h-channel. 

Given that place field size remains roughly constant with velocity, and that 

firing phase is typically determined by position rather than time in the field, the 

intrinsic burst frequency of a neuron must increase with velocity, and indeed, a 

recent report shows that in CA1, the burst frequency of pyramidal cells (as 

judged from the spike autocorellogram) does increase linearly with running speed 

(Geisler et al., 2007). If the alternative was true and the intrinsic oscillation was 

fixed, but the rat increased its velocity, place field size would increase. One might 

argue that an increase in the strength of input to a cell modulates the burst 

frequency, but this idea is in apparent conflict with current understanding of the 

mechanism of experience-dependent place field expansion plasticity. Place fields 

expand asymmetrically during repeated route following, resulting in a shift in the 

center of mass of place fields in the direction opposite to the trajectory of the rat 

(Mehta et al., 1997; Ekstrom et al., 2001) through an NMDA receptor-dependent 

mechanism, implying asymmetric synaptic enhancement similar to Hebb's phase 

sequence mechanism; however, when place fields expand in this way, there is a 

decrease in the intrinsic oscillation frequency rather than the increase expected 
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on the basis of synaptic strengthening. This slower intrinsic oscillation frequency 

is associated with a decrease in the rate of phase precession with position (i.e. 

larger fields). 

The intrinsic oscillation frequency not only increases with running speed, 

but it also often increases with time or distance since entering the place field. 

This effect is manifested in a distinct nonlinearity (Skaggs et al., 1996) or 

possibly even a bimodality (Yamaguchi et al., 2002); in the scatter plot of spikes 

in the phase versus position plane (Figure 2.1b). In the intrinsic oscillator model, 

oscillation frequency would increase, for example, with depolarization (e.g. 

Giocomo et al., 2007) as the animal approaches the field center, but would 

decrease again beyond that point. One solution, suggested by Harris et al. 

(2002) would be if the cell stopped firing at the peak of the externally applied 

excitation, owing to slowly developing accommodation processes. In the look-

ahead model, this effect is explained as an acceleration in the look-ahead during 

the theta cycle, which might occur, for example, as a result of synaptic facilitation 

within the active neuronal population or as a result of declining inhibition. 

An additional problem with the intrinsic oscillator model has been shown 

through experiments that have transiently inactivated the hippocampus. Electrical 

stimulation of the hippocampal formation evokes widespread inhibition 

throughout the hippocampus, silencing active hippocampal place cells for 100–

300 ms. After the perturbation, place cells resume firing for the remaining extent 
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of their field (Moser et al., 2005). Moreover, the phase in which these cells 

resumed firing relative to theta was similar to control conditions in laps where the 

stimulation did not occur, suggesting that phase precession was generated 

outside of the hippocampus and was not caused by local cellular or synaptic 

mechanisms (Zugaro et al., 2005). 

One issue with the asymmetric connection model is that, during random 

foraging in an open field environment (i.e. when the behavior of the rat is not 

constrained to linear trajectories), in-field firing rates are independent of the 

direction of passage of the rat through the field, and precession from late to early 

phase is similarly independent of direction of passage. So, in a sequence of 

places A–B–… etc, the asymmetry model requires that the connections among 

cells representing this sequence be stronger in one direction than the other (i.e. 

the A–B connection is stronger then the B–A connection). Thus, phase 

precession dynamics during random foraging behavior are inconsistent with the 

asymmetric connection model, at least as applied directly to the hippocampus 

proper. One might argue that there is some other source of asymmetry, for 

example head direction signals, that might substitute for asymmetry in the 

connection matrix itself. This would require rather specialized wiring, however, 

and it is difficult to imagine how it could be implemented at the level of the 

hippocampus proper, where place field relationships change unpredictably from 

environment to environment, or even in the same environment under certain 

conditions. Another problem for the look-ahead model is that it has no provision 
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for varying the within-cycle firing probability as the animal traverses the place 

field, an effect that comes naturally out of the interference model. 

2.7 Hybrid Models 

The intrinsic oscillation model and the asymmetric connection model both 

encounter significant difficulties when used to explain phase precession in the 

hippocampus proper. Skaggs et al. ( 1996) demonstrated that cells in the dentate 

gyrus also showed phase precession and had their peak firing 90° earlier than 

CA1 pyramidal cells and suggested on this basis that phase precession does not 

originate in CA1, but rather is inherited from either the dentate gyrus or even the 

superficial layers of the entorhinal cortex (via CA3; see also Burgess et al., 

1994). Recent support for this conjecture comes from the observation of clear 

phase precession in layer II of the medial entorhinal cortex (MEC; but not layer 

III, in which cells are phase-locked near the early part of the cycle; Hafting et al., 

2008). 

Earlier proposed models of theta phase precession in the entorhinal cortex 

have utilized intrinsic oscillations (Yamaguchi and McNaughton, 1998; 

Yamaguchi et al., 2002; Yamaguchi, 2003). Layer II cells in the MEC show 

spatially periodic place fields in two dimensions (grid cells; Fyhn et al., 2004; 

Hafting et al., 2005), in a sense consistent with the idea that summation of two 

sinusoids of slightly different frequencies will show ‘beats’, as illustrated in Figure 

2.5 (O’Keefe and Burgess, 2005; Burgess et al., 2007). During constant external 
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input, a neuron would have multiple non-overlapping place fields. If the intrinsic 

oscillation model were applied to grid cells, the biophysical properties of the 

principal neurons suggest that there would be a dissociation of phase precession 

between layers II and III of the MEC (as recently observed; Hafting et al, 2008). 

Layer III neurons of the MEC in vitro show a higher input resistance, lower 

resting membrane potential and a higher action potential threshold than layer II 

MEC neurons. These physiological properties could render the layer III neurons 

less excitable, enabling them to discharge only when peri-somatic inhibition is the 

weakest and therefore phase-locked to the theta rhythm. Unlike layer III neurons, 

the majority of layer II neurons show a subthreshold membrane oscillation 

generated by sodium and potassium current fluxes (van Der Linden and Lopes 

de Silva., 1998; Alonso and Llinas, 1989; Alonso and Klink, 1993). More 

specifically, an interaction between Ih, a hyperpolarizing-activated inward current 

generated by Na+ and K+, and INaP, a persistent low-threshold Na+ current, are 

sufficient to generate subthreshold oscillation at ~3 Hz (Dickson et al., 2000; 

Fransen et al., 2004). This frequency can be increased by modulating the 

conductance of Ih and INaP and the slope of the activation curves (as well as other 

factors; see Fransen et al., 2004). If these neurons received input proportional to 

the strength of motion of the rat, resulting in a proportional activation of Ih and 

INaP, an intrinsic burst frequency slightly faster than the theta rhythm might 

develop, resulting in precession. A gradient in this self-motion signal along the 

dorso-medial to ventro-lateral MEC axis (as has been demonstrated in 
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hippocampus (Maurer et al., 2005), or a gradient of relevant ion channel 

properties (Giocomo et al., 2007), could be responsible for the increase of grid 

field size and spacing. 

 

 

Figure 2.5:  Interference pattern model for place field formation. (Left)  
Two representative spike-time autocorrelogram of pyramidal neurons in 
the dorsal and middle hippocampus. A red line is drawn through one of 
the peaks for the dorsal region cell and extended through the 
autocorrelogram for the middle region cell to illustrate the difference in 
the intrinsic oscillation frequency. (right)  A demonstration of how two 
sinusoids of the same amplitude but different frequencies will sum to 
produce the patterns shown in the bottom panels. Two of the sinusoids 
represent the intrinsic oscillation frequency of a pyramidal cell in the 
dorsal CA1 (blue) and middle CA1 (green). The middle sinusoids (red) 
represent theta frequency. Two oscillators at different frequencies will 
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summate to generate a compound wave with the positive phase 
determining the extent of the place field. A change of <10% in the 
intrinsic oscillation frequency results in a approximate doubling of place 
fields size according to this model. Adapted with permission from Maurer 
et al., 2005. 

 

 The most parsimonious model seems to be one in which theta phase 

precession originates in layer II of the MEC. The combination of MEC ‘grid fields’ 

at different scales in hippocampus could result in aperiodic place fields (Fuhs and 

Toretzsky, 2006; McNaughton et al., 2006) which inherit phase precession from 

the MEC. The inherited phase precession would have the consequence of 

implementing look-ahead dynamics in hippocampal neurons. During repeated 

route-running, however, there might be an additional effect added by asymmetric 

synaptic plasticity (possibly in CA3) that increases the distance over which the 

network looks ahead within each theta cycle. This results in an increase in place 

field size, a decrease in the rate change of firing phase relative to position and an 

apparent slowing of the intrinsic oscillation frequency of hippocampal neurons. 

Thus, an intrinsic oscillation-based phase precession in MEC layer II could 

provide the sequence compression in the hippocampus that is theoretically 

necessary for that structure to encode successfully the temporal dimension of 

episodes of experience. This hybrid model, however, raises its own set of 

questions, not the least of which is how phase precession in the grid cell network 

can be independent of the direction in which the rat runs. One possible (if 

somewhat complex) solution to this issue was very recently suggested by 

Burgess and O’Keefe (2005), who proposed a model of grid cell spatial firing 
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based on a two dimensional extension of the basic dual oscillator model (see 

also Giocomo et al., 2007). An alternative class models of entorhinal grid cell 

formation (Fuhs and Toretzky, 2006; McNaughton et al., 2006) are based on the 

attractor map concept for path integration (Redish and Touretzky, 1997; 

Samsonovich and McNaughton, 1997; Zhang, 1996), in which cells that are 

conjunctive for current location and head orientation cause a ‘bump’ (or multiple 

bumps) of activity on a two dimensional network of grid cells to shift in a manner 

that is consistent with the direction and speed of the rat. It is possible that such 

models can be modified to show phase precession independently of the direction 

of travel of the animal, as observed in MEC layer II grid cells by Hafting et 

al.(2008), but this has not yet been shown. Thus, although the hybrid model 

outlined here, in which phase precession in MEC cells results in a degree of look-

ahead in hippocampal neurons that can be enhanced by sequence learning 

effects (possibly in CA3), the field is still rather far from a complete explanation of 

the phase precession phenomenon. 

2.8 Conclusion 

The study of the neural mechanisms underlying the spatio-temporal 

dynamics of the rodent entorhinal–hippocampal system is at an exciting 

crossroads. It seems clear that there is a deep relationship between the precise 

ordering of action potentials in relation to the phase of the theta rhythm and the 

position of the rat in space, and the mechanisms underlying the equally striking, 
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regularly repeating grid fields of neurons in medial entorhinal cortex. Two very 

different classes of model seem to account for substantial parts of the existing 

data on these phenomena, yet neither model provides a full account, and both 

involve some assumptions that seem implausible. As suggested recently, 

however (L.F. Abbott, personal communication), the very existence of either 

phase precession or grid cells would have been considered implausible before 

their discovery, so it is perhaps to be expected that the underlying mechanisms 

will turn out to be extraordinary. 

2.9 Amendments 

After the publication of this review, several studies emerged that provide 

additional insight into the theta phase precession phenomenon. They are 

discussed here. 

Following the observation the place field activity was ‘replayed’ in reverse 

when a rat had a ripple at a food dish, Foster and Wilson (2007) investigated the 

temporal organization of pyramidal cell spikes during behavior. The authors 

found that neurons were temporally organized within a cycle of theta based on 

the order that the rat visits the place fields. Although a sequential look-ahead of 

the network was predicted by Skaggs et al. (1996) and demonstrated by 

Samsonovich and McNaughton (1997), Foster and Wilson determined that the 

sequential activation of neurons may not arise simply as a derivative of phase 

precession (2007). In order to test this postulate, phase jitter was added to the 
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temporal sequences of the look-ahead by substituting the phase of spikes on one 

particular pass through the region with the phase of the spikes on different 

passes but at the same spatial location. This maintained the spike phase-position 

relationship for each neuron, but reduced the temporal order of sequences. 

Presumably, this decrease was caused by the  variability in the phase of theta 

that spikes of a single place field fire at in a single location (the distribution of 

spike phases early in the field may be as high as 72° of  theta; estimated from 

Maurer et al., 2006). Therefore, the look-ahead phenomenon cannot be 

explained exclusively by the phase-position relationship of place cell action 

potentials. 

While it has been known for over a decade that theta modulates gamma 

power, hippocampal spike timing with regards to the gamma oscillation has 

eluded description until recently. The gamma oscillation, which occurs in the 30-

80Hz frequency band, has been theorized to provide a mechanism to temporally 

organize the activity of multiple cellular ensembles within a theta cycle (Lisman 

and Idiart, 1995; Jensen and Lisman, 1998). Gamma power fluctuates such that 

it is coupled to the theta rhythm, with the highest power on the lower phases of 

theta (descending phases; Bragin et al., 1995). Additionally, it has been 

hypothesized by Lisman and Idiart, (1995) that the neurons active within a single 

gamma cycle are members of the same cell assembly, and that these cells 

should exhibit place fields at similar locations. The active assembly is terminated 

by the start of the next gamma cycle when a different assembly becomes active. 



63 
 

The implication of this theory is that the temporal compression of place cells with 

adjacent fields, as described by Skaggs et al. (1996; Figure 2.2), is a function of 

the number of gamma oscillations within a single theta cycle with each neuron 

locked to a specific oscillation.  

One basic prediction of this model is that pyramidal neurons of the 

hippocampus should be modulated by the local gamma rhythm. In a recent 

study, a subpopulation of pyramidal cells (32%) were found to be significantly 

phase locked to the gamma oscillation during random foraging behavior (Senior 

et al., 2008). When the animal was moved from the familiar environment to a 

novel environment, however, only thirty-nine percent of the cells with significant 

gamma modulation in the familiar environment retained this modulation in the 

novel environment. Moreover, 53% of the cells that were not significantly phase-

locked to gamma in the familiar environment, were modulated by gamma in the 

novel condition.  The gamma-modulated neurons could be further subdivided by 

their gamma phase preference: one group fired maximally during the gamma 

trough while the other preferred the rising phase of gamma. The relative 

proportion of these two cells, which was never explicitly stated, appears to be 

roughly equivalent (estimated from figure captions 1 and 2 of Senior et al., 2008). 

A comparison of the neurons firing inside or outside of the place field revealed 

that the extra-field spikes also retained the gamma phase preference of the 

neuron. In order to determine the interactions between gamma locking and 

phase precession, an additional 6 rats were trained to run on a linear track. 
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Under these conditions, only ~10% of neurons exhibited gamma modulation 

(5.3% of the total population preferred gamma trough, 4.3% preferred the rising 

phases; the difference between the proportion of cells that were gamma 

modulated in the random foraging condition and the linear track condition, 32% 

and 10% respectively, was not discussed by the authors). Theta phase by 

position density maps were constructed for each population of cells during all 

oscillatory periods and for periods when strong gamma was present (the start of 

gamma was considered when the power of the gamma oscillation for all 

electrodes exceeded 2 SD above the mean and the end was when the gamma 

power dropped below 1 SD above the mean). Neurons that preferentially fired 

during the trough of gamma exhibited similar theta phase-position profiles during 

all oscillatory states compared to epochs when strong gamma was present. In 

contrast, the population of pyramidal neurons that preferred the rising phase of 

gamma was found to have a truncated theta phase precession during strong 

gamma states relative to when all the data were included (Senior et al., 2008). 

Thus, although a significant amount of future research is needed, it appears that 

gamma may have a significant role in modulating the firing of CA1 place cells. 

In a comprehensive description of theta phase precession, Skaggs and 

colleagues (1996) reported that, while phase precession could occur during 

random foraging, it was not as salient compared to when the rat’s path was 

restricted. By accounting for directional heading (whether towards or away from 

the field center) and neuronal firing rate, however, Huxter et al. (2008) provided a 
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method with greater sensitivity, confirming that phase precession does indeed 

occur during random foraging. The authors found that the phase-position 

correlation scores could be improved when the ‘runs’ through the field were 

restricted to times when the rat passed through the center of the place field. The 

authors next tested whether or not running trajectories were encoded during 

random foraging. During random foraging, it is possible for a rat to visit the fields 

of two different cells in either an ‘A then B’ sequence or a ‘B then A’ sequence. 

Cross-correlograms, calculated from the spikes of neurons sorted by the order 

the rat visited each field, revealed that the temporal order of spiking recapitulated 

the order the rat visited each field center. Therefore, the authors clearly 

demonstrated that the look-ahead phenomenon is not restricted to track running 

(where the look-ahead phenomenon may rely on asymmetric connectivity), but 

occurs when during random foraging (where an asymmetric connectivity between 

assemblies would be catastrophic to the temporal compression of place field 

firing).   

Pastalkova and colleagues (2008) recently demonstrated that theta phase 

precession can occur during wheel running, when the rat’s location is fixed, if the 

rat is engaged in a working memory task (specifically, an alternating T-maze 

task). Importantly, the activity during wheel running did not repeat the temporal 

pattern of activity during maze running. Rather it was independent and predictive 

of the rats’ behavior on the next trial. Following this finding, the authors suggest 

that theta phase precession can be generated by two different processes: “under 
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the influence of environmental/ideothetic cues or by self-organized internal 

mechanisms”. A potential problem with this idea is that it presumes that phase 

precession should occur during situations that do not generally evoke strong 

theta, for example “recall, imagination, or action planning” (Pastalkova et al., 

2008). It is possible that without strong theta, which has a high amplitude and is 

consistent during wheel running, a systematic change in the temporal activity 

within the hippocampus would be absent. One test of this hypothesis would be 

long time scale trace eye-blink conditioning experiment (with delays on the order 

of 3 to 4 seconds) with careful monitoring of any motor output or movement. 

Nonetheless, the phase precession effect observed by Pastalkova and 

colleagues (2008) is almost certainly not due to self-motion cues, such as optic 

flow or proprioception, leading to a perceived movement through space. If this 

were true, then theta phase precession should have been observed by Hirase et 

al. (1999).  

Thus, the mechanisms governing phase precession and the conditions 

under which they occur are proving even more extraordinary than we (Maurer 

and McNaughton, 2007) anticipated in constructing the theta phase precession 

review. The next chapter integrates some of these ideas into a an updated 

model, attempting to deal with some of these issues as well as provide detailed 

suggestions into phase precession and place field development. 
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CHAPTER 3: REVISITING THE ISSUE: THETA PHASE PRECES SION AND 

PLACE FIELD DEVELOPMENT 

 

 
3.1 Introduction  

When studying a phenomenon such as theta phase precession, a 

reductionist approach can provide a great deal of insight. The last chapter 

presented a “hybrid model” for explaining the mechanism of theta phase 

precession, by which it is generated in the entorhinal cortex, through an intrinsic 

oscillation process, which is then inherited by the hippocampus via network 

asymmetry. As mentioned in the previous chapter, this did not provide a 

comprehensive account of all the observations to date. Specifically, it failed to 

address questions such as “how is a single cell chosen to express a field?” and 

“how does phase precession arise immediately in CA1 when the main source of 

input, the CA3 region, has unstable activity during the first 10-20 minutes of 

activity (Leutgeb et al., 2004)?”. The following presents an integration of new 

information, alongside an unconventional reinterpretation of old data, to develop 

the argument that the “hybrid model” may be untenable in its current form. This 

chapter provides an alternative perspective on the generation and propagation of 

phase precession through the hippocampus. 

3.2 The Entorhinal Cortex 
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Inputs to the entorhinal cortex have been described thoroughly in the 

recent literature (Amaral and Witter, 1995; Moser and Witter; 2006) and 

therefore, will not be covered in depth here. Briefly, the entorhinal cortex receives 

a wide variety of cortical and subcortical inputs making it an optimal gateway for 

integration of “what and where” information (Felleman and Van Essen, 1991) and 

memory encoding (for review, see Sutherland and McNaughton, 2000). This 

section will focus on the intrahippocampal projections that are hypothesized to be 

responsible for the generation and propagation of theta phase precession.  

3.2.1 Theta Phase Precession in the Medial Entorhin al Cortex 

The primary cortical input into the hippocampus arises from layers II and 

III of the entorhinal cortex. Specifically, layer II of the entorhinal cortex projects to 

the dentate gyrus and CA3 region whereas layer III neurons project to the CA1 

region and the subiculum (Amaral and Witter, 1995). As discussed in the 

previous chapter, an apparent dissociation in the expression of phase precession 

exists in the superficial layers of the medial entorhinal cortex: the majority of 

neurons in layer II of the MEC show robust, and bimodal theta phase precession 

whereas only ~25% neurons in layer III exhibit 360 ° of theta phase precession. 

The remaining layer III principal neurons are either locked to the theta or do not 

show a discernable spike-phase relationship. Furthermore, it has been observed 

that the precession in layer II MEC neurons is not simply inherited from the 

hippocampus, since phase precession and the theta rhythm are still clearly 

present following muscimol infusion into the hippocampus (Hafting et al., 2008). 
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With respect to the two primary models of hippocampal phase precession (driven 

via intrinsic oscillations or network connectivity), however, the authors were 

hesitant to suggest that their MEC data supported a single class, stating: 

“The nonlinear nature of the precession and the asymmetry of the fields 
do not follow from the dual-oscillator model, whereas the asymmetric inputs 
could potentially explain these properties (Mehta et al., 2002), if the plasticity is 
allowed to take place during neural development (Mehta et al., 2000). The 
bimodality of the phase-position relationship suggests a combination of 
mechanisms may be involved (Yamaguchi et al., 2002), although at present only 
wave interference accounts simultaneously for phase precession and spatial 
periodicity” (Hafting et al., 2008). 

 
3.2.2 Neural Network Geometry can Support Grid Fiel ds 

Although Hafting and colleagues contended that “at present only” an 

intrinsic oscillator model can account for both phase precession and spatial 

periodicity in grid fields, it could be argued that a defendable neural network 

exists that supports the generation of a regular rhomboidal grid of ‘place fields’. 

The first solution to this problem arises from the work of Samsonovich and 

McNaughton (1997). The authors, attempting to generate a neural network that 

could support path integration, began with a rectangular arranged matrix of 

neurons whereby adjacent neurons encode adjacent locations in space. The 

network, with recurrent connectivity between adjacent cells and a specific level of 

inhibition, would converge onto a stable state (an activity “bump”) when 

presented with random, spontaneous activity. The position of the bump on the 

network could move in any direction provided input regarding directional heading 

and velocity (Samsonovich and McNaughton, 1997; McNaughton et al., 2006). 

With a fixed number of neurons, however, it would be possible for the bump to 
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eventually “fall off” of the network if the rats’ real world displacement was greater 

than the network’s dimensions. In order to solve this boundary condition, the 

authors made the neural network continuous by connecting the edges. The result 

was a continuous attractor network in the shape of a torus. During their 

simulations, Samsonovich and McNaughton noted that the units on this torus 

would express square or rectangular fields (McNaughton, personal 

communication; McNaughton et al., 2006), as opposed to the rhomboidal shape 

apparent in the grids cells. The rectangular expression of fields was not 

belabored in Samsonovich and McNaughton (1997), although it is a direct 

consequence of the model. Nonetheless, the authors predicted the existence of 

cells with periodic fields seven years before their discovery. The adaptation to the 

Figure 3.1: (a) An example of how grid 
fields are distributed throughout an 
environment. (b) The connectivity between 
neurons with adjacent fields on the chart. 
Note that the top and bottom boundaries 
are connected with an offset. (c) The offset 
in connectivity results in a neural network 
that is described as a “twisted torus”. Such 
network connectivity supports the 
expression of rhomboidal grid fields. 
(Figure from Guanella et al., 2007) 
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model that would modify the rectangular field expression to rhomboids, 

presented by Guanella and colleagues in 2007, was ingeniously simple: add a 

twist to the torus. Instead of a doughnut, the neural network would be more 

analogous to a cruller with a single twist, with units expressing grid fields of the 

same spatial scale and orientation, but different phases (see Figure 3.1).  

With respect to phase precession, preliminary research by Navratilova and 

colleagues has yielded a ring attractor model of entorhinal grid cells, analogous 

to movement in a single direction on the torus, which is capable of generating 

phase position profiles comparable to those seen in vivo. This model relies on 

both network connectivity as well as intrinsic membrane currents to initiate the 

“look ahead” within a theta cycle (Navratilova et al., 2008). Furthermore, 

analogous to the model proposed by Skaggs et al. (1995), a hidden layer of 

external inputs provide a conjunctive representation of location, speed, and head 

direction in order to update the network appropriately. Cells in vivo that could 

potentially fulfill this role have been discovered in layers III-VI of the entorhinal 

cortex, capable of providing speed, position, and head direction information 

(‘conjunctive cells’; Sargolini et al., 2006; also predicted by Samsonovich and 

McNaughton, 1997).  Therefore, contrary to Hafting et al. (2008)’s conclusion, a 

tenable network model can be put forward accounting for the periodicity of grid 

fields as well phase precession.  

There is, however, an increase in the size and spacing of grid cells along 

the dorso-ventral axis of the MEC (Hafting et al., 2005). A graded increase would 
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present a problem for the toroidal model. Given that in the model presented 

above, a single cell should only be a member of a single attractor network, and 

that there are a finite number of cells within the MEC but multiple metrics, this 

suggests that there are a finite number of tori each with a single, specific metric. 

3.2.3 Evidence for finite number of tori in the MEC.  

If there were only a few tori in the MEC that potentially mirror the range of 

spatial scales observed in the hippocampus from a few tens of centimeters 

(Maurer et al., 2005; 2006) to multiple meters (Kjelstrup et al., 2008), then one 

prediction would be that the spatial metric (that is, both size and spacing between 

fields) of grid cells should change quantally across tori. Interestingly, Barry et al. 

(2007) noted that grid cells within individual rats, while foraging in familiar 

enclosures, tended to cluster in terms of their spacing. For example, in one rat 

the spacing between fields either clustered around 20 cm or 35 cm. While the 

intrinsic oscillator model of grid cell periodicity has no need for the fixed integer 

increases (ratio was 1.7 as determined by Barry et al., 2007), it is a requirement 

for the multiple tori hypothesis that appears to have been fulfilled. 

A substantial amount of evidence exists supporting a continuous neural 

network model of grid cell expression and phase precession. The twisted torus 

accounts for the properties of grid cells as well as supporting an interconnected 

network of neurons capable of acting to generate theta phase precession. 

Finally, preliminary data suggests that a limited number of neural networks, with 

charts that resemble a torus, exists within the hippocampus. 
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3.3 The Dentate Gyrus 

3.3.1 Phase Precession in the Dentate Gyrus 

Only one study to date has investigated phase precession in the dentate 

gyrus. In 1996, Skaggs et al. demonstrated that granule cells, although strongly 

modulated by the hippocampal theta rhythm, were nearly silent in the last quarter 

of the theta cycle. Therefore, the phase precession in granule cells is truncated 

to span only 270° of theta. Although the early network models of phase 

precession predicted that the generator of phase precession would require a 

network of recurrently connected neurons, possibly CA3 (Tsodyks et al., 1996; 

Jensen and Lisman, 1996), the observation of phase precession in the granule 

cells suggested that phase precession arises from the connectivity within the 

dentate gyrus or upstream projections.  

As mentioned in chapter two, during epochs of high gamma, a portion of 

CA1 pyramidal neurons were found to precess in a manner reminiscent of 

granule neurons in the dentate gyrus. Specifically, these CA1 pyramidal neurons 

fired sparsely during the rising phases of theta (but fired robustly during falling 

phases) resulting in a truncated phase-position profile with a weaker theta phase-

position correlation in the spike activity compared to the rest of the units during 

the high gamma epochs (Senior et al., 2008). Therefore, the authors suggest that 

a gamma modulated input can drive these neurons to fire, which is supported by 

the corollary evidence that the highest gamma in CA1 is found during the 

descending phases of theta (Bragin et al., 1995). This is the same theta phase 
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preference found in this specific population of CA1 pyramidal cells (see figure 

3.2). Note, however, that this is only a small proportion of CA1 pyramidal neurons 

and that the “truncated” precession only occurs during strong gamma (during low 

gamma epochs, these neurons have a full 360° of theta phase precession). 

CA1 Pyramidal Cell Putative Granule Cell
Gamma Modulated CA1 

Pyramidal Cell during High 

Gamma Epochs:

 

Figure 3.2:  Comparison of theta phase precession in a CA1 pyramidal cell (left), 
in a putative granule cell (middle), and a gamma modulated (preferring the rising 
phases of gamma) CA1 pyramidal neuron during high gamma epochs (right; see 
text).  All x-axes are position while y-axes are phase, plotted twice to avoid edge 
effects. The examples from the left and middle come from single neurons 
whereas the density plot on the right was calculated from multiple cells. The 
black line is the “averaged waveforms of a field oscillatory theta and theta-
gamma field waveforms” (Senior et al., 2008) Note that the firing of these 
neurons appear to be restricted to periods of high gamma, resulting in phase-
position spike profiles more similar to granule neurons than CA1 pyramidal cells. 
Figure adapted from Skaggs et al. (1996) and Senior et al. (2008).  
 

With the highest hippocampal gamma oscillation observed in the dentate 

gyrus (Bragin et al. 1995) and the truncated phase precession profiles of granule 

cells (Skaggs et al., 1996), similar to those seen in a portion of CA1 pyramidal 

neurons during high gamma epochs (Senior et al., 2008), it is tenable that the 

mechanism that controls gamma is also responsible for truncating phase 

precession. The high amplitude gamma in the dentate is putatively generated by 
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interneuron-interneuron and interneuron-principal cell interaction, and most-likely 

driven via layer II input from the entorhinal cortex. Neurons within layer II of the 

entorhinal cortex discharge at gamma frequency (Chrobak and Buzsaki, 1998) 

and lesions of the entorhinal cortex reduce gamma activity within the dentate 

gyrus (Bragin et al., 1995). Thus, although layer II neurons of the MEC exhibit 

theta phase precession, a high inhibitory drive during the ascending phases of 

theta is responsible for the high amplitude gamma activity, and also prevents the 

granule cells from spiking during these epochs (feed-forward inhibition). The 

overall gamma activity seen at other phases of theta, however, can facilitate 

granule neuron activity in the manner discussed below: 

“First the oscillatory process will keep the principal cells in a ‘readiness’ 
state by keeping their membrane potential close to, but below, the threshold for 
action potential generation. Second, by the periodic modulation of the membrane 
potential, the slow and intermittently firing principal cells can be activated in a 
time locked manner by relatively weak excitation” (Bragin et al., 1995). 

 
3.3.2 Putative Dentate Place Field Generation  

Provided that gamma facilitates granule cells near threshold to fire and 

allows them to be driven by weak (but appropriately timed) input, then one 

hypothesis is that granule cells simply inherit the properties of their most active 

afferents. Only a handful of studies, however, have investigated the spatial 

selectivity of granule cells with multi-unit recording technology (Jung and 

McNaughton, 1993; Skaggs et al., 1996; Gothard et al., 2001; Leutgeb et al., 

2007). The most recent of these is a study conducted by Leutgeb and colleagues 

investigating the effects of small sensory changes on place fields in the dentate 
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gyrus and CA3 region with the use of a ‘morph box’, a box that could be changed 

incrementally from a square to a circle (‘morph’) and vice versa (‘morph 

reversal’). Following the morph stages, the rat was presented with the starting 

configuration.  

In the ‘morph box’ study, the authors found that, when compared to CA3 

place cells, dentate gyrus granule cells tended to express multiple place fields 

(as previously reported by Jung and McNaughton, 1993). When neuronal firing 

was analyzed across each incremental box change, it was revealed that the 

multiple fields of a single putative granule cell could alter their firing rate 

independently. Specifically, one field could be maximally active during the start 

condition, when the box was initially a square, whereas another field could be 

maximally firing in middle of the shape morph, and a third field could be 

maximally active at the end when the rat foraged in a circular shape. The spatial 

firing rate distribution of granule cells “was highly sensitive to small changes in 

the shape of the environment” (Leutgeb et al., 2007). CA3 neurons, on the other 

hand exhibited maximal firing either during the initial start condition or in the final 

end condition. Moreover, recordings from putative medial entorhinal cortical 

axons within the perforant pathway termination area of the hippocampus, which 

express grid cell firing rate distribution across the environment, did not 

significantly alter their rate or spatial preference throughout the transformation of 

the apparatus. Therefore, it appears that the orthognalization of input occurs 
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within the dentate gyrus as hypothesized by Marr (1971), putatively triggered by 

input from the lateral entorhinal cortex.  

Leutgeb et al. (2007) also discovered that when the rat is moved between 

recording rooms, dentate neurons tended to retain their activity. Thus, if they 

exhibited a field in one environment, there was a good chance that they would 

express a field in the second environment. When two of the rats were exposed to 

a third distinct environment, 11 of the 12 dentate granule cells that were active in 

the previous two rooms were also active in the third. On the other hand, the 

population of CA3 neurons active in both environments was ‘statistically 

independent’. No significant topographical correlation in dentate field location 

was observed when the rat was switched between rooms (Leutgeb et al., 2007). 

3.3.3 Effects of dentate lesions on downstream area s  

Investigations regarding the effects of dentate gyrus lesions on the firing 

properties of CA3 and CA1 are sparse or anecdotal.  In one experiment, which 

tested the hypothesis that place fields in downstream regions were constructed 

by the convergent summation of spatial input from the cortex (for details on 

hypothesis, see McNaughton et al., 1983), McNaughton et al. (1989) lesioned the 

majority of the dentate gyrus. Although spatial learning was severely disrupted, 

there was little effect on the firing properties of CA1 or CA3 place cells. In a later 

unpublished experiment, lesions of the dentate gyrus, via colchicines injection, 

putatively resulted in many more place fields expressed in CA1 on a radial arm 
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maze, supporting the idea that the dentate operates to orthognalize inputs 

(Knierim and McNaughton, unpublished observations). 

A small scale modeling project conducted in the laboratory by high school 

student, Niko Warner, revealed that place field distributions similar to those 

observed in granule cells (Leutgeb et al., 2007) could be generated through the 

summation of multiple grid fields with similar metrics but different phases of 

orientation (personal observation). Although the work was abandoned and 

undeveloped, there may be a substantial amount of truth to the idea that the 

place fields of granule cells are generated by the summation of multiple grid 

cells. Upon close examination, one might see that the summation of multiple grid 

fields on a single granule cell could result in the expression of multiple place 

fields. Given that grid cells are active across all environments, a second 

prediction would be that granule cells should be active across multiple 

environments. This is not true for all granule cells, but indeed a bias for activity 

across multiple environments exists (Leutgeb et al., 2007). The lack of a 

topographical relationship between the fields of a single granule cell across 

multiple environments could be explained by the input of the lateral entorhinal 

cortex if it is conveying non-spatial or ‘what’ information.  Simply, the amorphous 

fields expressed by multiple lateral entorhinal cortex neurons combined with the 

rigid pattern of multiple grid fields of a similar metric (but different phase 

orientations) result in place fields similar to those seen in the dentate gyrus. A 

lesion of the lateral entorhinal cortex would test this idea. The granule cell 
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activity, following a lateral entorhinal cortex lesion, should simply be permutations 

of grid fields with different phases and metrics, if the granule cells are active at 

all. Moreover, without lateral entorhinal input, granule cells should not remap 

between environments.   

Given that granule cells are likely to be active across multiple 

environments, one major problem remains: there is a high probability that the 

network of neurons active across multiple experiences would be more related to 

each other than chance, potentially resulting in interference between stored 

patterns. The dentate gyrus, however, may have potentially solved this problem 

through neurogenesis (for review, see Ge et al., 2007). The synaptic integration 

of new neurons into a recurrently connected network of neurons, which also has 

a significant amount of feed forward and feedback inhibition, could easily alter 

the activity biases of neurons within the population (via the neurons’ interactions 

with interneurons and principle cells). In this sense, one neuron pushing into the 

population would displace other local neurons, potentially altering the local 

connectivity in a way that changes how afferent input affects the entire 

population. Furthermore, the introduction of a new neuron would alter the local 

synaptic interactions, yielding large changes in how activity is dispersed across 

the network (see figure 1.2). Some previously active neurons would be rendered 

silent while neurons previously silent would become active. This assumes, 

however, that these new granule cells are active. Recently, Ramirez-Amaya et al. 

(2006) have demonstrated that, following spatial experience, mature newborn 
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neurons are capable of expressing the experience dependent expression of the 

protein Arc suggesting that they do indeed become embedded into the network. 

Moreover, the proportion of newborn neurons that expressed Arc was 

significantly greater than the previously existing granule cells, consistent with a 

mechanism that biases the system to activate new neurons over older granule 

cells.  Therefore, with a constant reorganization of the granule cell network, the 

dentate gyrus is biased toward dropping out older neurons for new neurons. This 

is not to say, however, that older neurons become silent forever. The synaptic 

organization could potentially result in bringing an old neuron, which was silent 

for an extended period of the rat’s life, back into the “active population”.  

This hypothesis results in a question that could, at present, only be 

answered through speculation: “How does hippocampal recall operate when the 

population of neurons that have the potential to become active constantly 

changes?” and “Does this mean that granule cells, contrary to the data at 

present, serve as a temporal index?” Perhaps, however, the process of adding 

new neurons into the network activity may be the biological basis of memory 

reconsolidation. Memory reconsolidation is the phenomenon of consolidated 

memories becoming labile following recall, even though they were already stable, 

or ‘consolidated’. Administration of a protein synthase inhibitor or a lesion to the 

hippocampus can lead to the ablation of a consolidated memory if these 

manipulations are administered after the memory is retrieved. Consolidated 

memories that are not recalled just prior to protein synthesis inhibitor 
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administration are preserved (For review, see Nader et al., 2000). The integration 

of granule cells into the network may result in a “mutable” memory index, 

whereby the population of neurons which encode a specific environment 

changes over time. Memories that are not recalled continue to reside in the 

cortex and are not subject to hippocampal changes. Thus, reconsolidation is a 

result of new neurons becoming integrated into the ever changing dentate 

network. The CA3 region is capable of compensating for these changes, and 

preserving the memory, via the recurrent connectivity between neurons.  

3.4 The CA3 Region 

3.4.1 Physiology and function 

With respect to computational function, one of the single most important 

differences between the dentate gyrus and CA3 regions are the excitatory 

recurrent connections that exist among principal neurons (Amaral and Witter, 

1995). Recently, multiple studies have investigated the role of the CA3 region as 

a “pattern separator”. The process of pattern separation involves  encoding two 

similar inputs with dissimilar memory indices in order to minimize the probability 

that upon retrieval the wrong index is recalled. Pattern completion, on the other 

hand, is the process of retrieving the correct and complete memory ‘index’ 

despite incomplete or modified input, depending on the environmental stimuli and 

previous stored associations (Lee et al., 2004; Leutgeb et al., 2004; 

Vazdarjanova and Guzowski, 2004; for review see Guzowski et al., 2004).  The 

result of these experiments independently confirmed the idea that the CA3 region 
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can execute either pattern completion or pattern separation depending on the 

external input.  

3.4.2 Generation of phase precession in CA3 

In order to perform a dual role as both a pattern completer and pattern 

separator, theoretically the CA3 region operates as an attractor network. This 

refers to a group of neurons capable of maintaining a pattern of activity in the 

absence of input, typically via recurrent connectivity (Amit, 1989). The recurrent 

connections between the neurons of CA3 also makes it an ideal region by which 

the hippocampus can internally generate sequences (Skaggs et al., 1996; 

Tsodyks et al., 1996; Jensen and Lisman, 1996; Levy et al., 2005; McNaughton 

et al., 2006; Kreiman et al., 2000; Lisman, 1999). In the simplest derivative of this 

idea, one neuron in CA3 is activated via external input which can drive another 

principal neuron via a recurrent projection. The second neuron would drive a third 

and so on. As discussed in chapter 2, this recurrent connectivity is nearly 

synonymous with Donald Hebb’s concept of a phase sequence and may be 

responsible for the generation of phase precession in CA3. A non-specific spatial 

input would arrive at the start of the theta cycle, driving a specific subset of CA3 

neurons, which in turn, would drive a sequential set of CA3 neurons in a ‘chain 

reaction’.  

Alternatively, the afferent input from layer II of the MEC and the dentate 

gyrus may be responsible for imposing phase precession on the CA3 network. 

This theory, however, assumes that a dynamic and complicated interaction 
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occurs between the mossy fiber and entorhinal inputs in driving CA3 pyramidal 

cells to fire. The mossy fiber projection onto CA3 neurons is typically described 

as a ‘detonator’ or ‘teacher’ synapse, and it is plausible that a granule cell or cells 

are capable of driving a downstream CA3 pyramidal neuron without any other 

facilitating input. Other afferent synapses, like those arriving from the perforant 

pathway, could become facilitated via associative plasticity, however 

(McNaughton and Morris, 1987).  

A careful investigation of the mossy fiber to CA3 synapse by Henze and 

colleagues (2002) revealed that, in vivo, single action potentials in granule cells 

are unable to drive CA3 neurons to fire. When examining bursts, however, it was 

found that the frequency of firing of the granule cell altered the time-delay of 

maximum firing in the downstream CA3 neuron. As anecdotally presented by the 

authors, a granule cell firing with an instantaneous firing (1/previous interspike 

interval) rate of 50 Hz would have the highest probability of discharging a 

downstream CA3 neuron ~200ms later. If, however, the granule cell was 

discharging with an instantaneous rate of 100 Hz, downstream neurons would 

fire with maximum probability ~40 ms later. Thus, granule cell firing could 

potentially affect the timing of CA3 neuron activity, and therefore, its theta phase, 

simply by altering spike frequency. The authors also suggest that “the delayed 

activation of CA3 pyramidal cells would be associated with dendritic 

backpropagating action potentials that may then facilitate potentiation of direct 

entorhinal inputs to CA3” (Henze et al., 2002).  
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The time-course required before an association is made between the 

entorhinal cortex-Schaffer collateral input and the mossy fiber input suggests that 

CA3 neurons will, upon first entry into an environment, have relatively low spatial 

selectivity. As the synaptic weights slowly change, cortical and autoassociative 

inputs may be able to elicit action potentials on their own, thus altering the firing 

properties of the neuron, ion channel kinetics, as well as the faster onset of 

feedback inhibition loops. Theoretically, such changes could, in turn, alter the 

pattern of spatial firing that the CA3 neuron originally expressed. Perhaps, these 

plasticity dynamics are engaged during the first 10-20 minutes of exploration in a 

novel environment, when CA3 place field expression is unstable (compared to 

CA1 place field expression which appears to occur instantaneously and remain 

stable for the duration of recording; Wilson and McNaughton, 1991; Leutgeb et 

al., 2004). Assuming that an NMDA receptor dependent plasticity mechanism is 

necessary for CA3 neurons to become stable, and the interdependence between 

place field expression and phase precession, it is plausible that complete CA3 

phase precession initially requires the integrity of the NDMA receptor. 

Specifically, CA3 neurons would initially inherit the truncated phase precession 

profile of its afferent granule cell input.  Through experience, the MEC grid cell 

input can activate the CA3 neuron earlier, resulting in a full 360° of phase 

precession (as well as an apparent asymmetric backwards shift in CA3 that only 

occurs once during the first experience in the environment; as observered by Lee 

et al., 2004).  
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If, however, CA3 neurons express a full 360° of theta phase precession 

following the abolition of MEC input, then it could potentially be due to the 

conversions of granule cell spike frequency into CA3 spike timing. As previously 

mentioned a 50Hz instantaneous granule cell firing could maximize the 

probability of CA3 action potentials 200 msec later. With the ability to vary spike 

timing, granule neurons could enable CA3 neurons to fire during periods when 

granule neurons are typically silent, late in theta phase. Moreover, given that a 

single CA3 neuron receives input from approximately 50 granule cells (Amaral et 

al., 1990), the cooperative effort of multiple dentate gyrus neurons could result in 

robust CA3 phase precession.  

3.4.3 Description of CA3 theta phase precession 

Unfortunately, there is only a single published manuscript regarding phase 

precession in CA3 (Dragoi and Buzsaki, 2006). The overall purpose of the 

investigation was to determine if the temporal coordination between cell pairs 

was stronger than expected if an intrinsic oscillator model was responsible for 

theta phase precession. The total population of recorded neurons included both 

CA3 and CA1 neurons, providing the opportunity for the authors to compare and 

contrast the phase precession properties across populations. Mild, but significant 

differences between the populations were that the phase-position correlations 

were significantly smaller in CA1 neurons (spike phase-position correlations were 

run independently for the spikes that occurred in the 1st half and second half of 

the theta cycle) and that CA3 neurons tended to have a slightly faster intrinsic 
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burst frequency (alluding to a smaller place field). Perhaps most importantly, 

when referenced to the same theta electrode, the populations of neurons had 

nearly opposite phase preferences (e.g., if CA3 neurons maximally fired at phase 

360°, CA1 neurons would fire maximally near phase 180° of theta). Although 

phase is circular, assuming that CA3 is the primary drive to CA1, the authors 

interpret this as evidence that CA3 neuronal firing precedes/predicts CA1 

neuronal firing by half a theta cycle (Dragoi and Buzsaki, 2006).  

3.5 The CA1 Region 

Given that the majority of CA1 pyramidal neurons exhibit theta phase 

precession and only a minority of neurons in layer III of the MEC actually precess 

(Hafting et al., 2008), a parsimonious explanation is that the CA3 Schaffer 

collateral input is responsible for CA1 phase precession generation. In this 

simple model, one may venture to guess that CA1 neurons primarily “listen” to 

input from CA3 pyramidal cells, receiving the spike position and spike phase 

preferences of their afferent inputs. Several investigations, however, suggests 

that this assumption may be untenable. 

3.5.1 Activity in the absence of CA3 input   

A study in which all Schaffer collateral input to CA1 neurons was removed 

revealed that CA1 place field expression was not significantly affected: fields 

were “sharp and stable” (Brun et al., 2002). The authors went to commendable 

lengths to ensure that all Schaffer collateral input was removed, either from the 

ipsilateral or contralateral recording hemisphere. Unfortunately, given the nature 
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of the authors recording system, they were unable to obtain local field potentials 

(Brun, personal communication). Therefore, it is unknown whether or not theta 

phase precession was affected. We can, however, make some inferences 

regarding the data if we assume that all Schaffer collateral input was removed 

from CA1.  

First, CA1 activity did not resemble grid cell behavior. Grid cells, however, 

were not discovered until later and it is possible that there are locations where 

the CA1 neuron fired sparsely, generating a grid cell pattern (or patterns of 

multiple grids), but went unnoticed due to the thresholding that occurs in creating 

firing rate map (this idea would be supported if, across different environments, 

the place fields expressed across the population did not remap). This 

explanation, although tenable, has no support at present (see below). If, 

however, activity is not passively transmitted from the MEC onto CA1 neurons, 

the next significant question is whether or not the CA1 neurons exhibited any 

relationship with the hippocampal theta rhythm. The authors note that “(t)heta 

modulation of pyramidal cell activity was apparent from the autocorrelation 

diagrams. In most cells, the firing peaked regularly at theta intervals (~125ms)” 

(Brun et al., 2002). Although it is encouraging that a significant relationship 

between spike times and the theta rhythm exists in the absence of CA3 input, it is 

difficult to determine whether the neuron is precessing or is phase locked. For 

example, both precessing and non-precessing interneurons tend to have their 

first peak in their autocorrelation plots at approximately 125 msec (Maurer et al., 
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2005; Maurer et al., 2006b). Therefore, it is both timely and important to revisit 

this experiment. If the neurons were phase locked to the same phases of theta 

as layer III cells in the MEC, then a sound conclusion is that Schaffer collateral 

input to CA1 is both necessary and sufficient to induce CA1 pyramidal cell phase 

precession. If, however, CA1 neurons fired across all phases and exhibited 

phase precession, then we need to consider two simple alternatives: 

1. CA3 input is sufficient but not necessary: 

Under some circumstances, the CA3 region could potentially drive CA1 

precession. Another region, however- perhaps the nucleus reuniens or pre-

/parasubiculum, provides CA1 neurons with a rhythmic input that paces 

theta phase precession. Alternatively, the CA1 population may be primed to 

precess by the small population of layer III neurons that exhibit theta phase 

precession. The whole population may be entrained to precess by the 

sparse recurrent collaterals within CA1 and via interactions with the 

interneuronal network. 

2. CA3 input is neither sufficient nor necessary: 

Dissociations between CA3 and CA1 dynamics (see Lee et al., 2004b; 

Leutgeb et al., 2004; Vazjardanova and Guzsowski, 2004) suggest that 

CA3 is relatively incapable of controlling the population of neurons in CA1 

with high fidelity, and therefore, may not choreograph the fine temporal 

spiking dynamics in CA1. Once again, these data could suggest the 

influence of an outside structure (e.g., thalamus, pre-/parasubiculum, or 
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layer III entorhinal cortex), or dynamics residing within the region, such as 

interneuronal networks or ion channels is responsible. Local phase 

precession generation is unlikely, however, since transient inactivation of 

the hippocampus did not reset hippocampal phase precession (Zurgaro et 

al., 2005; See chapter 2). 

3.5.2 Activity following an MEC layer III lesion  

In a follow up to the Schaffer collateral ‘knife cut’ experiment, Brun et al. 

(2008) investigated the effect of removing the direct layer III input from the medial 

entorhinal cortex onto ipsilateral CA1 neurons. Following this lesion, the only 

hippocampal formation input to CA1 was from CA3 neurons and layer III neurons 

of the lateral entorhinal cortex. Layer III of the entorhinal cortex was selectively 

and unilaterally lesioned by local infusion of γ-acetylenic GABA (GAG) focused 

within the MEC.  Recordings from the lesioned rats revealed that CA1 place 

fields were significantly larger and less coherent (how well the firing rate in one 

spatial bin can predict the firing rate in neighboring bins) compared to non-

lesioned controls.  

When all cells from the lesioned and non-lesioned rats were pooled and 

ranked based on their information per spike score, 19 out the lowest 20 

information scores were from the lesion group. Nine of the highest 20 information 

scores were from cells also in the lesion group. High variability of information 

scores were also found within a single lesioned rat, suggesting that the lesion did 

not affect the whole population equally, but did affect specific subsets of neurons. 
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CA3 neurons, on the other hand, were not affected by layer III lesions to the 

entorhinal cortex in any detectable manner.  

3.5.3 CA1 operates relatively independently of CA3 

In light of recent and unpublished evidence, this section provides data 

supporting the idea that the CA1 network operates relatively independently of 

CA3. As discussed, removing the CA3 input to CA1 neurons does not degrade 

CA1 place field expression.  Furthermore, as noted previously, CA3 neurons 

require 10-20 minutes before their place fields become stable, while CA1 

neurons are relatively stable from the onset (Leutgeb et al., 2004; but see 

Nakazawa et al., 2002). Thus, assuming stable place fields in CA1 require stable 

input, then CA3 is not contributing to the dynamics of CA1 place field activity 

under novel circumstances. Moreover, in an experiment where local and distal 

cues are rotated in different directions (e.g. local cues are rotated 45° clockwise 

while distal cues are rotated 45° counter clockwise), Lee et al. (2004) found that 

the majority of CA3 place fields rotated in a cohesive manner, following the local 

cues, while CA1 place fields did not show consistent activity across the 

population of recorded cells. The majority of CA1 place fields were either 

ambiguous or disappeared in the response to the double rotation. Therefore, 

even when a large majority of CA3 place fields respond to the rotation in a 

coherent manner (suggesting that the fields are “fully developed” and stable), 

CA1 place fields were not “enslaved” by the afferent Shaffer collateral input. 

Finally, theta phase precession is evident in CA1 neurons within the first five laps 
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in a novel environment (Rosenzweig et al., 2000), when CA3 place fields should 

still be unstable and developing. This final point supports the idea that CA3 input 

is neither necessary nor sufficient for CA1 neurons to precess. It will be 

necessary, however, to revisit the issue of “instantaneous” CA1 phase 

precession in the future.   

3.5.4 Independent does not mean unnecessary  

 Given the dense projections from CA3 to CA1, and assuming that 

evolution operates in a conservative manner, removing any unnecessary and 

expensive connections between regions, the Schaffer collateral input to CA1 

must certainly have a function. For example, on the first day of a double cue 

rotation experiment (as described above), the center-of-mass of CA3 place fields 

shifted backwards (Lee et al., 2004b). The place fields of CA1 neurons, however, 

did not show a backwards center of mass shift until the next day. For the 

remaining sessions, when the rotated cues where no longer novel to the rat, CA1 

continued to show a backwards center of mass shift while a shift was absent in 

the CA3 neurons. Thus, in a novel environment, CA3 neurons require time to 

become stable (Leutgeb et al., 2005). When the environment is familiar, 

however, the CA3 neurons can rapidly acquire any environmental changes that 

occur (Lee et al., 2004b). CA1 neurons, on the other hand, are stable upon the 

first entry into the environment (Leutgeb et al., 2004) but require an episode of 

experience before an experience-dependent center of mass shift can occur (Lee 

et al., 2004). These data support models suggesting that the CA3 region may 
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operate to store long-term memories whereas the CA1 region functions to 

compare current cortical inputs to prior experiences (Blum and Abbott, 1996; 

Hasselmo and Schnell, 1994; Levy, 1996; Lisman, 1999; Lynch and Granger, 

1992; Lee et al., 2004 COM).  

3.5.5 Potential mechanism of center-of-mass reset in CA1 

Although the evidence to date is only correlational, it appears that the CA3 

pyramidal neurons must encode the environmental change before CA1 place 

fields can exhibit an experience-dependent center of mass shift.  Among a 

number of possible explainations, the Schaffer collateral input could act to prime 

CA1 neurons with the input necessary for CA1 place fields to exhibit experience-

dependent plasticity. As alluded to previously, there is mounting evidence 

suggesting that a mechanism priming CA1 to undergo COM shifts does not occur 

during behavior. Perhaps the role of REM sleep is to prime CA1. 

Specifically, REM sleep may serve a dual function: to consolidate novel 

memories and to abolish or reset familiar memories. Poe et al. (2000), using a 

track split into different regions that the rat was familiar with, or a region that the 

rat was exploring for the first time, found that neurons with fields in the familiar 

section of the track reversed their preferred phase of spiking relative to theta 

from behavior to REM. Specifically, the neurons with place fields in the familiar 

section preferred to fire at the peak of theta during track running, but then 

switched to the trough during REM sleep. Neurons with place fields located in the 

novel portion of the track fired at the peak of theta during both behavior and 
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REM. Given that short spike bursts elicited on the peak of theta result in long-

term potentiation and bursts on the trough of theta result in long-term depression 

(Huerta and Lisman, 1995; but see Orr et al., 2001), Poe and colleagues 

suggests that “...REM sleep could strengthen traces of recent experiences while 

actively eroding traces of more remote memories” (2000). 

The center-of-mass effect can be found within the same animal across 

multiple environments (Mehta et al., 1997), but is reset within CA1 following a 

period of rest typically within the rats home cage. Moreover, CA1 neurons do not 

exhibit a center-of-mass shift until the second day of exploration within an 

environment (Lee et al., 2004). These data suggests that a sleep period, 

specifically a REM epoch, is required either to reset or to prime CA1 center-of-

mass shift. During behavior, CA3 and CA1 neurons have preferred phases that 

are ~180° offset (referenced to the same theta electrode; Dragoi and Buzsaki, 

2006). The authors suggest that this offset is sufficient to initiate a potentiation of 

the Schaffer collateral input to CA1 neurons . Reversing the phase preference of 

a CA1 neuron during REM sleep (as in Poe et al., 2000), would destroy the 

temporal order that originally facilitated the NMDA receptor dependent plasticity 

initiating the center of mass shift (see Ekstrom et al., 2001). Thus, the center-of-

mass of the familiar fields would be reset following a REM epoch. Novel fields 

would maintain their phase preference facilitating an integration with the CA3 

neuronal network that was absent during behavior.  
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Alternatively, the CA1 center of mass shift may be reset overnight by the 

direct entorhinal input into the CA1 region. Recently, an NMDA-receptor 

independent form of depotentiation at the Schaffer collateral-CA1 synapse has 

been found which requires low levels of perforant pathway input (Izumi and 

Zorumski, 2008). This mechanism could occur either during REM sleep or during 

hippocampal sharp waves. Although hippocampal sharp-waves are considered to 

be the time when reactivation of memory traces occur (Kudrimoti et al., 1999), 

they could actually facilitate forgetting (Lubenov and Siapas, 2008). Assuming 

that the hippocampus operates to reset the synapses containing consolidated 

information and preserve the synapses containing novel information, the 

hypothesis that sharp-wave activity may reflect an erasure of information is 

supported by the data of Kudrimoti et al. (1999). These authors found that 

neurons with place fields located in a familiar region of an environment were 

reactivated significantly more than neurons with fields in a novel region of an 

environment. If reactivation during sharp-waves is not a further encoding of 

events, but rather a plasticity independent phenomenon that does not require the 

NMDA-receptor, then the application of an NMDA receptor antagonist should not 

impede sequence reactivation (Stanis et al., 2004). Rather, sequence 

reactivation should be solely driven by the asymmetry which exists in the 

synaptic matrix a priori to guide phase precession (see network models of phase 

precession in chapter 2).  

3.6 Other theta phase precession generators? 
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When considering other sources that may be responsible for the 

generation of CA1 theta phase precession, the septum appears to be a prime 

candidate. The projections from the septum terminate throughout the entire 

hippocampal formation (Swanson and Cowan, 1979). To date, the 

septohippocampal projecting neurons are thought to only release GABA and 

ACh. The GABAergic projection synapses connect specifically onto hippocampal 

interneurons whereas the cholinergic inputs show no discrimination (Freund and 

Antal, 1988). Therefore, the potential for modulation via network and intrinsic 

membrane properties exists. The cholinergic projection, itself, is an unlikely 

candidate, however, because its effect on hippocampal neurons is, most likely, 

too slow (Shen and Barnes, 1996). 

  As demonstrated by Mizumori and colleagues in 1989, inactivation of the 

septum abolishes hippocampal theta activity. Moreover, neurons in the hilar/CA3 

region of the hippocampus lose their spatial selectivity and a severe reduction in 

firing rate of inhibitory interneurons in CA1 is observed. CA1 place cells, 

however, retained their spatial selectivity and exhibited peaks in their spike 

autocorrelograms at (or possibly above) theta frequency during the inactivation 

epochs (see figure 5; Mizumori et al., 1989).  Unfortunately, without an oscillatory 

theta rhythm, it is difficult to make any conclusions concerning phase precession, 

and phase precession was still 4 years from being discovered when this study 

was conducted. If, however, place field size is directly determined by 360° of 

phase precession (as argued in the previous chapter), and CA1 place fields are 
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still intact with theta frequency modulation in the autocorrelation, then it should 

be safe to assume that CA1 place fields are precessing relative to a depressed 

field potential. One explicit test would be to lesion the fornix ipsilateral to the 

recording hemisphere as well as the commissural inputs. This should abolish the 

theta rhythm in one hippocampi, but spare theta in the contralateral hippocampi 

which could be used as a reference. If CA1 pyramidal cells are indeed 

precessing, then CA1 theta phase precession occurs with little to no CA3 output 

and significantly decreased local interneuron firing. Thus, phase precession in 

CA1 would be paced by an external region unaffected by the septal inactivation.  

On the other hand, if the septum were responsible for theta phase 

precession, we would expect that inactivation would result in a severe decrease 

in afferent drive to precessing hippocampal neurons. Thus, place fields would 

become larger, the rate of phase precession would slow down, and in-field firing 

rate would decrease. The parallel to this argument is that a reduction in self-

motion information affected all three of these place field characteristics (Terrazas 

et al., 2005). This may have indeed occurred to neurons in the CA3/dentate 

region following septal inactivation, but went unnoticed due to fixed firing rate 

scaling between plots (see Figure 6 of Mizumori et al., 1989). Moreover, the 

autocorrelation of the CA3 neuron shows that some theta frequency modulation 

is still present. It is difficult to make any inferences concerning a frequency 

change between the autocorrelograms in this example. It should be noted, 
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however, that only a small frequency change in the interburst interval can result 

in large changes in place field size (see chapter 5). 

Future experiments regarding the origin of theta phase precession would 

benefit from exploring the effects of septal inactivation on layer II and III medial 

entorhinal cells. The model of Navratilova and colleagues (2008) requires a theta 

frequency modulation for the toroidal network to ‘look ahead’ in space. Removing 

theta input may be catastrophic to the stellate neurons in layer II of the MEC, 

rendering the neurons silent or abolishing theta rhythmicity.   

3.7 Conclusions 

This chapter presents an original and independent argument regarding the 

generation of theta phase precession. Contradicting Maurer and McNaughton 

(2007), it is argued here that phase precession across the hippocampus is 

primarily a network phenomenon, with intrinsic membrane currents facilitating the 

propagation of activity. This alteration was driven by the insight of Guanalla et al. 

(2007) in solving the network geometry issue. Preliminary work of Navratilova et 

al. (2008) provides evidence that a ring attractor, similar to the model constructed 

by Skaggs et al. (1995) to support head direction cell dynamics, generates spike 

phase-position profiles analogous to principal cells in vivo.  

 This chapter also presents the idea that the hippocampus may operate not 

as a single system, but, as two distinct and separate units. This idea has been 

presented by others before (Hargreaves et al., 2005) and appears to be gaining 

support slowly across the field. An expansion of this idea is that phase 
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precession occurs via different, dissociable mechanisms between CA1 and the 

CA3-dentate regions. 

 As with most models, this model is incomplete and will assuredly be 

proven wrong in one respect or another. There are numerous issues left to be 

addressed such as: “How do CA1 place fields orthognalize across environments 

without a hidden layer contributing to the dynamics?” and “CA3 to CA1 

communication appears to depend on whether or not the environment is familiar 

or novel. What is the mechanism underlying the novel to familiar trigger?”.  
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CHAPTER 4: SELF-MOTION AND THE ORIGIN OF DIFFERENTI AL SPATIAL 

SCALING ALONG THE SEPTO-TEMPORAL AXIS OF THE HIPPOC AMPUS 

 
4.1. Preface  

This Chapter is based on Maurer AP, VanRhodes SR, Sutherland GR, Lipa P, 

and McNaughton BL (2005), Self-motion and the origin of differential spatial 

scaling along the septo-temporal axis of the Hippocampus, Hippocampus 

15:841-852. This study provides evidence supporting the hypothesis that an 

increase in place field size along the septo-temporal axis is generated by a 

graded influence of self-motion cues, such as optic flow, proprioception, and 

vestibular input. At the time of this publication, Terrazas et al. (2005) was in 

press and was referenced as such.   

 

4.2 Abstract   

Spatial scaling of place specific activity in the hippocampus varies systematically 

from the septal pole (high resolution) to the temporal pole (low resolution). Place 

fields get progressively larger, and the probability of observing a field in a given 

environment gets progressively smaller. It was previously found that decoupling 

movement in space from ambulation, by having the animal actively ride on a 

mobile platform, results in marked enlargement of the spatial scale factor in the 

dorsal hippocampus and a reduction in the increase in theta rhythm power with 

running speed, suggesting that a self-motion signal determines the spatial scale 
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at which the hippocampal population vector updates. These results led to the 

hypothesis that the gain of the selfmotion signal may vary systematically along 

the septo-temporal axis of the hippocampus. To test this hypothesis, EEG theta 

rhythm and ensembles of CA1 pyramidal cells and interneurons were recorded 

from the extreme dorsal and middle portions of the hippocampus. Pyramidal cell 

population vectors representing successive locations became decorrelated over 

substantially shorter distances in the dorsal than in the middle hippocampus. 

Dorsal pyramidal cells had smaller place fields, higher mean and peak firing 

rates, and higher intrinsic oscillation frequencies during track running than that of 

middle pyramidal cells. Both dorsal pyramidal cells and interneurons had more 

elevated mean rates during running, compared with rest, than that of the 

corresponding cell classes in the middle hippocampus, and both cell classes 

increased their rates more as a function of speed in the dorsal hippocampus.  

The amplitude, but not the frequency of fissure recorded theta rhythm, 

increased more as a function of running speed in the dorsal than in the middle 

hippocampus. We conclude that variation in the neuronal response to movement 

speed is the likely basis for the systematic variation in spatial scaling along the 

septo-temporal axis of the hippocampus. 

4.3 Introduction  

The factors that contribute to the manner and rate in which rat 

hippocampal neuronal ensemble activity patterns change as a function of the 

changes in the animal’s spatial location (O’Keefe and Dostrovsky,1971; O’Keefe 
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and Conway, 1978; Wilson and McNaughton, 1993) are complex and 

incompletely understood. Although a number of theories and explicit 

computational models have been advanced, none currently accounts for all of the 

available data. It is clear, however, from the observation that hippocampal activity 

patterns can undergo either partial or virtually complete rearrangements within a 

given environment (“remapping”; Muller and Kubie., 1987; Quirk et al., 1990; 

Sharp et al., 1990; Bostock et al., 1991; Markus et al., 1995; Gothard et al., 

1996a, 2001; Barnes et al., 1997; Knierim et al., 1998; Skaggs and McNaughton, 

1998; Wood et al., 2000; Bower et al., 2005), that the concept of a population of 

cells with invariant responses that “represent” particular environmental inputs is 

generally untenable. Moreover, hippocampal spatial firing patterns can be 

established, maintained, and updated on the basis of self-motion signals (“path-

integration”) in the virtual absence of external cues (O’Keefe and Conway, 1978; 

Quirk et al., 1990; McNaughton et al., 1991, 1996; Gothard et al., 1996b, 2001; 

Redish et al., 2000), while remaining tightly coupled to the inertially based 

headdirection system (Taube et al., 1990; Knierim et al., 1995, 1998). Finally, 

Foster et al. (1989) demonstrated that, during restraint, pyramidal cell activity 

ceases, suggesting that motor set is a critical factor in pyramidal cell place 

specific firing. 

Such neurophysiological observations must be considered in the context 

of anatomy. A large proportion of the inputs to a given hippocampal pyramidal 

cell comes from other hippocampal neurons, rather than from outside the 
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hippocampus, and abundant intrinsic connections couple the hippocampal output 

layers of entorhinal cortex (EC) with the input layers (vanHaeften et al., 2003). 

These considerations lead to the hypothesis that the evolution of the 

hippocampal population activity vector, as the animal moves through its 

environment, depends strongly on the initial state of the network and on 

information about the speed and direction of motion.  

Primarily for technical reasons, the large majority of hippocampal unit 

recordings in behaving rodents have been conducted in the CA1 field within the 

rostral approximately one third of the hippocampal formation (also referred to as 

the “dorsal” or “septal” end). In this region, the typical “place field” has a linear 

scale on the order of 20–25 cm (estimated from the square root of the mean 

place field areas reported by Jung et al., 1994). Population activity vectors 

associated with different locations become decorrelated by 50% over about 20–

25 cm (Battaglia et al., 2004; Terrazas et al., in press), which establishes an 

intrinsic spatial scale or space constant (see Methods section). Activity sparsity 

varies as a function of which hippocampal field is studied. In rostral CA1, which is 

the least sparse of the three principal subfields, ~3–5% of all neurons express 

place fields within one space constant (estimated from data from Wilson and 

McNaughton, 1993), and the best description for how cells are allocated to 

locations appears to be the default one: the random draw with replacement 

model.   
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Although the foregoing provides a reasonable description of spatially 

selective neural activity for the dorsal hippocampus, two studies have shown that 

there is substantial variation in the spatial scale factor along the septo-temporal 

axis. In the midregion of the hippocampus, the spatial scale appears to be on the 

order of 40–50 cm (estimated from the square root of the mean place field areas 

reported by Jung et al., 1994) and in the most ventral (temporal) region, the 

spatial scale factor is so large that activity of a given cell may appear almost 

uniform within a given environment (Kjelstrup et al., 2003), but may be 

completely silent in another. This led the latter authors to invoke the term 

“context cells” in lieu of “place cells” for more ventral regions of the hippocampus. 

These differences in intrinsic scale are not explainable by mere inhibitory 

thresholding, because activity sparsity, defined in terms of the local intrinsic 

spatial scale, appears to remain relatively constant (i.e., progressively fewer cells 

express place fields in a given environment as one moves toward the ventral 

pole, but approximately the same total number of cells will be active at any short 

time interval). Consistent with these neurophysiological observations, there is a 

systematic reduction in the proportion of neurons expressing the activity-

dependent immediate early gene Arc in the dentate gyrus (DG), CA3, and CA1 

subregions along the septo-temporal axis following a 5 min exploration period in 

an environment ~400 cm2 (Sutherland et al., 2003). 

The representation of space at multiple spatial scales has clear 

computational advantages, not the least of which is that it solves the problem of 
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the trade-off between spatial resolution and spatial contiguity. In the dorsal 

hippocampus, proximity relationships cannot be assessed on the basis of 

population vector similarities over distances larger than about 25 cm, whereas in 

the ventral hippocampus, the opposite problem occurs, i.e., fine differences in 

spatial localization cannot be reliably assessed. But what is responsible for 

setting the local spatial scale along the septo-temporal axis? Recent experiments 

on the roles of ambulatory motion signals (e.g., motor efference copy and 

proprioceptive feedback from limb movements during walking), optic flow, and 

vestibular input in determining place field characteristics in rats provide some 

important clues (Terrazas et al., 2001, 2003, in press; Poneta et al., 2003). 

Briefly, rats were trained to press a lever to actuate the movement of a small 

platform on which the animals stood. Pressing the lever moved the platform 

around a circular track, and the rats were reinforced for moving to and stopping 

at specific locations. In the same sessions, the animals were allowed to walk 

around the same track. The power of the 6–8 Hz theta rhythm in the hippocampal 

EEG (recorded near its amplitude maximum at the hippocampal fissure) and the 

activity of ensembles of 20–50 dorsal CA1 pyramidal neurons were recorded. It is 

known from previous work that the power and frequency of the theta rhythm 

increases approximately linearly from a basal level as running speed increases 

(Whishaw and Vanderwolf, 1973; Morris and Hagan, 1983; Rivas et al., 1996; 

Shen et al., 1997), leading to the hypothesis that this rhythm could provide a 

distance metric (O’Keefe, 1976; O’Keefe and Nadel, 1978). This observation was 
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replicated in the data from walking rats; however, during platform driving, the 

slope of the theta power vs. speed relation was significantly attenuated. 

Examination of the ensemble firing characteristics under the two conditions 

revealed that, during platform driving, the spatial scale of the ensemble activity 

increased dramatically, while the relative proportion of cells active on the track 

decreased. These results lead to the hypothesis that the spatial scale is set by 

the gain of a self-motion signal. The hypothesis predicts that the gain of this 

signal (or the gain of the hippocampal response to the signal) must vary 

systematically from the septal to the temporal poles.  

Dorsal hippocampal neurons exhibit marked changes in firing rate as a 

function of running speed (McNaughton et al., 1983a; Wiener et al., 1989; Zhang 

et al., 1998; Czurko et al., 1999; Hirase et al., 1999; Ekstrom et al., 2001). If the 

selfmotion signal that controls firing rate is the same as the hypothetical signal 

controlling place field size, then the foregoing hypothesis predicts a change in the 

gain of both the firing rate vs. running speed function and the theta amplitude vs. 

running speed function along the septo-temporal axis. The current study 

investigated this prediction. 

4.4 Methods 

4.4.1 Animals and Surgical Procedures.  

Neurophysiological studies were conducted on four Brown Norway/Fisher 

344 hybrid male rats between 8 and 12 months old. The rats were housed 

individually, and maintained on a 12 h light–dark cycle. Recordings took place 
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during the dark phase of the cycle. Surgery was conducted according to National 

Institutes of Health guidelines for rodents and approved IACUC protocols. Prior 

to surgery, the rats were administered bicillin (30,000 units i.m. in each hindlimb). 

The rats were implanted under pentobarbital or isofluorane anesthesia, with an 

array of 14 separately moveable microdrives (“HyperDrive”). This device, 

implantation methods, and the parallel recording technique have been described 

in detail previously (Wilson and McNaughton, 1993; Gothard et al., 1996b). 

Briefly, each microdrive consisted of a drive screw coupled by a nut to a guide 

cannula. Twelve guide cannula contained tetrodes (McNaughton et al., 1983b; 

Recce and O’Keefe, 1989), four-channel electrodes constructed by twisting 

together four strands of insulated 13 µm nichrome wire (H.P. Reid, Neptune, NJ). 

Two additional tetrodes with their individual wires shorted together served as an 

indifferent reference and an EEG recording probe. A full turn of the screw 

advanced the tetrode 318 µm. For one rat (Rat 1), the tetrodes were divided into 

two groups of seven (“split bundle drive”), permitting recording simultaneously 

from the septal (3.0 mm posterior, 1.8 mm lateral to bregma) and middle (6 mm 

posterior, 5.0 mm lateral to bregma) regions of the hippocampus. For the other 

three rats (Rats 2–4), recordings were made sequentially from the middle (5.7 

mm posterior, 5.0 mm lateral to bregma) and septal (3.0 mm posterior, 1.4 mm 

lateral to bregma) regions. This was accomplished by directing all 14 probes first 

to the middle region and then physically moving the drive to a previously 

prepared and sealed craniotomy over the septal pole. The implant was cemented 
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in place with dental acrylic anchored by dental screws. After surgery, rats were 

administered 26 mg of acetaminophen (Children’s Tylenol Elixir, McNeil, PA). 

They also received 2.7 mg/ml acetaminophen in the drinking water for 1–3 days 

after surgery and oral ampicillin (Bicillin, Wyeth Laboratories, Madison, NJ) on 10 

days on/10 days off regimenfor the duration of the experiment. 

4.4.2 Neurophysiology 

The tetrodes were lowered after surgery into the hippocampus, allowed to 

stabilize for several days just above the CA1 hippocampal subregion, and then 

gradually advanced into the CA1 stratum pyramidale. The neutral reference 

electrode was located near the corpus callosum. The EEG probe was used to 

record theta field activity from the vicinity of the hippocampal fissure. The four 

channels of each tetrode were attached to a 50-channel unity-gain headstage 

(Neuralynx, Tucson, AZ). A multiwire cable connected the headstage to digitally 

programmable amplifiers (Neuralynx). The spike signals were amplified by a 

factor of 1,000–5,000, band-pass filtered between 600 Hz and 6 kHz, and 

transmitted to the Cheetah Data Acquisition system (Neuralynx). Signals were 

digitized at 32 kHz, and events that reached a predetermined threshold were 

recorded for a duration of 1 ms. Spikes were sorted off-line on the basis of the 

amplitude and principal components from the four tetrode channels by means of 

a semiautomatic clustering algorithm (BBClust, author: P. Lipa, University of 

Arizona; KlustaKwik, author: K.D. Harris, Rutgers-Newark). The resulting 

classification was corrected and refined manually with custom written software 
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(MClust, author: A.D. Redish, University of Minnesota), resulting in a spike-train 

time series for each of the well-isolated cells. No attempt was made to match 

cells from one daily session to the next, and therefore, the numbers of recorded 

cells reported does not take into account possible recordings from the same cells 

on consecutive days; however, because the electrode positions were frequently 

adjusted from one day to the next, recordings from the same cell over days were 

probably relatively infrequent. Putative pyramidal neurons and interneurons were 

identified by means of standard parameters (firing rate, burstiness, spike 

waveform shape; Ranck, 1973).  

For Rats 2–4, hippocampal theta activity was recorded from a separate 

probe that was positioned ~0.5 mm below the CA1 pyramidal layer, near the 

hippocampal fissure. The location of the theta recording electrode changed 

between the dorsal and middle regions of the hippocampus along with the 

recording microdrive. For Rat 1, EEG was recorded from the dorsal fissure region 

only. EEG signals were band-pass filtered between 1 and 300 Hz and sampled at 

2.4 kHz.  

Several diodes were mounted on the headstage to allow position tracking. 

The position of the diode array was detected by a TV camera placed directly 

above the experimental apparatus and recorded with a sampling frequency of 60 

Hz. The sampling resolution was such that a pixel was approximately equivalent 

to 0.3 cm. 

4.4.3 Behavior  
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The animals were food deprived to 80–85% of their ad libitum weight. 

During this time period, the rats were trained to run on circular tracks for food 

reinforcement. Three different tracks were used: Rat 1 ran on a 347 cm 

circumference track, whereas Rats 2–4 ran on two tracks, one 167.5 cm in 

circumference, and the other 382 cm in circumference. Rats 2–4 ran 

unidirectionally around the smaller track with food delivered at one point and 

bidirectionally around the large track, which was partitioned by a barrier at one 

point. Food was given on either side of the barrier and at the 1808 opposite point. 

The twotrack design was adopted in the context of a different experimental 

question that is not relevant to the present report. Rat 1 ran bidirectionally as in 

Rats 2–4 on the large track, but without the additional food reward at the 1808 

point. Rats ran each maze for ~20 min resulting in a variable number of laps per 

session, depending on motivation and other factors. Rat 1 rested and/or slept in 

a towel lined “nest” in the center of the track for about 20–25 min before and after 

running on the track. Rats 2–4 ran two sessions per day, one on the large track 

and one on the small track (in counterbalanced order), with each running session 

flanked by a rest period in the “nest.” Data from the rest periods were used to 

assess baseline firing during rest. 

4.4.4 Database 

A summary of the database from which the following results are derived is 

given in Table 1. Somewhat fewer middle region neurons were recorded from 
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Rat 1 than from the others because, over the course of the study, the mid-region 

probes were advanced deeper in attempt to record from the most ventral regions. 

 

Table 4.1. Numbers of Recorded Neurons Making up the Database for the 
Current Report 

 Rat 1 Rat 2 Rat 3 Rat 4 

Dorsal pyramidal 184 226 178 488 

 

Middle pyramidal 24 298 86 444 

 

Dorsal interneurons 11 40 10 28 

Middle interneurons 9 30 18 60 

 

Note that for Rats 2–4, the neurons recorded on the large and small tracks are 
treated as independent samples (see Methods section). 
 

There were insufficient numbers of deep ventral cells recorded to make us 

confident of a quantitative analysis of these cells, but the general observations on 

them are discussed in the discussion section. In the following analysis, each 

neuron recorded during a track running session was treated as a separate unit 

for most analyses, including those recorded on the same day on different tracks. 

The rationale for this decision is that the same neuron typically had quite different 

firing characteristics on the two tracks in terms of whether there was a “place 

field” and where the field was located. Most of the variation in running speed 
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during a recording session was due to the position of the rat on the track. Rats 

slowed down as they approached the reinforcement sites and sped up as they 

departed from the reward site. Thus, it was more appropriate to consider the 

same cell recorded on two different apparatuses as independent samples. 

4.4.5 Calculation of Firing Rate vs. Speed 

Rest sessions flanking behavioral epochs were not included in the firing 

rate vs. speed analysis. The position of the rat’s head in two dimensions, derived 

from the video tracker data, was converted to angular coordinates and projected 

onto a one dimensional line corresponding to the center of the track. Speed was 

calculated by numerically differentiating the one dimensional position data, and 

for each recording session, speed occupancy distributions were computed as the 

number of speed samples per 6 cm/s bin, with 0 speeds in the first bin. For each 

recorded neuron, the number of spikes that occurred within each speed interval 

was computed. The firing rate vs. speed function was computed from the ratios 

of these two distributions. Because the animal’s average running speed varied 

systematically with position on the track, the individual tuning functions for 

pyramidal cells do not accurately reflect the hypothetical true firing rate vs. speed 

function, because firing rate is a function of both speed and location. For 

example, a cell with a place field in a region of low average speed would appear 

to have a bias to fire at slower speeds; however, the average of the rate vs. 

speed distributions over all cells should accurately reflect the ensemble firing rate 

vs. speed function, which is the desired relationship. 
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4.4.6 Calculation of Regional “Spatial Scale”  

One definition of the spatial scale factor for a given region would be the 

average size of place fields for all cells recorded in that region; however, different 

investigators have used different, somewhat arbitrary, definitions of place field 

size, based on deviations from mean rate or other parameters. Moreover, cells 

often have more than one place field, and according to a definition of a place field 

as one cycle of phase precession, two place fields from the same neuron can 

overlap spatially, in which case, the neuron fires spike doublets in the theta 

cycles within the region of overlap (McNaughton et al., 1997). Thus, an 

apparently large place field may actually be two overlapping ones. An intuitively 

useful, convenient, and unbiased alternative measure of spatial scale is the 

distance over which the hippocampal population vector becomes decorrelated 

(McNaughton, 1998; Battaglia et al., 2004; Terrazas et al., in press). To compute 

this function, the spatial firing rate distributions (12-cm bin size) of all recorded 

pyramidal neurons in a given region or condition were combined into a single, 

two-dimensional array, with cell number indexing the rows and location indexing 

the columns. Each column thus represents an estimate of the composite 

population vector for the corresponding location. For bidirectional running, the 

vectors for the clockwise and counterclockwise directions were computed 

separately, because the firing patterns during running in opposite directions are 

typically, at best, only weakly correlated (McNaughton et al., 1983a; Muller et al., 

1994; Markus et al., 1995; Gothard et al., 1996b; Battaglia et al., 2004). Because 



113 
 

the sequence of spatial/directional positions of the rats was periodic, the 

population vector autocorrelation function can be computed as the mean 

correlation between each vector Pi and all vectors Pj {j = i, Nbins + i - 1} at 

successive clockwise distances from Pi (where Nbins is the number of bins). This 

function is approximately Gaussian over its initial range, and its width at half 

amplitude provides a useful scale parameter. For circular tracks, there are 

periodic boundary condition effects that may prevent the function from declining 

completely to zero when the scale factor is on the order of half the track 

circumference or greater (see Terrazas et al., in press). Using this approach, 

Terrazas et al. (in press) found spatial scale factors for the dorsal hippocampus 

(centered at 3.8 mm posterior and 2.5 mm lateral to bregma) of ~23 cm during 

walking and 68 cm during “car driving” over the same track. 

4.4.7 Calculation of “Intrinsic” Firing Rate Oscillation 

Hippocampal pyramidal cells exhibit a systematic phase retardation of 

firing as the rat passes through a cell’s place field (“phase precession”; O’Keefe 

and Recce, 1993; Skaggs et al., 1996). As pointed out by O’Keefe and Recce 

(1993), this means that the oscillation frequency of the neuron is slightly faster 

than the local field oscillation. Here, we refer to this firing rate oscillation 

frequency as the “intrinsic frequency” of the neuron. No specific cellular or 

network mechanism is implied by this term, which has also been applied to 

intrinsic membrane conductance oscillations of isolated neurons, such as CA3 

pyramidal cells (Strata, 1998). Over the spatial range of a given place field, the 
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phase shift ranges up to 360°, but has never been observed significantly to 

exceed 360°. Thus, a single cycle of phase precession constitutes a useful 

operational definition of a place field (McNaughton et al., 1997). Large place 

fields are therefore associated with slower phase precession and, by inference, 

slower intrinsic oscillation frequencies than smaller ones. This observation has 

been born out in studies of experience-dependent place field expansion and the 

attenuation of this phenomenon by NMDA receptor antagonism or normal aging 

(Shen et al., 1997; Ekstrom et al., 2001). Terrazas et al. (in press) also observed 

that removal of ambulation signals during movement (driving) led to more than a 

2-fold increase in place field size. This resulted in a corresponding slowing of the 

rate of phase change with distance (or time), with no change in the range of 

phase change over the field. By inference, the intrinsic oscillation frequency of 

cells must have been slowed when the fields expanded. Thus, differences in the 

intrinsic oscillation frequency of pyramidal cells are predicted along the septo-

temporal axis of the hippocampus, in correspondence with the change in spatial 

scale of place fields. By contrast, interneurons are also modulated by the theta 

frequency and in fact are commonly referred to as “theta cells” (Ranck, 1973); 

however, interneurons are not known to exhibit phase precession and hence, it is 

expected that their intrinsic frequency is locked to the local field potential 

oscillation. Because the theta rhythm is thought to be phase and frequency 

locked over the hippocampus, differences along the septo-temporal axis in the 

intrinsic frequencies of interneurons are not expected. 
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Figure 4.1 : Two examples of dorsal (upper panel) and middle (lower panel) 
hippocampal region CA1 pyramidal cell recordings on the large (382 cm 
circumference) and small (167.5 cm circumference) tracks. The examples are 
chosen to be representative of the corresponding spatial scale factors for the 
region (see Fig. 4.2), but cells with a single field were chosen for simplicity. Many 
cells had two or more fields. For each region, the firing pattern of the same 
neuron is shown on both tracks. The circular trajectories of the animals were 
represented on a linear scale. The large track is represented twice for each 
complete lap, which involved leaving the reward site at the barrier, moving to the 
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180° opposite reward site, proceeding to the opposite side of the barrier, turning 
around, and reversing the progression. Clockwise running is represented in blue 
and counterclockwise running in red. Time within laps increases from left to right 
and lap number increases from bottom to top. For the small track, the rats ran 
only clockwise (shown in blue) and time increases from right to left, laps from 
bottom to top. Each spike is represented by a black tick mark. At the top of each 
rastergram is shown the occupancy-normalized firing rate distribution (“place 
field”). On average, the peak values of these distributions for pyramidal cells in 
the dorsal region were about twice of those of the middle region. The same was 
true for interneuron peak rates (Table 4). 
 

 
Figure 4.2:  Spatial scale determinations for dorsal and middle CA1 and for large 
vs. small tracks. For each rat, composite population vectors were constructed 
using all of the recorded pyramidal cells. Spatial firing rate distributions were 
binned in 12 cm increments, with clockwise and counterclockwise running treated 
separately. Because Rats 2–4 ran on the same tracks, the data were pooled 
across these animals for illustration purposes. Results for individual rats are 
given in Table 2. The population vector correlation matrices are shown in the 
upper panels with red indicating high correlation and blue as zero correlation. 
The relative widths of the red diagonal bands provide an indication of the 
distance over which successive population vectors became decorrelated. The 
average decorrelation functions are plotted in the three lower panels on the same 
spatial scale, with dorsal data represented as solid lines and middle region data 
as broken lines. The spatial scale factor is defined here as the distance over 
which these functions decline to a correlation of 0.5. Notice that the functions are 
approximately Gaussian, which reflects the approximately Gaussian shape of 
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typical place fields. Spatial scales were significantly wider in middle than in dorsal 
CA1, but there were no significant effects of track size (Table 2). 

 

Intrinsic oscillation frequencies were determined from the autocorrelation 

functions of individual neurons (see Fig. 4.3). This analysis was conducted by 

hand by observers who were blind to the experimental condition, cell type, and 

region, which were randomized for the analysis. The analysis was restricted to 

cells with enough total spikes that clear oscillations were visible in the 

autocorrelogram, otherwise the cell was omitted from this analysis. The 

percentage of included cells was 76 and 56% for dorsal and middle pyramidal 

cells, respectively, and 86 and 83% for dorsal and middle interneurons, 

respectively. The lower percentage of included middle pyramidal cells partly 

reflects the reduced probability of middle region cells having a definite place field 

on the apparatus; in addition, however, both the theta rhythm itself and the 

intrinsic frequencies varied as a function of running speed, which changed 

systematically over position on the tracks. This resulted in some smearing of the 

autocorrelation function peaks. The smearing effect was even more pronounced 

for interneurons, which fired over the whole track, and hence at a broader range 

of intrinsic frequencies. As a result, most interneuron autocorrelation functions 

appeared substantially less theta modulated than was apparent from a cycle by 

cycle analysis of depth of modulation, in which time was converted to radians, 

thus eliminating the effect of variation in period length (data not shown). The 

greater number of spikes sampled per interneuron, however, did enable accurate 
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measurement of the time to the first or second peaks of the autocorrelogram for 

most interneurons. 

4.4.8 Calculation of instantaneous theta frequency and amplitude as a 

function of running speed  

To assess the manner in which the hippocampal theta rhythm is affected 

by running speed in the two regions, the local field potential data recorded near 

the hippocampal fissure was first digitally filtered between 5 and 12 Hz. A peak 

finding algorithm was then applied to identify the times of each peak. 

Instantaneous frequency was defined as the reciprocal of the time difference 

between successive peaks, and instantaneous amplitude was defined as the 

amplitude between each peak and the corresponding minimum before the next 

identified peak. Running speed was calculated by first smoothing the position 

data and then calculating the speed between successive 16.7 ms sample points. 

These speeds were averaged over each identified cycle. The overall theta mean 

amplitude was about 0.5 mV; however, scatter plots of frequency vs. amplitude 

(both of which are known to increase with running speed) indicated that 

frequency estimates became highly unreliable below amplitudes of about 0.1 mV, 

which was therefore taken as a cutoff amplitude for the presence of theta. 

Because theta may or may not be present when the animal is not actually 

running (but is invariably present during running) and because head movements 

during “nontheta” behaviors such as eating or grooming (Vanderwolf, 1969) led 

to nonzero speeds, a speed cutoff of 6 cm/s was also applied. Linear regressions 
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were then calculated for the effect of running speed on instantaneous theta 

frequency and amplitude. 

 

Table 4.2. The Spatial Scale Factor for Hippocampal Pyramidal Cell Population 
Vectorsa,b 

 Dorsal (cm) Middle (cm) 

Rat 1 24.84 54.39 

Rat 2 27.71 35.28 

Rat 3 24.86 38.80 

Rat 4 20.51 37.55 

Mean 24.48 41.51 

aDefined as the average distance over which the correlation between composite 
(over sessions) population vectors fell to a value of 0.5 (see Fig. 4.2). 
bFor Rats 2–4, which ran on both big and small tracks, there was no significant 
difference in this value between tracks, and so these estimates were averaged 
within rat. The difference between regions, however, was significant on repeated 
measures t-tests for both tracks separately (P < 0.0436 small, P < 0.038 big) or 
combined (P < 0.035). 
 

4.5 Results 

Based on visual inspection of the raster and occupancy-normalized 

histograms (Fig. 4.1) for all cells, place fields appeared generally larger in the 

medial portion of the hippocampus, and a lower percentage of cells exhibited 

fields in a given environment, as reported by Jung et al. (1994).  

This observation was quantified using the population vector decorrelation 

method (see Methods section). The population vector autocorrelations (Fig. 4.2; 

Table 2) were substantially wider for middle hippocampal neurons in all rats and 
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under all experimental conditions (mean widths at half-height of 24.5 and 41.5 

cm, respectively, for dorsal and middle pyramidal cells). There was no 

appreciable difference in scale factor for the same populations of neurons 

recorded on the large and small tracks.  

During the rest epochs, there was no difference in mean firing rate 

between dorsal and middle pyramidal cells or between dorsal and middle 

interneurons (Table 3). Both classes of cells, however, fired at significantly higher 

rates during maze running than during rest. The relative elevations in mean rates 

during running, compared with rest, were significantly higher for pyramidal cells 

and interneurons in the dorsal, compared with the middle hippocampus. 

Similarly, at the lowest velocity range (0– 6 cm/s), there were no firing rate 

differences between dorsal and middle hippocampus for either cell class; 

however, the rate vs. velocity functions diverged significantly at higher velocities 

(Fig. 4.3).  

Peak firing rates on the maze were estimated from the occupancy- 

normalized firing rate histograms with a spatial bin size of 12 cm. Peak rates for 

dorsal pyramidal cells were approximately twice of those for middle ones (Table 

4) for both tracks, and there was no effect of track size on pyramidal cell peak 

rate. The peak rates estimated from the spatially binned plots do not accurately 

reflect the true peak rate measured, for example, over a single theta cycle. To 

estimate this, the data from Rat 1, in which dorsal and middle cells were 

simultaneously recorded, were analyzed in terms of the average over cells of the 
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proportion of theta cycles containing N spikes, where N ranged from 1 to 10. 

These curves, plotted on a semilog scale, diverged significantly above about five 

spikes per cycle. Dorsal pyramidal cells achieved peak rates of six spikes per 

theta cycle about 1.5 times more often than middle pyramidal cells and 10 spikes 

per theta cycle about 10 times more often.  

There was a significant difference in the “intrinsic” oscillation frequency of 

pyramidal cells (Fig. 4.4; Table 5), but not interneurons, between regions. For 

both regions, the intrinsic frequency for pyramidal cells was higher than for 

corresponding interneurons. Interneuron intrinsic frequencies were comparable 

with the mean instantaneous frequencies of the theta waves recorded near the 

hippocampal fissure.  

There was a significant difference between regions on the effect of 

running speed on theta amplitude, but not frequency (Table 6). 
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Table 4.3. Mean Firing Rates for Dorsal and Middle Region CA1 Pyramidal Cells 
and Interneurons During Track Running and Rest Periods 
 Track Rest Track/Rest 

Dorsal Interneurons (DI)     

Rat 1 (11)  27.05 Hz 18.16 Hz 1.49 

Rat 2 (40)  21.19 Hz 10.19 Hz 2.08 

Rat 3 (12) 24.72 Hz 13.96 Hz 1.77 

Rat 4 (28)  25.91 Hz 15.27 Hz 1.70 

Mean  24.72 Hz 14.40 Hz 1.76 

Middle Interneurons (MI)     

Rat 1 (9)  19.62 Hz 16.06 Hz 1.22 

Rat 2 (30)  18.22 Hz 12.77 Hz 1.43 

Rat 3 (18)  15.97 Hz 13.23 Hz 1.21 

Rat 4 (60)  18.06 Hz 13.77 Hz 1.31 

Mean  17.97 Hz 13.96 Hz 1.29 

P <0.0136 <0.7034 <0.0119 

Dorsal Pyramidal cells (DP)     

Rat 1 (184)  1.25 Hz  0.96 Hz  1.30 

Rat 2 (226)  1.80 Hz  1.16 Hz  1.55 

Rat 3 (178)  1.65 Hz  1.29 Hz  1.28 

Rat 4 (488)  1.64 Hz  1.28 Hz  1.28 

Mean  1.59 Hz  1.17 Hz  1.35 
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Middle Pyramidal Cells (MP)     

Rat 1 (24)  1.61 Hz  1.39 Hz  1.16 

Rat 2 (298)  1.52 Hz 1.17Hz  1.30 

Rat 3 (86)  0.84 Hz  0.74 Hz  1.14 

Rat 4 (444)  1.33 Hz  1.29 Hz  1.03 

Mean 1.33 Hz  1.15 Hz  1.16 

P <0.3575  <0.9089  <0.0087 

 

Track running rates are averaged over both tracks for Rats 2–4. Significance 
levels are based on repeated measures t-tests. Tests for ratios were also 
significant after log transformation.Track vs. Rest comparisons: DI, P < 0.0002; 
MI, P < 0.0061; DP, P < 0.0130; MP, P < 0.0813. 



124 
 

 

 

Figure 4.3 : The place fields for representative dorsal (upper) and middle (lower) 
CA1 pyramidal cells with fields at about the same position on the small track are 
shown on the left using the same convention as in Figure 1. The corresponding 
spike-time autocorrelograms are shown on the right. A red line is drawn through 
one of the peaks for the dorsal region cell and extended through the 
autocorrelogram for the middle region cell to illustrate the difference in the 
intrinsic oscillation frequency. On average, the intrinsic frequency for dorsal 
pyramidal cells was significantly higher than for middle pyramidal cells, and 
pyramidal cells in both regions had higher intrinsic frequencies than interneurons, 
which did not differ between regions (Table 5). 
 

4.6 Discussion  

The hippocampal spatial scale factor, defined either as the mean size of 

place fields (Jung et al., 1994) or, as shown here, as the distance over which the 
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correlation between successive spatial population vectors declines to a 

correlation score of 0.5, appears to increase systematically from the septal to the 

temporal pole. At the anatomical sites employed in the present study, which were 

about 1.5 mm from the extreme septal pole and about 4.5 mm further ventral, 

measured along the septo-temporal axis, there was almost a 2-fold change in 

scale factor. This variation in scale factor, which reflects the average width of 

place fields, was accompanied by a proportional decrease in peak firing rate. 

Because fields are roughly Gaussian, this implies that, at constant running 

speed, roughly the same number of spikes is emitted during the traversal of a 

single place field in the dorsal and middle regions. We do not know whether the 

scale factor changes in a linear or nonlinear manner along this axis, but we 

suspect the latter, based on the observation of a relatively small number of 

neurons recorded from the posterior tetrodes of Rat 1, which were lowered 

towards the ventral pole after the recordings were obtained in the middle region. 

These neurons yielded a scale factor more than twice that of the middle region 

neurons reported here. In a related study, Poucet et al. (1994) failed to find a 

significant difference in place field size in the “ventral” hippocampus. A likely 

reason for the discrepancy between the current results and the findings from 

Poucet et al. (1994) is the implant coordinates. In our experiment, Rats 2–4 were 

implanted 3.0 mm posterior, 1.4 mm lateral to bregma (dorsal) and 5.7 mm 

posterior, 5.0 mm lateral to bregma (middle). Poucet et al. (1994), however, used 

implant coordinates of 3.8 mm posterior, 2.7 mm lateral to bregma (dorsal) and 



126 
 

4.8 mm posterior, 4.0 mm lateral to bregma (ventral). Although they did not find a 

significant difference in place field size between the two regions, they observed 

approximately a 15% increase in place field size with drive coordinates 1.6 mm 

apart, whereas we observed approximately a 40% increase of place field size 

with drive coordinates 4.5 mm apart. Therefore, this comparison between studies 

further supports the existence of a gradient in place field size along the 

dorsal/ventral hippocampal axis. 

 

Table 4.4. Peak Firing Rates of Dorsal and Middle Region CA1 Pyramidal Cells 

 Dorsal (Hz)  Middle (Hz) 

Big track    

Rat 1  7.97 4.01 

Rat 2  10.84  6.93 

Rat 3  10.82  7.21 

Rat 4  13.86  5.48 

Mean  10.87  5.91 

P < 0.022   

Small track    

Rat 2  11.30  7.08 

Rat 3  11.18  5.36 

Rat 4 14.41 5.48 
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Mean  12.30 5.97 

P < 0.045   

 

Peak rate estimates are based on the occupancy normalized spatial firing rates, 
using a 12-cm bin width. Rat 1 did not run on a small track. Peak rates for dorsal 
pyramidal cells were about twice of those for middle region pyramidal cells (P < 
0.05, repeated measures t-tests). 
 

A separate study, designed to quantify the hippocampal spatial scale more 

thoroughly, would be needed before coming to a clear conclusion, however.  

Pyramidal cells exhibit a systematic retardation in their within-cycle firing 

phase relative to the local theta rhythm as the animal passes through a place 

field of the recorded neuron (“phase precession”; O’Keefe and Recce, 1993). As 

pointed out by those authors, phase precession implies that the oscillation  

frequency of the recorded neuron must be slightly faster than the frequency of 

the local field potential. Since its discovery, several studies on the phase 

precession phenomenon have confirmed that pyramidal cells precess through 

about 360° over the range of the place field, never more. When place fields 

expand, either through the experience of repeated traversals through the field 

(Mehta et al., 1997) or through a loss of ambulatory and vestibular components 

of self-motion information (Terrazas et al., 2001), the rate of precession is 

changed, not the range (Shen et al., 1997; Ekstrom et al., 2001; Terrazas et al., 

in press), implying that the “intrinsic” oscillation of the neurons is slowed. On the 

other hand, if place fields become compressed, by shortening the length of a 
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linear track that the rat has had ample experience on, the rate of phase 

precession increases (Huxter et al., 2003). The factors governing this “intrinsic” 

frequency are not currently understood, and may involve intrinsic membrane 

currents (Kamondi et al., 1998; Magee, 2001), theta modulated GABAergic 

presynaptic inhibition (Wallenstein and Hasselmo, 1997), dynamic interneuron– 

pyramidal cell coupling (Bose et al., 2000), asymmetry within the synaptic matrix 

(e.g., Jensen and Lisman, 1996; Tsodyks et al., 1996), or some combination of 

these or other mechanisms (e.g., Yamaguchi and McNaughton, 1998). It was 

shown here that the intrinsic oscillation frequency of the pyramidal cells is 

inversely correlated with the measured spatial scale factor. The septo-temporal 

difference in intrinsic oscillation frequency for a given running speed is also 

related to the amplitude of the local theta wave at that speed. While this appears 

to provide some support for intrinsic membrane current models for phase 

precession, phase precession or shifts are not associated with changes in theta 

amplitude changes during wheelrunning (“space clamping”; Hirase et al., 1999; 

see further discussion later), except possibly at wheel-running speeds well above 

the normal locomotion speed range of rats. Yet, firing phase was affected by the 

orientation of the running wheel in space. It should be noted that the relationship 

between intrinsic frequency and field size is fundamentally nonlinear, with place 

field size becoming theoretically infinite as the intrinsic frequency approaches 

that of the local field potential. The approximate doubling of the spatial scale 
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factor observed in the present study was associated with less than a 10% 

change in intrinsic frequency.  

The current study was designed to test the hypothesis that the variation in 

scale factor might be due to either a difference, along the long axis, in the gain of 

a self-motion signal projected into the hippocampus or in the gain in the neural 

response to such a signal. Several parameters of hippocampal neurophysiology, 

including the amplitude and frequency of the theta rhythm and the firing rates of 

both pyramidal cells and interneurons (McNaughton et al., 1983a), have been 

reported to increase with movement speed. As predicted by the hypothesis in 

question, the relative increase in firing rate of both pyramidal cells and 

interneurons was greater in the dorsal than in the middle region of the CA1 field. 

In contrast, neither the intrinsic oscillation frequency of interneurons nor the 

mean frequency of the theta rhythm were observed to vary as a function of 

location in the hippocampus, yet both of these parameters did increase 

somewhat with running speed. This is consistent with the widely accepted belief 

that the theta rhythm is frequency locked over the entire hippocampus. 
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Figure 4.4 : Average firing rate vs. running speed for pyramidal cells (left) and 
interneurons (right) for dorsal (solid lines) and middle (dashed lines) regions of 
CA1. Firing rates at rest did not differ significantly between regions (Table 3), but 
diverged significantly for both cell classes at higher running speeds. 
 

Table 4.5. “Intrinsic” Oscillation Frequencies Based on the Autocorrelation 
Functions for Pyramidal Cells and Interneurons 
 Dorsal 

Interneurons 

Middle 

Interneurons 

Dorsal 

Pyramidal 

Middle 

Pyramidal 

Rat 1 8.0  7.9  9.0  8.3 

Rat 2 8.3  8.1  9.1 8.3 

Rat 3 8.5  8.6  9.1 8.9 

Rat 4 8.8  8.7  9.6  8.8 

 8.40  8.33 N.S. 9.20 8.58 (P < 0.022) 

 

Autocorrelogram periodicities were estimated by hand by observers blind to the 
cell type and region. Intrinsic frequencies for dorsal pyramidal cells were 
significantly greater than those for middle pyramidal cells (P < 0.022). Intrinsic 
frequencies for dorsal pyramidal cells were significantly greater than those for 
dorsal interneurons (P < 0.002). Intrinsic frequencies for middle pyramidal cells 



131 
 

were significantly greater than those for middle interneurons (P < 0.031). Intrinsic 
frequencies for interneurons did not differ between regions (P < 0.319). 
 

A widely held alternative hypothesis is that the rate of variation of 

incoming sensory input with position controls the rate of the hippocampal code 

updating. For example, according to this idea, the dorsal input might have fewer 

intrinsic connections, permitting it to be more susceptible to change during 

alterations in the incoming sensory information, whereas the ventral 

hippocampus might have stronger or more extensive intrinsic connections, 

therefore resisting a change in the population of active cells during alterations in 

external input. Theories of this sort would have to postulate that the increase in 

place field size when animals move through the environment in the absence of 

locomotion (Terrazas et al., in press) must be due to a reduction in incoming 

sensory information, which, although possible, seems unlikely. Moreover, the fact 

that normal sized place fields can be established in darkness and maintained 

under subsequent illumination (Quirk et al., 1990) argues quite compellingly 

against external sensory information setting the scale of place fields. Finally, 

Battaglia et al. (2004) examined this issue directly in an experiment where rats 

were trained to run on a track with cue-rich and cue-poor regions. If the rate of 

incoming information changed the rate of population vector change in the 

hippocampus, then place cells active in the cue-rich region would exhibit smaller 

fields than those in the cue-poor region. Place fields, however, were of the same 

size between the two conditions. These considerations thus argue strongly 
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against models in which place field size is determined primarily by external 

sensory cues. This is not to suggest that external cues have no impact on place 

cell firing, as many studies have shown that they do, but the evidence mentioned, 

and the current results do reinforce the idea that internal dynamics are the 

primary determinant of the scale at which space is reflected in the changing 

pattern of hippocampal population activity, whereas coupling to external cues is a 

secondary consequence of associative learning.  

It is unlikely that the amplitude of the theta oscillation itself sets the place 

field spatial metric. In vivo single-unit recordings in animals with either transient 

or permanent inactivation of the medial septum severely reduced the 

hippocampal theta rhythm amplitude, but did not affect place field size of CA1 

pyramidal neurons, which would be expected with changes in the self-motion 

signal (Mizumori et al., 1989; Leutgeb and Mizumori, 1999). Nor is locomotion 

per se sufficient to shift the hippocampal population vector. Czurko et al. (1999) 

observed stationary firing patterns in rats during wheel running, which decouples 

locomotion from vestibular acceleration signals and optic flow (and presumably 

does not lead to perceived motion). Under these conditions, pyramidal cell firing 

rates and theta power increased, but the set of active cells did not change. 

Interestingly, however, no systematic shift of firing phase relative to the theta 

cycle was observed. In contrast, Gothard et al. (2001) found that locomotion in 

total darkness, which is associated with vestibular signals indicative of actual 
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movement, caused place cells to fire as a function of distance from a variably 

located start box on a linear track, with no change in spatial scale factor. 

Table 4.6. Linear Regression Analysis of the Relationship Between Theta 
Amplitude and Frequency vs. Running Speed for Rats 2–4 
 Mean  Slope (a)  Intercept (b)  a/b  Mean/b 

Amplitude vs. Speed       

Dorsal       

Rat 2 0.359  1.583  0.317 4.998  1.133 

Rat 3 0.425  3.162 0.339  9.324  1.254 

Rat 4 0.649 4.831  0.519 9.309  1.251 

Mean 0.478 3.192 0.392  7.877 1.212 

Middle       

Rat 2 0.490 1.581 0.448  3.533  1.094 

Rat 3 0.436  -0.012 0.436  -0.027 1.000 

Rat 4 0.403 0.982 0.377  2.607  1.069 

Mean 0.443 0.850 0.420 2.038 1.054 

P <0.7236 <0.0889 <0.6935  <0.0311 <0.0317 

Frequency vs. Speed       

Dorsal       

Rat 2 8.722  8.015 8.505  0.942 1.026 

Rat 3 8.788  1.161 8.757  0.133 1.004 

Rat 4 8.818  8.009 8.601 0.931 1.025 



134 
 

Mean 8.7760 5.7283 8.6210  0.6687  1.018 

Middle       

Rat 2 8.628  8.407 8.401  1.001 1.027 

Rat 3 8.741  9.557 8.483 1.127 1.030 

Rat 4 8.850 11.538 8.538 1.351 1.037 

Mean 8.7397  9.8340 8.4740 1.1597 1.031 

P <0.6315 <0.1704 <0.1532 <0.1620 <0.1648 

No middle region data were available for Rat 1 (see Methods section). 
Amplitudes are expressed in millivolts, and frequencies are in Hertz, except for 
the slope (a) and ratios of slope to intercept (a/b), which are multiplied by 1,000. 
There was a significant effect of region on both the slope to intercept ratio for 
amplitude and the mean amplitude to intercept ratio, but no effect on the 
intercept values. There was a large difference between areas in the 
unnormalized slope, but the effect did not reach significance. There was no effect 
of area on the relationship between theta frequency and running speed. Because 
amplitude of theta is strongly dependent on electrode location, all P values are 
based on t-tests for independent samples. None of the tests reached significance 
at a ¼ 0.05 using repeated measures t-tests. 
 

Therefore, as clearly suggested by O’Keefe (1976), some signal related to 

perceived self-motion appears to be strongly coupled to the scale at which the 

hippocampal population code updates. Although it appears that the gain of this 

signal leads to the representation of space at multiple scales in the hippocampus, 

the source and nature of this signal, and its mode of action, and how its gain is 

set locally remain to be determined. 
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CHAPTER 5: ORGANIZATION OF HIPPOCAMPAL CELL ASSEMBL IES 

BASED ON A SINGLE CYCLE OF THETA PHASE PRECESSION  

 

5.1. Preface  

This Chapter is based on Maurer AP, Cowen SL, Burke SN, Barnes CA, 

McNaughton BL (2006), Organization of hippocampal cell assemblies based on 

theta phase precession, Hippocampus. 16:785-794. This study demonstrated 

that hippocampal neurons can fire multiple bursts within the same theta cycle, 

operating as a member of two different hippocampal cell assemblies. 

Consequently, a portion of hippocampal neurons exhibit overlapping place fields. 

These overlapping place fields, however, are only seen as a large, single field if 

firing rate is the sole criteria in selecting the place field boundaries. Finally, this 

study confirmed the prediction of the previous study that the rate of phase 

precession is tightly correlated with place field size. 

 

5.2 Abstract 

 The factors that control the spatial tuning of hippocampal neurons are 

incompletely understood, and there is no generally agreed upon definition of 

what constitutes a ‘‘place field’’. One factor that must be considered is the 

phenomenon of ‘‘phase precession’’. As a rat passes through the place field of a 

particular hippocampal neuron, its spikes shift to earlier phases of the theta 
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rhythm. Except for the special cases discussed herein, the phase shift never 

exceeds 360°. Moreover, under conditions in which place field sizes change 

dynamically, precession rate is tightly coupled with the place field size, 

suggesting that a single cycle of theta phase precession could be used to define 

unitary place field boundaries. Theta phase precession implies that the ‘‘cell 

assembly’’ of active hippocampal neurons changes systematically over the 

course of a single theta cycle. A given cell can exhibit more than one place field 

in a given environment, each field showing the same pattern of 360° of phase 

precession. The existence of multiple fields implies that one cell can participate in 

multiple cell assemblies within the same environment. We show here that place 

fields, defined as a single cycle of phase precession, can overlap spatially, with 

the result that the cell fires with spikes clustered at two different phases over the 

theta cycles in which the fields overlap. Thus, the same neuron can participate in 

different cell assemblies within a single theta cycle. 

5.3 Introduction  

Neuronal recordings from the hippocampus of rats reveal that when a rat 

explores an environment, pyramidal (O’Keefe and Dostrovsky, 1971; O’Keefe 

and Conway, 1978) and granule cells (Jung and McNaughton, 1993) show 

patterned neural activity that is highly correlated with a rat’s position in space 

(that is, the ‘‘place field’’ of the cell). Approximately 30–50% of all CA1 pyramidal 

cells in the dorsal hippocampus exhibit place-specific firing in a given 

environment, 124 cm in length and 62 cm in width (e.g., Wilson and 
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McNaughton, 1993). The composite cell activity covers the environment relatively 

uniformly and, when the firing patterns of many hippocampal neurons are 

recorded simultaneously, it is possible to reconstruct the position of a rat within 

an environment from the place firing patterns alone (Wilson and McNaughton, 

1993; Zhang et al., 1998).  Approximately 2–5% of all dorsal CA1 neurons are 

active within a 20–25 cm region of space (estimated from Wilson and 

McNaughton, 1993). The subset of coactive neurons whose place fields highly 

overlap can be loosely defined as a ‘cell assembly’ (see Discussion). A portion of 

place cells will exhibit multiple place fields within an environment (e.g., O’Keefe 

and Conway, 1978; Shen et al., 1997), indicating that a single neuron can be part 

of multiple cell assemblies during an epoch of behavior.  

Despite numerous published studies that have examined the effects of 

various conditions upon place field size, there is no widely agreed-upon standard 

regarding the definition of place field boundaries. Many researchers have defined 

place field size as that portion of the environment in which the cell’s firing rate 

exceeds an arbitrarily defined criterion, such as three standard deviations above 

the overall mean firing rate (Thompson and Best, 1990), or some other specified 

threshold firing rate increase (Muller et al., 1987). Because spike timing in the 

hippocampus is modulated in a consistent manner with respect to local field 

potential oscillations at various frequencies (Buzsaki et al., 1983; O’Keefe and 

Recce, 1993; Skaggs et al., 1996), it is possible that the relationship of spike 



138 
 

timing to network oscillations could provide additional information that may 

provide a less arbitrary definition of place field boundaries.  

For most place fields, it is clear that there is a relatively monotonic shift of 

the timing of spikes relative to the local theta rhythm as a rat traverses the field 

(but see Yamaguchi et al., 2002). Regardless of the direction from which the 

animal enters the field, the first spikes appear late in the theta cycle and shift 

progressively backwards in relative phase as the rat traverses the field. As the rat 

leaves the field, spikes appear early in the last theta cycle expressing spikes. For 

the majority of place fields, this ‘‘theta phase precession’’ (O’Keefe and Recce, 

1993) covers approximately 360° of phase shift, but not more. This observation 

appears to hold true in spite of variations in place field size along the 

septotemporal axis (Maurer et al., 2005), and in spite of changes in place field 

size brought about by experience-dependent effects (Ekstrom et al., 2001), aging 

(Shen et al., 1997), or by manipulations of self-motion signals that result in large 

changes of place field size (Terrazas et al., 2005). The apparent consistency of 

the phase shift, in the face of these induced or constitutive place field size 

differences, suggests that a cycle of precession is in some way deeply linked to 

the basic mechanism of expression of place fields and may be used as a means 

of operationally defining a unitary place field. 

5.4 Methods 

5.4.1 Animals and Surgical Procedures  
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Neurophysiological studies were conducted on three Brown 

Norway/Fisher 344 hybrid male rats between 8 and 12 months old. The rats were 

housed individually and maintained on a 12:12 light–dark cycle. Recordings took 

place during the dark phase of the cycle. Surgery was conducted according to 

National Institutes of Health guidelines for rodents and approved IACUC 

protocols. Prior to surgery, the rats were administered bicillin (30,000 units i.m. in 

each hind limb). The rats were implanted, under isoflurane anesthesia, with an 

array of 14 separately moveable microdrives (‘‘Hyperdrive’’). This device, 

implantation methods, and the parallel recording technique have been described 

in detail elsewhere (Gothard et al., 1996). Briefly, each microdrive consisted of a 

drive screw coupled by a nut to a guide cannula. Twelve guide cannulae 

contained tetrodes (McNaughton et al., 1983; Recce and O’Keefe,1989), which 

are four-channel electrodes constructed by twisting together four strands of 

insulated 13-µm nichrome wire (H.P. Reid, Neptune, NJ). Two additional tetrodes 

with their individual wires shorted together served as an indifferent reference and 

an EEG recording probe. A full turn of the screw advanced the tetrode 318 µm. 

For all three rats, recordings were made sequentially from the middle (5.7 

posterior, 5.0 lateral to bregma) and septal (3.0 posterior, 1.4 lateral to bregma) 

regions. This was accomplished by directing all 14 probes first to the middle 

region and then physically moving the drive to a previously prepared and sealed 

craniotomy over the septal pole. The implant was cemented in place with dental 

acrylic anchored by dental screws. After surgery, rats were post operatively 
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administered 26 mg of acetaminophen (Children’s Tylenol Elixir, McNeil, PA). 

They also received 2.7 mg/ml acetaminophen in the drinking water for 1–3 days 

after surgery and oral ampicillin (Bicillin, Wyeth Laboratories, Madison, NJ) on a 

10-days-on/10-days-off regimen for the duration of the experiment. 

5.4.2 Neurophysiology  

The tetrodes were lowered after surgery into the hippocampus, allowed to 

stabilize for several days just above the CA1 hippocampal subregion, and then 

gradually advanced into the CA1 stratum pyramidale. The neutral reference 

electrode was located in or near the corpus callosum. The EEG probe was used 

to record theta field activity from the vicinity of the hippocampal fissure. The four 

channels of each tetrode were each attached to a separate channel of a 50-

channel unity-gain headstage (Neuralynx, Tucson, AZ). A multiwire cable 

connected the headstage to digitally programmable amplifiers (Neuralynx,). The 

spike signals were amplified by a factor of 1,000–5,000, bandpass-filtered 

between 600 Hz and 6 kHz, and transmitted to the Cheetah Data Acquisition 

system (Neuralynx,). Signals were digitized at 32 kHz and events that reached a 

predetermined threshold were recorded for a duration of 1 ms. 

TABLE 5.1. Numbers of Recorded Pyramidal Neurons Making Up the Database 
for the Current Report for All Three Rats 
 Dorsal 

hippocampus 

large track 

Dorsal 

hippocampus 

small track 

Dorsal 

hippocampus 

both tracks 

Middle 

hippocampus 

large track 

Middle 

hippocampus 

small track 

Middle 

hippocampus 

both tracks 

Total sessions 15 15 15  16 16 16 

Total cells  554 554 554 386  386 386 

Cells without fields  178 314 121 235 250 175 



141 
 

Cells with at least 1 

field 

376 240 433  151  136 211 

 

Spikes were sorted off-line on the basis of the amplitude and principal 

components from the four tetrode channels by means of a semiautomatic 

clustering algorithm (BBClust, author: P. Lipa, University of Arizona; KlustaKwik, 

author: K.D. Harris, Rutgers-Newark). The resulting classification was corrected 

and refined manually with custom- written software (MClust, author: A.D. Redish, 

University of Minnesota), resulting in a spike-train time-series for each of the 

well-isolated cells. No attempt was made to match cells from one daily session to 

the next, and, therefore, the numbers of recorded cells reported does not take 

into account possible recordings from the same cells on consecutive days; 

however, because the electrode positions were frequently adjusted from one day 

to the next, recordings from the same cell over days were probably relatively 

infrequent. Putative pyramidal neurons were identified by means of the standard 

parameters of firing rate, burstiness, and spike waveform (Ranck, 1973).  

Theta activity was recorded from a separate probe that was positioned 

~0.5 mm below the CA1 pyramidal layer, near the hippocampal fissure. The 

location of the theta recording electrode changed between the dorsal and middle 

regions of the hippocampus along with the recording microdrive. EEG signals 

were bandpass filtered between 1 and 300 Hz and sampled at 2.4 kHz. The EEG 

signals were amplified on the headstage with unity gain and then again with 

variable gain amplifiers (up to 5 K).  
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Several diodes were mounted on the headstage to allow position tracking. 

The position of the diode array was detected by a video camera placed directly 

above the experimental apparatus and recorded with a sampling frequency of 60 

Hz. The sampling resolution was such that a pixel was ~0.3 cm.  

5.4.3. Behavior  

The animals were food deprived to about 85% of their ad libitum weight. 

During this time period, the rats were trained to run on circular tracks for food 

reinforcement. Two different tracks were used, one 167.5 cm in circumference, 

and the other 382 cm in circumference. Rats ran unidirectionally around the 

smaller track with food delivered at one point, and bidirectionally around the large 

track, which was partitioned by a barrier at one point. Food was given on either 

side of the barrier and at the 180° opposite point. The two-track design was 

adopted to increase the yield of independent place fields from a given recorded 

ensemble and for other reasons not relevant to this study. Rats ran each track for 

~20 min, resulting in a variable number of laps per session. Rats ran two 

sessions per day, one on the large track and one on the small track (in 

counterbalanced order), with each running session flanked by a rest period in the 

‘‘nest.’’ Data from the rest periods were used to assess baseline firing and cell 

stability. 

5.4.4 Analyses  

Place field diagrams were constructed by plotting the circular trajectories 

of the animals on a linear scale. For the large track, clockwise and 
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counterclockwise trajectories were plotted separately. Spikes were plotted onto 

the position of the rat using a 3- cm bin width for both tracks. Spike-phase vs. rat 

position plot, as well as occupancy-normalized phase vs. position spike-density 

plot, was constructed. To construct the phase of firing vs. position plots, each 

spike was assigned a nominal phase, according to the fraction of the time 

between the preceding and following theta peaks at which it occurred. 

 

Table 5.2. Numbers of Total Fields, Fields Excluded, and Fields Analyzed 
Making Up the Database for the Current Report for All Three Rats 
 Dorsal 

hippocampus 

large track 

Dorsal 

hippocampus 

small track 

Middle 

hippocampus 

large track 

Middle 

hippocampus 

small track 

Total fields 1321 667  590  320 

Fields excluded 287 162 252  132 

Fields analyzed 1034 505  338 188 

The greater proportion of excluded fields in the middle hippocampus reflects the 
larger size of the fields with the consequent increased likelihood of overlap of the 
place field with the food well. 
 

Precisely, the phase assigned to an event at time t was 360 x (t - t0)/(t1 - t0), 

where t0 and t1 are the times of the preceding and following peaks of the digitally 

filtered (6–11 Hz) reference EEG signal. Note that the phase is always a number 

between 0 and 360. Place field boundaries were assigned with reference to the 

phase vs. position plots, according to the definition that a single place field 

involves a single cycle (360°) phase precession. The start location of a field was 



144 
 

defined as the location at which spikes fired ;ate in theta phase (~360°) and 

began a cycle of precession. The end location was determined to be the location 

of spikes with the smallest phase angle (~0°). Spikes belonging to a given place 

field were flagged by manually drawing boundaries around the relevant spikes in 

the phase vs. position plot.  
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Figure 5.1:  Two nonoverlapping place fields from a single CA1 neuron recorded 
while the rat was running on the small circular track. All plots were constructed 
such that the rats’ trajectory is from right to left. The place field boundaries were 
determined using theta phase information. The top panel shows the mean firing 
rate vs. position histogram for both place fields. The second panel is a raster plot 
of spike vs. position for each lap. The third panel shows the phase by position 
plot for both fields. The red dotted line indicates the boundaries of the place fields 
as determined by the inclusion criteria described in Methods. Finally, the bottom 
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panel shows the occupancy normalized density plot for phase by position. Note, 
that two cycles of theta phase precession are plotted for the bottom two panels. 
 

If a place field had two or more clear cycles of precession, it was split into 

multiple fields, so that each field would only contain spikes associated with a 

single cycle of precession. In some cases, two or more cycles of phase 

precession overlapped spatially. Using the manually cut spikes from each phase 

vs. position field, the sizes of the fields were derived by taking the difference 

between the maximum and minimum spike position in the field (Fig. 5.1).  

When place fields overlapped with a food dish, it was excluded from 

consideration, because these fields exhibit an abrupt halt in their precession or 

no salient relationship with the theta rhythm (data not shown), preventing a 

quantitative analysis of place field size and slope of precession. In addition, 

neurons that did not exhibit spatial selectivity for at least half of the laps were 

eliminated from the analysis.  

To ensure that the presence of multiple place fields on a single track was 

due to the firing characteristics of the neuron and not to spike sorting errors, 

measures of spike sorting quality for the cells with overlapping fields were 

compared with cells with one field, or two or three nonoverlapping fields. If the 

presence of multiple fields was an artifact arising from poor cell isolation, then 

those cells with multiple fields should have generally poorer cluster quality 

measures relative to other cells in the dataset. The two measures of cluster 

quality chosen for this analysis were Isolation Distance and the ‘‘Lratio,’’ calculated 
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using two spike features, energy and the first principle component of the 

waveform (Schmitzer-Torbert et al., 2005). The Lratio is an estimate of the 

likelihood that spikes near the outer edge of the isolated cluster should be 

included in the isolated cluster, while Isolation Distance measures the distance of 

the spikes within the isolated cluster to other data points outside of the cluster. 

These two measures have produced robust estimates of cluster quality oncells 

isolated in datasets containing simultaneous intra- and extracellular recordings 

and from various simulations run on real and artificial data (Schmitzer-Torbert et 

al., 2005).  

Theta cycle-time histograms were constructed for a portion of the cells 

exhibiting overlapping place fields. For these cells, the spikes from a given 360° 

cycle of theta phase precession were manually cut so that spikes from different 

place fields were separated from each other. Theta cycle-time histograms were 

then generated by choosing a point near the maximum overlap between the two 

fields. All spikes for each phase precession cycle (i.e., place field) were then 

aligned in terms of its theta phase and the number of cycles before or after the 

rat passed the chosen point on each lap. These histograms were constructed as 

previously described (Skaggs et al., 1996). 

5.5 Results  

5.5.1 Phase precession definition of unitary place fields  

Tables 1 and 2 provide the total number of cells analyzed and the total 

number of fields included in the analysis. A total of 554 pyramidal cells were 
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recorded in the dorsal hippocampus and 386 were recorded in the middle 

hippocampus. Among these neurons, 121 of the dorsal cells and 175 of the 

middle cells did not express a place field on either track. Many cells, however, 

exhibited more than one field on a given track (Fig. 5.2). The majority of place 

fields exhibited clear theta phase precession, with the total phase change within 

360°. In dorsal CA1, 1,034 place fields met the inclusion criteria. Of the cases of 

multiple fields for a given cell on the large track, there were 87 instances in which 

two fields overlapped spatially in terms of phase precession (‘‘double’’ fields) and 

firing rate, and 16 cases in which three fields overlapped spatially (‘‘triple’’ fields). 

The characteristics of ‘‘double’’ and ‘‘triple’’ place fields are illustrated in further 

detail in Figures 3 and 4. On the small track, a total of 505 place fields were 

included in the analysis. Of these fields, there were 75 ‘‘double’’ fields and 15 

‘‘triple’’ fields. Fewer place fields were observed on both the large and small 

tracks, respectively, in the middle hippocampal CA1 region. On the large track, a 

total of 338 place fields satisfied the inclusion criteria. Of these, 24 fields 

exhibited a double overlap, while six exhibited a triple overlap. On the small 

track, 188 fields fulfilled the inclusion criteria. Of these fields, 29 were doubles, 

and four were triples. Table 3 shows the number of fields in dorsal and middle 

CA1 with a single, double, or triple overlapped phase shift for all three rats on the 

large and small tracks. When place field size was quantified using the phase 

precession definition, the mean field size for the dorsal hippocampus was 37.5 

(±10.33 SD) cm on the large track and 29.0 (±9.59 SD) cm on the small track. In 
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the middle hippocampus, the mean place field size was 78.6 (±27.80 SD) cm and 

55.8 (±25.46 SD) cm for the large and small tracks, respectively. Figure 2A 

shows the frequency distributions of place field size on the large and small tracks 

for dorsal and middle CA1. A repeated measures factorial analysis of variance 

(ANOVA)indicated that there was a significant difference in the size of place 

fields between the large and small tracks in both the dorsal and middle 

hippocampus, using the phase precession definition of place field size (F = 

52.32, P < 0.01). There was also a significant difference in the size of place fields 

between the dorsal and middle CA1 on both the large (P < 0.001) and the small 

(P < 0.001) track. As reported previously, place fields from neurons in the dorsal 

hippocampus were significantly smaller than the place fields of neurons recorded 

from the middle hippocampus (Jung et al., 1994; Kjelstrup et al., 2003; Maurer et 

al., 2005).  

 

Table 5.3.  Number of Place Fields for Each Rat on the Different Tracks for the 
Dorsal and Middle CA1 with Single Phase Shifts, or Overlapped Double or Triple 
Theta Phase Shifts 
  Rat 1   Rat 2   Rat 

3 

 

Cycles of 

Precession 

1  2 3  1 2 3 1 2 3 

Large track 

dorsal CA1  

106 

(67) 

38 

(24)  

15 

(9)  

524 

(84)  

78 

(13)  

21 

(3)  

182 

(72) 

58 

(23)  

12 

(5) 
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Large track 

middle CA1  

70 

(90) 

8 

(10) 

0 

(0) 

104 

(79)  

18 

(14)  

9 (7)  98 

(76)  

22 

(17)  

9 

(7) 

Small track 

dorsal CA1  

55 

(61)  

24 

(26)  

12 

(13) 

180 

(59) 

102 

(33)  

24 

(8) 

75 

(70)  

24 

(22)  

9 

(8) 

Small track 

middle CA1  

32 

(100)  

0 (0)  0 

(0) 

40 

(52)  

28 

(36)  

9 

(12) 

46 

(58)  

30 

(37)  

3 

(5) 

The values given inside the parentheses are percentages.  
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Figure 5.2:  (A) Frequency distributions of place field size for dorsal (blue) and 
middle (red) CA1 on the large (top panels) and small (bottom panels) track. Place 
field sizes were determined using the phase precession definition (see Methods). 
The mean field size for the dorsal hippocampus was 37.5 cm on the large track 
and 29.0 cm on the small track. In the middle hippocampus, the mean place field 
size was 78.6 and 55.8 cm for the large and small tracks, respectively. The size 
of place fields was significantly different between the dorsal and middle CA1 on 
both the large and the small track. Moreover, there was a significant difference in 
the size of place fields between the large and small tracks in both the dorsal and 
middle hippocampus. (B) The proportion of cells in dorsal (blue) and middle (red) 
CA1 with n = 0,1,2,3 . . . place fields on the small track (top panels) or large track 
(bottom panels). All place fields were determined using the phase precession 
definition. Thus, a neuron with two spatially overlapping cycles of theta phase 
precession was considered to have two place fields. In the dorsal hippocampus 
more neurons have place fields on the two different tracks and are more likely to 
have multiple fields compared with the middle hippocampus. In both dorsal and 
middle CA1, as the size of the environment increases more neurons express 
place fields and are more likely to express multiple place fields. 
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Figure 5.3:  Examples of firing rate distributions and theta phase information by 
position from four different neurons that had overlapping place fields. The 
direction of the rat’s movement was from right to left. The top panels show the 
firing rate distributions by position. The firing rates for the different fields from the 
same cell are shown in different colors (blue, red, green), while the black dotted 
line is the unsorted mean firing rate vs. position. Note that the number of place 
fields expressed by a single neuron corresponds to the number of firing rate 
peaks (or in some cases shoulders). The middle panels show the theta phase 
(ordinate) by position (abscissa) information for the place fields of each neuron, 
after manually selecting the place field boundaries based on 3608 of theta phase 
precession (see Methods and Fig. 5.1). Each dot corresponds to a spike, and 
spikes from different place fields from the same cell are shown in different colors. 
The bottom panels show the smoothed density plots of the phase by position 
information for the spikes from neurons shown in the top two panels. No spikes 
are cut out. Red indicates the highest spike density, while dark blue indicates the 
lowest. The theta phase is plotted over two cycles. Cells 1–3 are from the dorsal 
region of different rats, and Cell 4 is from the middle region. 
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For all four conditions combined (dorsal place fields – large track, dorsal 

place fields – small track, middle place fields – large track, and middle place 

fields – small track), place field size was significantly correlated with the rate of 

precession (r2 = 0.57; P < 0.001). Moreover, the rate of precession was 

significantly different between all four conditions (P < 0.05 for all post hoc 

comparisons). Table 4 shows the mean and standard error for the rate of 

precession for the four conditions.  

The overlap of place fields from a given cell (‘‘doubles’’ and ‘‘triples’’) was 

determined from the superimposition of phase vs. position plots for all spikes 

emitted over all laps. It is possible, however, that within a single lap, the cell only 

fires spikes in one or the other of the place fields. To explore this possibility, plots 

were constructed of the firing relative to successive theta cycles within each lap 

(theta-time plots; see Methods), with the origin of the plot taken as the cycle 

occurring at the position of maximum overlap between the two fields (Fig. 5.4). 

For the majority of laps, spikes belonging to both fields occurred within at least 

one theta cycle within the region of space in which the fields overlapped. Hence, 

the field overlap is not a result of the place field center shifting from lap to lap. 

Rather, the spikes in the overlap regions occur as two clusters centered early 

and late in a single theta cycle.  
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Figure 5.4:  The top panels show theta cycle time histograms (Skaggs et al., 
1996) constructed for the four cells with overlapping place fields shown in Figure 
5.3. Histograms were constructed by selecting a point near the maximum overlap 
between the two fields, finding the nearest peak in the theta rhythm, setting that 
point to zero and aligning each spike in terms of its theta phase for the five theta 
cycles before or after the rat passed the chosen point (bin size = 0.1 theta 
cycles). The black vertical lines delineate the different theta cycles. Note that in 
each example, the centers of the bursts for each field precess steadily leftward 
with respect to the tick marks (Skaggs et al., 1996). For each example, 10 
representative consecutive laps were chosen and spike rasters, in cycle-phase 
time, were generated (bottom panels). Spikes from different place fields are 
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shown in different colors (blue, red, green). For each of these examples, the 
spike rasters show that within a lap, spikes from different place fields occur 
during single cycles of theta. Hence, the overlap in the average place fields is not 
due to any lap by lap fluctuation between one field and the other. 
 
5.5.2 Quality of Cell Isolation 
 

One obvious explanation of the apparent overlap of two cycles of phase 

precession at the same position in space is that the cells exhibiting overlap were 

poorly isolated. Thus, the overlap may reflect spikes from different neurons. 

Indeed, the same caveat may be raised for all cases in which more than one field 

was expressed by a given cell, regardless of overlap. This issue was addressed 

by an assessment of cluster quality, using the Lratio and isolation distance 

described in Methods. Cluster quality measures for the cells with multiple fields 

were at least as good as the cluster quality measures obtained for other cells in 

the analysis. Figure 5.5 shows the isolation distance and Lratio values for the 

clusters from cells with a single place field, two nonoverlapping place fields, three 

nonoverlapping place fields, and the clusters from cells with overlapping place 

fields. Each distribution was compared with each of the corresponding 

distributions using the Kolmogorov–Smirnov test. There were no significant 

effects of the number of fields or field overlap on either measure of isolation 

quality (Isolation distance: smallest P > 0.14; Lratio: smallest P > 0.36; Fig. 5.5; 

Table 5). 
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Table 5.4. Rate of Theta Phase Precession by CA1 Recording Location and 
Track Size and Condition  

 Rate of theta 

phase precession 

(cm/°) 

Std. error 

of the mean 

 

Large track dorsal CA1 0.147 0.013 

Small track dorsal CA1 0.108 0.002 

Large track middle CA1 0.284 0.008 

Small track middle CA1 0.218 0.019 
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Table 5.5. Descriptive Statistics of the Distributions of Cluster Quality Based on 
the Number of Place Fields Expressed 
 Mean Standard Deviation 

Isolation distance    

Overlapping place fields  19.3  10.1 

One place field  18.9  9.7 

Two place fields 19.5  10.0 

Three place fields  19.7  11.5 

Lratio    

Overlapping place fields  0.29  0.29 

One place field  0.29  0.29 

Two place fields  0.28  0.30 

Three place fields  0.28  0.30 
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Figure 5.5:  The smoothed frequency distributions of the Lratio (top panel) and 
the isolation distance (bottom panel) scores for spike waveform clusters from 
neurons with a single place field and neurons with multiple place fields. The red, 
green, and blue traces represent frequency distributions for neurons with one, 
two, or three nonoverlapping place fields, respectively. The black trace shows the 
proportion of neurons with a given Lratio and isolation distance for cells with 
place fields that overlap in space. There were no significant differences among 
the frequency distributions of either type, indicating that the isolation quality of 
the spikes from cells with multiple and overlapped fields is similar to that for cells 
with single fields.  
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5.6 Discussion   

As a rat passes through a hippocampal neuron’s place field, the spikes 

systematically fire at earlier phases of the theta rhythm. The rate of theta phase 

precession is tightly coupled to place field size, larger place fields exhibiting 

slower precession (Shen et al.,1997; Ekstrom et al., 2001; Terrazas et al., 2005). 

As pointed out by O’Keefe and Recce (1993), phase precession itself implies that 

within the place field, the firing rate of the neuron is modulated at a frequency 

slightly higher than that of the theta oscillation of the local field potential, with the 

number of theta cycles required for a 360° phase shift increasing as the 

difference in modulation frequency is reduced. This was confirmed by Maurer et 

al. (2005) who demonstrated that the intrinsic modulation frequency within the 

larger fields expressed by middle hippocampal cells was slower than for the 

smaller fields of the dorsal hippocampal cells. These considerations were 

confirmed in the present analysis, in which there was a strong linear relationship 

between the inverse slope of the phase vs. position function and place field size, 

both within and between regions. Overall, such data indicate that theta phase 

shift is deeply linked to the expression of place specific activity in hippocampal 

cells and could, therefore, be usefully incorporated into a definition for unitary 

place fields. For example, in our data, defining fields as a single cycle of phase 

precession significantly reduced the variation in place field size compared with 

other methods (analysis not shown).  
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The idea that phase precession arises simply from the interaction of an 

ongoing intrinsic oscillation frequency with the background theta field potential, 

however, implies that spikes within a unitary place field always cluster unimodally 

around a single phase. It cannot account for the observed apparent overlap of 

two cycles of phase precession within a common region of space, with the 

consequent appearance of bimodal distributions of spikes at different phases 

within a single theta cycle. It is of interest, therefore, to consider the two main 

classes of existing hypotheses for the origin of phase precession in terms of their 

ability to account for this phenomenon.  

The first class of model can loosely be characterized as accounting for 

phase precession by intrinsic membrane currents interacting with periodic inputs 

(O’Keefe and Recce, 1993; Kamondi et al., 1998; Yamaguchi and McNaughton, 

1998; Bose et al., 2000; Magee, 2001). For example, Lengyel et al. (2003) 

proposed a model in which there are two major oscillation components. One 

oscillator is the somatic hyperpolarizing oscillation, modulated by the theta 

rhythm and generated by either the septal inputs or the hippocampal 

interneuronal network. The other oscillator is the dendritic membrane potential 

oscillation, and it is caused by a variety of sensory inputs via the entorhinal 

cortex and modulated by a velocity signal. The dendritic membrane oscillation, 

when outside of a cell’s firing field, will be antiphase to the theta rhythm and 

therefore also antiphase with the somatic oscillation. Therefore, the net excitation 

of the combined oscillations will be zero. As the rat enters a cell’s place field, 
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there is an increase in dendritic input, gradually shifting the dendritic membrane 

oscillation into phase with the somatic oscillation. The more the somatic 

oscillation is in phase with the dendritic oscillation, the higher probability that the 

cell will fire. As the rat leaves the place field, the dendritic oscillation shifts back 

into antiphase with the somatic oscillation (Lengyel et al., 2003). The observation 

that a single cell can express overlapping place fields, however, poses a 

significant problem for this model and others of its class. As a rat enters the first 

of the overlapping fields, the cell would oscillate at a frequency slightly faster 

than the hippocampal theta rhythm. When the rat enters a location occupied by 

both fields, however, the neuron would be required to instantaneously double its 

frequency of intrinsic oscillation.  

The other class of explanation for theta phase precession involves the 

dynamics of networks with asymmetric recurrent connections (Jensen and 

Lisman, 1996; Tsodyks et al., 1996). These models account for phase 

precession through systems-level interactions, in which a recurrent network of 

neurons receives two main inputs: a weakly location-specific external input and 

an intrinsic (i.e., recurrent) input that connects the cell with other neurons in the 

network. As shown by Tsodyks and Sejnowski (1995), in the presence of 

thresholding inhibition, such a network can exhibit highly spatially selective cells 

through ‘‘attractor’’ (Amit, 1989) or ‘‘cell-assembly’’ (Hebb, 1949) dynamics, in 

which those cells with the maximum external input at a given location mutually 

excite one another. As the rat moves through space, activity shifts through a 
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continuum of attractor states whose membership changes with location. In such 

models, the phase precession is a result of the asymmetric spread of activation 

within the network over the course of one theta cycle. At the beginning of a theta 

cycle, the attractor with the strongest external input is activated. These cells then 

activate attractors whose maxima are located further ahead of the rat in its 

direction of travel as a consequence of asymmetric connectivity among 

successive attractors, as suggested by Hebb’s (1949) phase sequence concept. 

This effect might be facilitated by selective inhibition of the external inputs 

(Wallenstein and Hasselmo, 1997). The accumulation of inhibition within the 

theta cycle, terminates further propagation of the wave of activity at the end of 

each cycle. Thus, the first spikes as the rat enters the traditional ‘place field’ arise 

late in the theta cycle, because they are actually driven by the forward sweeping 

intrinsic activity, and within each theta cycle the network passes through several 

different attractors. The population activity at the beginning of the cycle is 

essentially uncorrelated with the activity at the end of the cycle. This class of 

models can easily explain why, when place fields expand during repeated route 

following (Mehta et al., 1997), as a consequence of NMDA receptor dependent 

plasticity, phase precession continues to be restricted to 360° (Ekstrom et al., 

2001). The increased asymmetric synaptic drive causes the network to shift 

further within each theta cycle. Note that this shift is accompanied by a slowing of 

the intrinsic burst frequency. Such models also account for why, following 

complete suppression of network activity by electrically induced postsynaptic 
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inhibition, firing resumes at the correct phase as the inhibition wears off (Zugaro 

et al., 2005). This class of model, however, does require that a mechanism exists 

to accelerate the shift among successive attractors as the animal’s running 

speed increases, so as to maintain the size of the classical place field relatively 

invariant with changes in running speed. Assuming that the net excitation 

received by a postsynaptic neuron is related to the product of instantaneous firing 

rate and synaptic efficacy, the known increase in firing rate as a function of 

running speed (McNaughton et al., 1983; Ekstrom et al., 2001; Maurer et al., 

2005; Terrazas et al., 2005) could easily accomplish this. Terrazas et al. (2005) 

found that manipulations that changed the gain of the firing rate vs. speed 

function resulted in corresponding changes in place field size, and Maurer et al. 

(2005) showed that in the middle region of the hippocampus, where place fields 

are larger than in the dorsal region, the slope of this function is correspondingly 

reduced.  

Note that this class of model leads to the perhaps surprising conclusion 

that the spatial extent of the attractor to which a place cell belongs as a 

consequence of its external input is extremely small, about the distance that a rat 

moves in a fraction of a theta cycle at normal running speed (i.e., perhaps as 

small as a few millimeters). The apparent size of the much larger ‘‘classical’’ 

place field is a consequence of the network driven ‘look ahead’ phenomenon 

within each theta cycle, which is also the basis of the phase precession.  
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If a given cell can belong to more than one attractor within an 

environment, and if, as just discussed, the rat typically passes through several 

attractors within the timescale of one theta cycle, then there is no reason to 

suppose that the same cell cannot belong to more than one attractor within one 

theta cycle. The current observation of overlapping cycles of phase precession is 

consistent with this conclusion.  

Given the current evidence that place fields are much smaller than 

previously imagined, the capacity of the hippocampus to resolve small 

differences in location would be correspondingly greater. When combining this 

idea with the phenomenon of rate remapping (Leutgeb et al., 2005), which is due 

to variation in the input at a given location, then the hypothetical ‘‘index’’ code 

generated by the hippocampus for the purpose of linking together neocortical 

ensembles is correspondingly more selective. Therefore, the hippocampus can 

provide a much finer grain resolution to episodic memory than perhaps 

previously imagined. 
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CHAPTER 6: PHASE PRECESSION IN HIPPOCAMPAL INTERNEU RONS 

SHOWING STRONG FUNCTIONAL COUPLING TO INDIVIDUAL PY RAMIDAL 

CELLS  

 

6.1. Preface  

This Chapter is based on Maurer AP, Cowen SL, Burke SN, Barnes CA, 

McNaughton BL (2006), Phase Precession in Hippocampal Interneurons 

Showing Strong Functional Coupling to Individual Pyramidal Cells, J Neurosci. 

26:13485-13492.  

 

6.2 Abstract 

Although hippocampal interneurons typically do not show discrete regions 

of elevated firing in an environment, such as seen in pyramidal cell place fields, 

they do exhibit significant spatial modulation (McNaughton et al., 1983a). Strong 

monosynaptic coupling between pyramidal neurons and nearby interneurons in 

the CA1 stratum pyramidale has been strongly implicated on the basis of 

significant, short-latency peaks in cross-correlogram plots (Csicsvari et al., 1998). 

Furthermore, interneurons receiving a putative monosynaptic connection from a 

simultaneously recorded pyramidal cell appear to inherit the spatial modulation of 

the latter (Marshall et al., 2002). Buzsaki and colleagues hypothesize that 

interneurons may also adopt the firing phase dynamics of their afferent place 
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cells, which show a phase shift relative to the hippocampal theta rhythm as a rat 

passes through the place field ("phase precession"). This study confirms and 

extends the previous reports by showing that interneurons in the dorsal and 

middle hippocampus with putative monosynaptic connections with place cells 

recorded on the same tetrode share other properties with their pyramidal cell 

afferents, including the spatial scale of the place field of pyramidal cell, a 

characteristic of the septotemporal level of the hippocampus from which the cells 

are recorded, and the rate of phase precession, which is slower in middle 

regions. Furthermore, variations in pyramidal cell place field scale within each 

septotemporal level attributable to task variations are similarly associated with 

variations in interneuron place field scale. The available data strongly suggest 

that spatial selectivity of CA1 stratum pyramidale interneurons is inherited from a 

small cluster of local pyramidal cells and is not a consequence of spatially 

selective synaptic input from CA3 or other sources. 

6.3 Introduction 

Neuronal models of associative memory in the hippocampus are typically 

constructed of two primary units, principal neurons and inhibitory neurons. The 

typical role of the principal cells in these models is to store information via 

modifiable synapses. One important role of interneurons may be to provide 

threshold control necessary for associative retrieval, by sampling the total 

network input and rapidly feeding forward a proportional inhibition to principal 

cells (Marr, 1971; McNaughton and Morris, 1987). In line with general predictions 
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from this hypothesis (McNaughton and Nadel, 1990), inhibitory neurons are much 

fewer in number than principal cells but have extensive connectivity (Amaral and 

Witter, 1995; Freund and Buzsaki, 1996), are driven by the same excitatory 

afferents and recurrent connections that activate the principal cells, respond to a 

synchronous input at lower threshold and at shorter latency than principal cells 

(Mizumori et al., 1989), and lack modifiable synapses with excitatory inputs 

(McBain et al., 1999), and, in unfamiliar situations, extrinsic modulation of 

inhibitory neurons might lower output threshold, possibly serving as a gate 

enabling the activation of the synaptic modification process (Wilson and 

McNaughton, 1993; Fyhn et al., 2002; Nitz and McNaughton, 2004). Another 

implication of this general theoretical framework is that, whereas principal cells 

will be quite selective in their response characteristics, inhibitory neurons will not 

be particular about which afferents are active at a given time only how many. 

Thus, they will convey little information in the response domain of the principle 

cell.  

Perhaps contrary to the foregoing theoretical ideas, research in freely 

behaving rats has shown that the activity of some stratum pyramidale 

interneurons in CA1 is tightly coupled with the activity of principal neurons in a 

manner that is suggestive of strong monosynaptic pyramidal cell–interneuron 

connections (Csicsvari et al., 1998). Consistent with the evidence that a single 

hippocampal pyramidal cell can drive a local interneuron with high efficiency, it 

appears that some interneurons may also inherit their spatial selectivity from a 
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small group of afferent place cells that are active in a given environment (Marshall 

et al., 2002).  

Most, if not all, principal cells of the hippocampus exhibit a clear, 

monotonic shift of the timing of spikes relative to the local theta rhythm as a rat 

traverses the place field of a cell (O'Keefe and Recce, 1993; Skaggs et al., 1996). 

Manipulations that alter place field size also alter the spatial rate of theta phase 

precession, and constitutive variations in place field size along the septotemporal 

axis of the hippocampus are strongly associated with corresponding variation in 

the spatial rate of phase shift (Shen et al., 1997; Ekstrom et al., 2001; Huxter et 

al., 2003; Maurer et al., 2005, 2006; Terrazas et al., 2005). In accordance with 

the idea that the spatial selectivity of interneurons is acquired from 

monosynaptically connected place cells, it is reasonable to assume that a portion 

of interneurons will also exhibit theta phase precession, as hypothesized by 

Buzsaki and colleagues (Csicsvari et al., 1998; Marshall et al., 2002). The 

present study confirms and extends this prediction.  
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Figure 6.1:  Examples of two interneurons that did not exhibit theta phase 
precession. Each column presents plots of phase, position, and firing rate activity 
of two interneurons that did not exhibit phase precession. Top row, The average 
firing rate of each neuron at each location on the track (~3 cm bin size). Middle 
row, The trial-by-trial spiking activity of the two neurons at each position. Bottom 
row, A density plot of spiking activity plotted by theta phase and position. The 
interneuron on the left was recorded as the animal ran on the large track, and the 
interneuron on the right was recorded during behavior on a small track. 
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6.4 Materials and Methods 

6.4.1 Animals and surgical procedures.  

Neurophysiological studies were conducted on three Brown Norway 

Fisher-344 hybrid male rats between 8 and 12 months old. The rats were housed 

individually and maintained on a 12 h lightdark cycle. Recordings took place 

during the dark phase of the cycle. Surgery was conducted according to National 

Institutes of Health guidelines for rodents and approved Institutional Animal Care 

and Use Committee protocols. Before surgery, the rats were administered Bicillin 

(30,000 U, i.m., in each hindlimb). The rats were implanted, under isofluorane 

anesthesia, with an array of 14 separately moveable microdrives ("Hyperdrive"). 

This device, implantation methods, and the parallel recording technique have 

been described in detail previously (Gothard et al., 1996). Briefly, each microdrive 

consisted of a drive screw coupled by a nut to a guide cannula. Twelve guide 

cannulas contained tetrodes (McNaughton et al., 1983b; Recce and O'Keefe, 

1989), four-channel electrodes constructed by twisting together four strands of 

insulated 13 µm nichrome wire (H. P. Reid, Neptune, NJ). Two additional tetrodes 

with their individual wires shorted together served as an indifferent reference and 

an EEG recording probe. A full turn of the screw advanced the tetrode 318 µm. 

For all three rats, recordings were made sequentially from the middle (5.7 

posterior, 5.0 lateral to bregma) and septal (3.0 posterior, 1.4 lateral to bregma) 

regions. This was accomplished by directing all 14 probes first to the middle 

region and then physically moving the drive to a previously prepared and sealed 
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craniotomy over the septal pole. The implant was cemented in place with dental 

acrylic anchored by dental screws. After surgery, rats were orally administered 26 

mg of acetaminophen (Children's Tylenol Elixir; McNeil, Fort Washington, PA). 

They also received 2.7 mgml acetaminophen in the drinking water for 1–3 d after 

surgery and oral ampicillin (Bicillin; Wyeth Laboratories, Madison, NJ) on a 10 d 

on10 d off regimen for the duration of the experiment.  

6.4.2 Neurophysiology  

The tetrodes were lowered after surgery into the hippocampus, allowed to 

stabilize for several days just above the CA1 hippocampal subregion, and then 

gradually advanced into the CA1 stratum pyramidale. The neutral reference 

electrode was located in or near the corpus callosum. The EEG probe was used 

to record theta field activity from the vicinity of the hippocampal fissure. The four 

channels of each tetrode were each attached to a separate channel of a 50-

channel unity-gain head stage (Neuralynx, Tucson, AZ). A multiwire cable 

connected the head stage to digitally programmable amplifiers (Neuralynx). The 

spike signals were amplified by a factor of 1000–5000, bandpass filtered between 

600 Hz and 6 kHz, and transmitted to the Cheetah Data Acquisition system 

(Neuralynx). Signals were digitized at 32 kHz, and events that reached a 

predetermined threshold were recorded for a duration of 1 ms. Spikes were 

sorted off-line on the basis of the amplitude and principal components from the 

four-tetrode channels, by means of a semiautomatic clustering algorithm 

[BBClust (P. Lipa, University of Arizona, Tucson, AZ); KlustaKwik (K. D. Harris, 
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Rutgers University, Newark, NJ)]. The resulting classification was corrected and 

refined manually with custom-written software (MClust; A. D. Redish, University of 

Minnesota, Minneapolis, MN), resulting in a spike-train time series for each of the 

well isolated cells. No attempt was made to match cells from one daily session to 

the next, and, therefore, the numbers of recorded cells reported does not take 

into account possible recordings from the same cells on consecutive days; 

however, because the electrode positions were frequently adjusted from one day 

to the next, recordings from the same cell over days were probably relatively 

infrequent. Putative pyramidal neurons were identified by means of the standard 

parameters of firing rate, burstiness, and spike waveform (Ranck, 1973), as well 

as the first moment of the autocorrelation (Csicsvari et al., 1998). As noted by 

Csicsvari et al., pyramidal neurons traditionally exhibit a faster decay in their 

autocorrelation compared with interneurons.  

Theta activity in the EEG was recorded from a separate probe that was 

positioned 0.5 mm below the CA1 pyramidal layer, near the hippocampal fissure. 

The location of the theta recording electrode changed between the dorsal and 

middle regions of the hippocampus along with the recording microdrive. EEG 

signals were bandpass filtered between 1 and 300 Hz and sampled at 2.4 kHz. 

The EEG signals were amplified on the head stage with unity gain and then again 

with variable gain amplifiers (up to 5000).  

Several diodes were mounted on the head stage to allow position tracking. 

The position of the diode array was detected by a television camera placed 
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directly above the experimental apparatus and recorded with a sampling 

frequency of 60 Hz. The sampling resolution was such that a pixel was 0.3 cm.  

6.4.3 Behavior 

The animals were food deprived to 85% of their ad libitum weight. During 

this time period, the rats were trained to run on circular tracks for food 

reinforcement. Two different tracks were used, one 167.5 cm in circumference 

and the other 382 cm in circumference. Rats ran unidirectionally around the 

smaller track with food delivered at one point and bidirectionally around the large 

track, which was partitioned by a barrier at one point. Food was given on either 

side of the barrier and at the 180° opposite point. The two-track design was 

adopted to increase the yield of independent place fields from a given recorded 

ensemble and for other reasons not relevant to this study. Rats ran each track for 

20 min, resulting in a variable number of laps per session. Rats ran two sessions 

per day, one on the large track and one on the small track (in counterbalanced 

order), with each running session flanked by a rest period in the "nest." Data from 

the rest periods were used to assess baseline firing and cell stability.  

6.4.4 Analyses  

The place field diagrams in the top panel of Figures 1–3 were constructed 

by first transforming the two-dimensional position coordinates into a single 

dimension. Spike data were combined with the position data using a 3 cm bin 

width for both the large and the small track. Given the unidirectional nature of 
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place fields during track running (but see Battaglia et al., 2004), the clockwise 

and counterclockwise trajectories on the large track were analyzed separately.  

The occupancy-normalized theta phase versus position spike-density plots 

illustrated in the three panels of Figures 1–3 were constructed in the following 

manner. For the phase versus position plots, each spike was assigned a nominal 

phase according to the fraction of the time between the preceding and following 

theta peaks at which it occurred. Precisely, the phase assigned to an event at 

time t was 360 x (t – t0)(t1 – t0),
 where t0 and t1 are the times of the preceding and 

following peaks of the digitally filtered (6–11 Hz) reference EEG signal. Note that 

the phase is always a number between 0 and 360. Finally, the spike phase 

versus position data were convolved with a two-dimensional Hanning window. 

The spatial width of the Hanning window was set at 5.25 cm, corresponding to 

approximately one-fifth the size of a typical pyramidal place field. The extent in 

phase was set at 70° to smooth over minor variations  in phase. Minor changes in 

the Hanning window size yielded similar results in all test conditions. The firing 

rate by position plots were normalized by occupancy to facilitate visualization of 

possible place fields.  

For interneurons that exhibited phase precession, place field boundaries 

were assigned by evaluating the phase versus position plots described above, 

according to the definition that a single place field involves a single cycle of 360° 

of phase precession (Maurer et al., 2006). The start and end locations of a field 

were taken as the margins of the spike phase versus position clusters. Spikes 
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belonging to a given place field were flagged by manually drawing boundaries 

around the apparent phase versus position clusters. Although interneurons that 

exhibited precession exhibited multiple place fields by the definition of 360° of 

precession, only the most salient precession cycles were selected for the 

analysis of interneuron field size.  

The classical measure of the rate of precession is the slope of a fitted 

regression line to the points (spikes) on a position by phase plot (O'Keefe and 

Recce, 1993; Shen et al., 1997; Ekstrom et al., 2001). In the case of interneurons 

with multiple overlapping place fields, however, this method becomes unworkable 

because no single regression line can effectively fit the multiple, overlapping 

fields. Other approaches such as the circular ANOVA also assume the presence 

of a single place field. One solution to this problem is for the experimenter to 

define and draw the boundaries of the "precession field" and then apply these 

traditional techniques to this region. The clear disadvantage to such an approach 

is its subjectivity, because it may introduce a selection bias for regions of 

precession. Given these issues, the study of phase precession, especially in the 

case of cells with multiple, overlapping place fields (Maurer et al., 2006), 

demands a technique that accurately determines the rate of precession with a 

minimum of user bias.  

To address this issue, we developed a procedure that identified the slope 

of precession through a process of parametrically rotating the smoothed position 

by phase density matrix (D). The slope of precession for a particular neuron was 
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determined as the point in rotation that maximized the variance of the columnar 

sum (across position) of the rotated matrix. Specifically, the position by phase 

density matrix was rotated by shifting each row of phase (i) to either the left or 

right according to the equation si = I x r, where s represents the amount of shift in 

centimeters for each row of phase (i) and r represents the chosen amount of shift 

of position for each degree of phase. The columns of this rotated matrix were 

summed [vj = i Di,j,
 where j is each column (position) of the density matrix D] to 

produce a vector v. The variance of this vector (2) was calculated for each choice 

of r between the values of –0.5 and 0.5 cm°. The value of r associated with the 

maximum variance was then used to determine the estimate of the slope of 

precession (1r) for the given cell. The smoothed position by phase density matrix 

for the small track typically yielded a negative slop when the rats trajectory was 

plotted from right to left and was corrected by multiplying the phase value by a 

negative one. For a demonstration of this procedure, see movie 1 

(http:www.nsma.arizona.eduabstracts2006Sup_Movie_1.avi) and supplemental 

Figure 3 (available at www.jneurosci.org as supplemental material).  

6.4.5 Smoothing  

The creation of the position by phase density plot requires a degree of 

smoothing in both the x dimension (position) and y dimension (phase angle). 

Given that the central objective was to identify place fields and the slope of 

precession, it was reasonable to smooth position in a range that optimized the 

events at the spatial scale of a typical place field of a principal cell. Accordingly, a 
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Hanning window of one-third the size of a typical pyramidal cell place field was 

used. A range of other values of place field size produced similar results. 

Smoothing in the y dimension (phase) was required to smooth over the jitter in 

spike firing and the regular interspike intervals that occur during burst firing 

observed in principal cells and the resultant "procession" effect that these 

intervals cause. Because the timephase scale of a burst is 10°, a Hanning  

window of 30° in phase angle was used. Again, this mea sure was robust to 

various levels of smoothing >30°.   

To examine the effect of different EEG states on the firing properties of 

interneurons, sharp wave and theta epochs needed to be identified. Sharp waves 

were detected by high-pass filtering the EEG signals between 100 and 300 Hz, 

rectifying the result, and then smoothing by low-pass filtering with a cutoff of 20 

Hz. This procedure yields a curve that approximately follows the envelope of the 

high-frequency component of the signal, as illustrated in supplemental Figure 1 

(available at www.jneurosci.org as supplemental material). Previous methods of 

setting ripple detection thresholds include an observer-determined threshold 

(Kudrimoti et al., 1999) or 7 SDs above the mean (Csicsvari et al., 1999). To 

optimize the detection of ripple epochs, thresholds were determined automatically 

based on a comparison of the amplitude distributions of peaks in the 100–300 Hz 

filtered, rectified, and smoothed local field potential data for active behavior 

versus rest (supplemental Fig. 2, available at www.jneurosci.org as supplemental 

material). The same threshold was used for all ripples from a given channel for all 
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three sleep epochs. A simple SD threshold will be sensitive to the number of 

ripples recorded on a given session. Specifically, on a session with a higher 

average ripple rate, the SD will be greater (because ripples are high-amplitude 

events and increase the overall variance measure), therefore yielding a lower 

ripple count (more errors of omission). The main advantage of the present 

method is that it addresses this issue by computing the threshold relative to a 

within-session period of few or no ripples (behavior), not relative to "itself," as 

occurs with the SD approach. This method, however, may have detected local 

100 Hz oscillations (Csicsvari et al., 2000), and therefore all ripples are referred to 

as "putative ripples" in this manuscript. Theta epochs during track running were 

detected by calculating the theta-delta power ratio within a 2 s window (Csicsvari 

et al., 1998, 1999; Terrazas et al., 2005). Theta-delta power ratios >2 were 

identified as theta epochs (Louie and Wilson, 2002).  

Short-latency and short-duration peaks in cross-correlogram plots (1 ms 

bin width) allowed putative monosynaptic excitatory connections (referred to here 

as "functional" connections) to be identified (Csicsvari et al., 1998; Marshall et al., 

2002; Bartho et al., 2004). The spikes of interneurons were aligned on the times 

of pyramidal neurons and then divided by the number of reference pyramidal cell 

spikes to determine the probability of the interneuron firing within a 1–3 ms 

window. A second cross-correlogram was generated after shuffling the interspike 

intervals of the interneuron (Brody, 1999) and subtracted from the original 

(Csicsvari et al., 1998; Marshall et al., 2002), and functional connections were 
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considered significant when at least one bin, within 3 ms of the center bin, 

exceeded 5 SDs of the mean. The mean was calculated from the spikes within 

the –50 to –10 ms and 10–50 ms time bins (Bartho et al., 2004). Cell pairs from 

the same electrode did not exhibit counts within the 0 ms bin attributable to 

sampling constraints of the Cheetah Data acquisition system.  

 

Figure 6.2:  Examples of two interneurons exhibiting phase precession. Spiking 
activity was recorded as the rat traversed the small track (running direction is 
from right to left). These two examples were recorded from the dorsal 
hippocampus. Recordings were from different tetrodes and on two separate 
recording sessions (rat 8001). 
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Figure 6.3:  Two examples of putatively monosynaptically coupled pyramidal–
interneuron pairs on the small track. An example from the middle hippocampus is 
presented in the left column, and an example from the dorsal hippocampus is 
presented on the right column. The first three rows present the phase, position, 
and firing rate activity (see Fig. 1) of the principal cell, and the next three rows 
present the same information for the monosynaptically coupled interneuron. The 
bottom row shows the crosscorrelograms for each neuron pair. The horizontal 
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red line indicates the threshold used to identify significant putative monosynaptic 
activity (see Materials and Methods). Waveforms from each electrode of the 
tetrode for the pyramidal neuron (blue) and   interneuron (red) are shown in the 
top right of the cross-correlogram plots. The autocorrelations for each cell, 
computed only during behavior, are in the top left of the cross-correlogram plots 
(top plot is the pyramidal neuron, and bottom plot is the interneuron). In both 
examples, the principal cell and the interneuron exhibited phase precession at 
similar spatial locations. The pyramidal cell in the left column precessed at a rate 
of 0.073 cm/°, whereas the interneuron to which it wa s monosynaptically coupled 
precessed at a rate of 0.068 cm/°. In the right column,  the pyramidal cell and 
interneuron precessed at rates of 0.033 and 0.023 cm/°,  respectively. Running 
direction is from the right to the left. 
 
6.5 Results 
 
6.5.1 Short-latency peaks in pyramidal cell–interne uron pairs  

Previous research has demonstrated that a portion of cross-correlograms 

between CA1 pyramidal neurons and interneurons, in both slices and freely 

behaving preparations, exhibit short-latency peaks (<3 ms) suggestive of strong 

monosynaptic coupling (Csicsvari et al., 1998; Marshall et al., 2002). This study 

confirms the results in the CA1 region of the freely behaving rat. Cross-

correlograms, generated by aligning interneuron spikes on pyramidal cell spike 

times, revealed that some interneurons had a significantly increased probability of 

firing within 1–3 ms after the principal cells spike (Figs. 2, 3). The probabilities of 

the interneuron spikes following the spikes of a principal neuron within 3 ms 

ranged from 0.24 to 0.42 for all significant cross-correlations. 

6.5.2 Spatial consistency in firing profiles of fun ctionally coupled pyramidal 

cell–interneuron pairs  

Marshall et al. (2002) have shown that interneurons that were putatively 

driven by monosynaptically coupled place cells also inherited the spatial 
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modulation of their afferent neuron. Figure 3 shows two functionally coupled 

pyramidal cell–interneuron pairs. The interneurons exhibited multiple firing rate 

versus position peaks, a portion of which were in the same spatial location as the 

place fields of the functionally coupled place cell. Figure 4 shows a place cell with 

fields on both the small and large tracks with a functionally coupled interneuron. 

The interneuron consistently mirrors the spatial modulation of its coupled place 

cell in both track epochs. 
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Figure 6.4:  Example of a place cell with fields on both the small (left column) and 
the large (right column) tracks coupled with a local interneuron. The first three 
rows present plots of phase, position, and firing rate activity (see Fig. 1) for the 
principal cell, and the next three rows present the same information for the 
putative monosynaptically coupled interneuron. Running direction is indicated by 
the arrow on the top of the figure. The bottom row shows the cross-correlograms 
for each neuron pair. The rate of precession of the pyramidal cell on the small 
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track was 0.022 cm/°, whereas the interneuron precessed a t a rate of 0.034 cm/° 
on the small track. On the large track, the pyramidal cell and interneuron 
precessed at rates of 0.094 and 0.085 cm/°, respectively.  This pyramidal cell 
interneuron pair was recorded from the middle hippocampus of rat 8042. 
 
6.5.3 Functional pyramidal–interneuron coupling occ urs locally 

A total of 6246 cross-correlograms between pyramidal cells and 

interneurons were generated, 846 of which were cells recorded on the same 

tetrode, whereas the remaining 5400 were cells recorded on different tetrodes. Of 

these cross-correlograms, 56 (6.62%) of the within-tetrode pairs exhibited a 

significant (>5 SD) short-latency peak, whereas only 20 (0.37%) between-tetrode 

pairs were found to be significant. The clustering of significant cross-

correlograms within a tetrode was significant [X2 (1, N = 6246) = 222.01, p < 

0.0001].  

6.5.4 Interneurons exhibit theta phase precession  

The current experiment tested the hypotheses proposed by Csicsvari et al. 

(1998) and Marshall et al. (2002): interneurons that inherit the spatial selectivity 

of their putatively presynaptic place cells also adopt the phase of firing of their 

afferents relative to the theta rhythm. Of the 42 interneurons recorded in the 

dorsal hippocampus, 28 (67%) exhibited salient theta phase precession, whereas 

14 (33%) did not (Fig. 1). Fifty-four interneurons were recorded in the middle 

hippocampus. Thirty-two of the middle region interneurons precessed (59.3%), 

whereas 22 did not (40.7%). Figures 2–4 show examples of interneurons that 

exhibited multiple salient cycles of theta phase precession. Similar to the spatial 

firing rate correlation between putatively coupled pyramidal cell–interneuron 
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pairs, the interneurons expressed a cycle of precession in the same location as 

the functionally coupled place cell (Figs. 3, 4).  

6.5.5 Interneuron place field size varies systemati cally along the 

dorsoventral axis  

Firing rate versus position plots for a majority of interneurons revealed that 

interneurons can have multiple firing rate peaks, suggesting the presence of 

multiple place fields. The presence of multiple peaks in these plots, however, 

made it difficult to isolate clear place field boundaries; however, these peaks 

typically corresponded to salient episodes of interneuron theta phase precession, 

and previous analyses have determined that place field boundaries of principal 

cells can be identified using the area a rat must traverse for the spikes to precess 

360° with respect to the theta rhythm (Maurer et al.,  2006). Accordingly, 

interneuron place field boundaries were identified using this method. For this 

analysis, only the most salient interneuron fields were included. The mean ± SD 

interneuron place field size for the dorsal hippocampus was 45.3 ± 10.51 cm (n = 

60) on the large track and 25.5 ± 8.05 cm (n = 44) on the small track. In the 

middle hippocampus, the mean ± SD place field size was 59.7 ± 17.46 cm  (n = 

42) and 45.2 ± 2.92 cm (n = 48) for the large and small tracks, respectively (Fig. 

4). The factors of anatomical locus (dorsal vs middle CA1) and track size (large 

vs small) each had a significant effect on the size of interneuron place fields 

(ANOVA, p < 0.01). Moreover, there was a significant difference in the size of 

interneuron place fields in the dorsal versus the middle CA1 region on both the 
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large and the small tracks (ANOVA, p < 0.05). These results correspond with 

previous observations that principal cell place fields were larger in the middle 

hippocampus compared with the fields of principal cells in the dorsal 

hippocampus (Jung and McNaughton, 1993; Maurer et al., 2005, 2006), and that 

principal cell place fields in both the middle and dorsal hippocampus were 

significantly larger on the big compared with the small track (Maurer et al., 2006).  

6.5.6 Slope of interneuron precession  

Analysis of the slope of interneuron theta phase precession (see Materials 

and Methods) produced a number of interesting observations. For instance, a 

significant difference in the slope was observed between the dorsal and middle 

hippocampal interneurons (p < 0.001, ANOVA) and between interneurons 

recorded on the large versus small track in the dorsal hippocampus (p < 0.01, 

ANOVA) (Fig. 5). The interneurons in the middle hippocampus that exhibited 

theta phase precession were not significantly different on the large and small 

tracks (p = 0.26). The dorsal interneurons precessed at a rate of 0.029 ± 0.021 

cm° on the small track (mean ± SD) and 0.052 ± 0.287  cm° on the large track 

(mean ± SD). Middle hippocampal interneurons on the small and large tracks 

precessed at a rate of 0.065 ± 0.037 cm° (mean ± SD) and 0.082  ± 0.048 cm° 

(mean ± SD), respectively. These results provide additional evidence that, similar 

to pyramidal neurons, interneuron place fields are larger in middle CA1 compared 

with dorsal CA1.  

6.5.7 Firing rate properties of precessing and non- precessing interneurons  
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The identification of a significant subset of interneurons with phase 

precession suggests that these cells may be functionally and physiologically 

distinct from non-precessing cells. It was hypothesized that these differences 

may be manifested in the activities of these cells during different EEG states. To 

pursue this question, firing rates of the precessing and non-precessing 

interneurons were analyzed in different EEG states. It was observed that 

precessing interneurons in both the dorsal and middle hippocampus fired at a 

significantly higher rate during putative ripple (both p values <0.01) and theta 

epochs (p < 0.01 and p < 0.05, respectively). During non-ripple epochs, middle 

CA1 hippocampal interneurons that exhibited theta phase precession fired at a 

greater rate than the non-precessing interneurons (p < 0.05). Dorsal CA1 

precessing interneurons fired at a slightly higher rate than non-precessing 

interneurons during non-ripple epochs, although this effect was not significant (p 

= 0.13).  

Also, perievent time histograms (PETHs) centered around the approximate 

middle of the putative ripple epoch were constructed for the precessing and non-

precessing interneurons. No difference was found in the average PETH of 

precessing and non-precessing interneurons with the mid-ripple timestamp. One 

common feature of the cross-correlograms from both groups was the existence of 

double peaks at approximately the onset and offset of the putative ripple epoch, 

characteristic of cells in the CA1 pyramidal layer (as reported by Csicsvari et al., 

1999). 
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Figure 6.5:  Spatial, anatomical, and phase-related properties of interneurons. 
Top, Average interneuron firing rate activity classified by EEG state and 
anatomical location on the dorsoventral axis. Interneurons exhibiting phase 
precession fired at significantly higher rates during theta and ripple epochs (*p < 
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0.05; ***p < 0.01). Middle, The number of precessing and non-precessing 
interneurons observed in both the dorsal and middle hippocampus. Bottom, 
Mean pyramidal place field size versus mean interneuron field size for each brain 
region and track size for all rats. The diagonal line indicates identity. 
 
6.5.8 First moment of the autocorrelation 

A factorial ANOVA was used to examine the effect of hippocampal region 

(dorsal vs middle CA1) and neuron class (precessing interneurons, non-

precessing interneurons, and pyramidal cells) on the first moment, or average, of 

the autocorrelation. Region of the hippocampus (dorsal vs middle CA1) had no 

effect on the first moment of the autocorrelation (p = 0.28, ANOVA). The mean ± 

SD for the first moment of the autocorrelation of all of the dorsal CA1 neurons 

was 19.9 ± 3.5 ms, and, for all middle hippocampal CA1 neurons, the mean ± SD 

was 18.9 ± 3.2 ms. There was, however, a significant effect of cell class on the 

first moment of the autocorrelation (p < 0.001, ANOVA). Moreover, each class of 

neurons was significantly different from the other classes in both the dorsal and 

middle hippocampus (p < 0.03 for all comparisons). The mean ± SD moment of 

the autocorrelation for precessing interneurons in the dorsal and middle 

hippocampus were 26.2 ± 1.4 ms and 26.2 ± 0.58, respectively.  Non-precessing 

interneurons of the dorsal and middle hippocampus had mean ± SD first 

moments of 24.9 ± 1.2 and 24.6 ± 2.1 ms, respectively. Dorsal pyramidal cells 

had an average ± SD first moment of 19.2 ± 3.0 ms,  whereas middle pyramidal 

cells had a first moment of 18.3 ± 2.7 ms. This suggests that the first moment of 

the autocorrelation may distinguish precessing interneurons from non-precessing 

interneurons and pyramidal cells.  
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6.5.9 Overlapping place fields  

A portion of precessing interneurons exhibited overlapping place fields 

similar to place cells of the CA1 region (Maurer et al., 2006), which required the 

use of the phase component analysis rather than a linear regression or circular 

ANOVA analysis. Similar to pyramidal neurons, when two interneuron fields 

overlapped, spikes from each field can occur at different phases within a single 

theta cycle (Fig.6.6). 

 

Figure 6.6:  Example of an interneuron with overlapping place fields. Place field 
boundaries were assigned according to the definition that a single place field 
involves a single cycle of 360° of phase precession (Maure r et al., 2006). Left 
column, The first three rows present plots of phase, position, and firing rate 
activity (see Fig. 6.1). The spike density plots presented in the bottom row 
illustrate how the singular peak in the rate plot (top row) is composed of two 
overlapping place fields. The fields used for this analysis are dictated by the 
black dotted circles. Right column, The top row presents an event-triggered 
average of spike times, aligned on the time of the theta peak that occurred 
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nearest (in time) to the point of maximum spatial overlap of the two fields (blue, 
first field encountered; red, second field encountered). Time is in units of phase 
relative to the trigger point. This plot illustrates that this interneuron fired at 
unique and non-overlapping phases of the theta rhythm throughout the 
overlapping portion of the place field. 
 
6.6 Discussion 

The present results confirm the hypothesis of Csicsvari et al. (1999) and 

Marshall et al. (2002) that, because some interneurons appear to be driven with 

high efficacy and at short latency by single pyramidal cells, these interneurons 

should exhibit an unambiguous cycle of theta phase precession in the same 

spatial location as the place field of their presynaptic pyramidal neuron. Similar 

predictions were derived from the model of Bose et al. (2000). Specifically, 

pyramidal cell–interneuron pairs that showed functional coupling had place fields 

that showed salient phase precession in the same region of the track. Moreover, 

previous research has shown that place field size, i.e., the spatial metric, 

increases along the dorsoventral axis of the hippocampus. Using a single cycle of 

theta phase precession as the definition of a unitary place field, interneuron place 

field size was similar to those measured in principal cells in the dorsal and middle 

hippocampus on both the large and small track [as determined in a previous 

analysis (Maurer et al., 2006)]. The increase in spatial metric of interneuron place 

fields was accompanied by a reduced spatial rate of phase precession (Fig. 2).  

Previous studies of the functional coupling between hippocampal neurons 

report that 17.6% of all pyramidal cell–interneuron pairs recorded within a tetrode 

exhibit monosynaptic coupling, whereas only 1.17% of pyramidal cell–interneuron 
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pairs between tetrodes had significant short-latency peaks in their cross-

correlograms (Csicsvari et al., 1998). The lower proportion of functionally coupled 

neurons in the present study primarily reflects the fact that the present analysis 

required peaks within 3 ms of the center bin to be >5 SD above the mean and not 

3 SD as used in previous analyses. The ratios of functionally coupled neurons 

recorded within tetrodes to coupled cell pairs recorded between tetrodes is 

similar [15:1 (Csicsvari et al., 1998) and 18:1 (present analysis)]. All interneurons 

that were monosynaptically coupled with pyramidal cells were found to precess.  

The efficacy of monosynaptic transmission between interneurons and 

pyramidal cells is in the 10–50% range. Interneuron firing rates, however, are 

significantly greater in the spatial location in which the pyramidal cell is active. 

Therefore, it is conceivable that either the interneuron is being driven by other 

pyramidal neurons that have fields in the same location or a common network 

mechanism is generating the spatial selectivity and phase precession of the 

interneuron.  

The existence of interneuron phase precession does not directly fit with 

hypotheses derived from the Hebb–Marr neural network model. The short-latency 

peaks in the cross-correlation analyses show that the pyramidal cell fires before 

the interneuron, not after. Thus, these interneurons may not play a simple 

thresholding function. Moreover, it appears that a proportion of interneuron input 

comes from local projections and not from external sources. Furthermore, the 

existence of interneuron phase precession demonstrates that they fire in the 
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information domain of the CA1 principal neurons, expressing multiple instances 

of place fields based on the definition of a unitary field as a single cycle of 

precession. However, the strong functional coupling between pyramidal cells and 

interneurons is consistent with an "n-winners take all" dynamics (Brown and 

Sharp, 1995) in which the most strongly activated pyramidal cells fire at shorter 

latency and result in selective inhibition of firing of pyramidal cells that may be 

more weakly activated by the afferent input. The result is effectively the same as 

in the feedforward model of threshold control during associative recall.  

Cobb et al. (1995) have demonstrated that basket cells in the CA1 region 

of the hippocampus can temporally synchronize pyramidal cell activity. Thus, it is 

plausible that interneurons that are driven by pyramidal cell activity could 

potentially serve to control the temporal spiking activity of other place cells and, 

thus, serve as a mechanism to provide a common temporal reference by which 

cellular assemblies are organized.  
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CHAPTER 7: THE HIPPOCAMPAL SPATIAL METRIC, LOOK-AHE AD, SIZE,  

AND VELOCITY  

 

“Studying phase precession using reconstructive techniques… is 
likely to be fruitful” (Johnson and Redish, 2007) 
 
“…it is becoming increasingly clear that place cell activity, both 
within and outside of the classical place field, is itself fundamentally 
sequential in nature, allowing the exploration of events both ahead 
of, and behind, the current event. Understanding the full 
relationship between this dynamic representation and the 
mnemonic and navigational roles of the hippocampus is the key 
task ahead.” (Foster and Wilson, 2007) 

 

7.1 Introduction 
 

Previous chapters of this thesis have provided substantial evidence that 

phase precession, at least within the hippocampus, is entirely a network-

dependent phenomenon. This model depends on a location specific input, 

putatively encoding the rats’ present location in space, initially driving CA1 

neurons to fire. Following this initial drive is a sequential firing of place cells with 

their ‘true’ place fields (defined as the “portion of the place field of a cell that can 

be attributed to external [location specific] input to the network”, Maurer and 

McNaughton, 2007) located ahead of the rat. This activity is terminated at the 

end of the theta cycle, only to resume when location specific, external input 

arrives at the beginning of the next theta cycle.  

Therefore, within a single theta cycle, cells bursting early in the cycle 

correlate with the rat’s present position while cells firing late in the cycle correlate 
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with prospective locations (‘looking ahead to upcoming locations’).  The result is 

that phase precession temporally compresses the order of sequentially visited 

place fields within a single theta cycle, facilitating long-term potentiation and 

possibly sequence learning (Skaggs et al. 1996). Samsonvich and McNaughton 

(1997) provided the first evidence of temporal compression across a population 

of neurons, demonstrating that, during each theta cycle, hippocampal pyramidal 

cell activity sweeps forward of the animal and then collapses, to reemerge over 

the new current location of the rat at the beginning of the next cycle (see figure 

7.1).  
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Figure 7.1:  Schematic of network transitions as a rat moves in a single direction 
through space (adapted from Tsodyks et al.,1996, figure 3). In this diagram, the 
units of the y-axis are neurons ordered by their position preference and the x-axis 
is time in theta cycles. The vertical black bars represent the start/end of the theta 
cycle. As a rat moves through the environment (position is the thick diagonal 
black line), the network of neurons sweeps ahead of the rat’s position at the start 
of the theta cycle (dashed black line). At the end of the theta cycle, the network 
activity is terminated only to re-appear at the rat’s present location at the start of 
the next cycle (‘jump back’; redline). In this example, a single cell (red circle on y-
axis) is active in 6 consecutive theta cycles, consistently shifting the phase that it 
fires relative to the hippocampal theta rhythm (the locations where the dashed 
green line intersects with the dashed black line). Place field size is determined by 
the distance of the ‘jump-back’, the difference between the position of the 



196 
 

hippocampal network at the end of the theta cycle and the rat’s actual position in 
space.  

Thus, the last neuron to fire within the theta cycle has a field located a 

certain number of centimeters in-front of the rat’s location at the end of the theta 

cycle (because the hippocampal ‘look-ahead’ moves faster than the rat’s actual 

velocity; see figure 7.1). Thus the distance between the rat’s location at the end 

of the cycle, where the neuron first spikes, and the neuron’s “true” field, located a 

certain distance in front of the rat, determines the rat’s “classical” place field size. 

The purpose of the present study was to elucidate the parameters that 

govern these cell assembly transitions and how they are altered with changes in 

velocity.  A “cell assembly” is defined here, as discussed in Chapter 1, as the 

subset of coactive neurons in CA1 whose place fields highly overlap.  Although 

CA1 neurons do not have the recurrent connectivity necessary for a true Hebbian 

cell assembly, they do receive input from regions that do contain cell assemblies. 

The first aim of this study was to investigate the hypothesis that the amount of 

hippocampal ‘look ahead’ increases with velocity in order to maintain a fixed 

scale of place field size. If this notion is correct, then the number of cells with 

distinct place fields that are active within a single theta cycle should increase with 

velocity. 

7.2 Research Design and Methods 

 The subjects, behavior, and neurophysiology are the same as those 

reported in Maurer et al. (2005; chapter 4). Moreover, spatial population vectors 

were constructed in the same manner as in Maurer et al. (2005) with the 
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exception that spatial bins were reduced to 0.7 cm in size to increase resolution. 

Briefly, to generate this matrix, the spatial firing rate distributions (0.7 cm bin 

size) of all recorded pyramidal neurons in a given region or condition were 

combined into a single, two-dimensional array, with cell number indexing the 

rows and location indexing the columns. Each column thus represents an 

estimate of the composite population vector for the corresponding location. For 

bidirectional running, the vectors for the clockwise and counterclockwise 

directions were computed separately, because the firing patterns during running 

in opposite directions are typically, at best, only weakly correlated (McNaughton 

et al., 1983a; Muller et al., 1994; Markus et al., 1995; Gothard et al., 1996b; 

Battaglia et al., 2004)” (Maurer et al., 2005).  

7.2.1 Temporal population vector construction 

The temporal population vector was constructed in a similar manner to the 

position population vector with n cells by t temporal bins. Time was binned into 

20º of a theta cycle with 126 bins over 7 consecutive theta cycles centered on a 

single trough (i.e. the theta time population vector; similar to the Q-matrix of 

McNaughton, 1998). In this matrix, each column represents an estimate of the 

composite population vector for the corresponding phase of theta and each row 

is the firing of a single cell over seven theta cycles. The restriction to seven theta 

cycles was only for the purpose of reducing computational requirements 

necessary for the analysis. Each vector of this matrix was correlated with all of 

the position population vectors (see below). Because a moving window method 
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of generating temporal population vectors was used, the following iteration 

shifted to the next theta cycle and restricted spikes into a 7 cycle window. 

This method normalizes time (seconds) to “units of theta cycles”. 

Therefore, because the data are normalized in this way, the increase in theta 

frequency with running speed that occurs (Recce, 1994; Maurer, personal 

observations) is not apparent in this representation of the data.  

7.2.2 Short-time scale position reconstruction by v elocity  

 If the look-ahead phenomenon is robust and occurs as predicted by 

Tsodyks et al. (1996), then a population vector-based reconstruction should 

reveal the forward sweep of network activity within a single cycle. Therefore, for a 

window of seven theta cycles, Pearson’s correlation coefficients were calculated 

between all vectors of the theta time matrix, Ti, and the position vectors, Pi {Pi-

55, Pi+55,} from 46 cm behind the rat to 46 cm ahead of the rat based on its 

present location. Correlations across all position population vectors were 

computationally prohibitive (i.e. correlations were not calculated on all postions of 

the maze, but only a spatial window of 92 cm centered on the rats exact 

position). For each correlation, p-values were obtained to test the probability that 

a non-zero correlation would occur by chance (Matlab, Mathworks, Nantucket, 

MA).  Including only significant correlation values provided similar results 

compared to using all values.  Averaging all values, however, resulted in a 

substantially larger population size, and thus reduced the variability in the 

graphical representation. 
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Figure 7.2: Cartoon illustration of vector correlation methods. The top-left 
schematic is a theoretical spike raster of 8 neurons firing within three consecutive 
theta cycles (each black line denotes the peak of a theta cycle; Note the similarity 
to figure 3 of Tsodyks et al.,1996). Also, note that these neurons are aligned by 
their maximal spatial firing rate. These spikes are binned based on their phase of 
firing relative to the theta rhythm (Temporal population matrix; upper-right 
panel). The hotter the color, the higher the spike count. Blue colors are bins 
without any spikes and the vertical solid white lines are theta peaks. The bottom-
left  panel shows the hypothetical spatial population matrix, calculated for the 
entire behavioral epoch, where each row is a cell and each column is a spatial 
bin. Once again, hot colors are spatial bins with high spike density while cool 
colors are regions with little to no spikes. On the bottom-right is the hypothetical 
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result of correlating each column of the temporal population matrix, or the 
composite population vector for each theta bin over three theta cycles, with each 
column of the position population matrix. Hot colors are high correlation values 
while cool colors are low correlation values. Vertical solid white lines are theta 
peaks whereas the dashed diagonal white line is the rat’s hypothetical position in 
space.  The solid black arrow is overlaid to highlight the reconstructed 
hippocampal look-ahead to prospective locations (defined by the bins with the 
highest correlation values; analogous to the dashed black line in figure 7.1).  The 
difference between the hippocampal look-ahead and the rat’s position in space, 
the jump back, is denoted by the double green arrow (analogous to the vertical 
red lines in figure 7.1). 
 
Therefore, the results presented here use all correlation values. The output of 

this analysis was a matrix with the dimensions p Position by t Time. See figure 

7.2 for a non- sparse example of this analysis procedure. Figure 7.3 is an 

example using actual data.  

The sparse nature of the temporal theta time matrix, with instances of 

empty columns, could not be used in the correlation analysis. In these 

circumstances, the entire column was replaced with not-a-number (NaN) place 

holders. Correlation matrices were calculated and stacked across all theta cycles 

resulting in a three dimensional matrix (n Theta cycles by p Positions by t 

temporal bins; see figure 7.4). Velocity was calculated for each single theta cycle. 

Then each correlation matrix was sorted by the velocity of the rat during the 

central theta cycle in the seven cycle window. 

The correlation matrices were averaged for velocity bins ranging from 

5cm/s to 75 cm/s, in 10cm/s intervals. Two low velocity bins, ranging from 1-3 

cm/s and 3-5cm/s were also included to examine the ‘look-ahead’ phenomenon 

at low velocities. With this method of binning, cellular activity at different regions 
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of the track can contribute to the same matrix as long as they belong to the same 

velocity bin (similar methods have been utilized previously for determining firing 

rate by velocity profiles; Maurer et al., 2005). Because similar results were 

obtained by either averaging both significant (p ≤ 0.05) and non-significant 

correlations (in some cases, higher average correlations were found when non-

significant correlations were included) all values were included. Moreover, similar 

results were obtained with and without the moving time window employed in the 

construction of the theta time matrices. The moving time window method was 

used, opposed to a serial shift of seven cycles, in order to maximize the sample 

size, and consequentially reducing the variability in the resulting figures. 
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Figure 7.3:  Example of a temporal population matrix (left) and spatial population 
matrix (right) for a single data set of 83 cells. The spatial population vector was 
constructed for the entire behavioral epoch (20 minutes of small track running; it 
must be noted that the rats, after eating at the food dish would start to run, or 
accelerate, until it began to approach the food dish again. Upon approaching the 
food dish, the rats would slow down, or decelerate, prior to stopping and eating 
again) whereas the temporal population vector was constructed for a single 
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theta bins 
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Figure 7. 4: Stacked matrices of Time by Space correlations for 6 iterations (n 
iterations by p Positions by t theta bins).  Four theta cycles are used for 
simplicity. Each four theta cycle window provides us with a single r matrix (hot 
colors are regions of high correlation). By moving the window by one theta 
cycle, we are provided with another r matrix, which is stacked on top of the 
previous r matrix (this process is analogous to the stacking of firing rate maps 
for individual neurons used in Leutgeb et al.,2005). For this behavioral epoch, 
thousands of r matrices were generated. In the next step, each page of the 
stack is sorted according to velocity and averaged. Note the vertical bands of 
dark blue. These are bins where no cells fired an action potential and 
therefore, all values were set to NaN (not-a-number). 

temporal epoch of 5 theta cycles. Hot colors in the spatial population vector 
represent high occupancy normalized firing rates while cool colors are low firing 
rates (Vertical white lines are theta peaks). In the temporal population vector, hot 
colors are high spike counts while cool colors (light blue) represent one spike. 
Note that not all columns of the temporal population vector contain a single spike 
(dark blue). Also note that, in the spatial population vector, there is an increase in 
place field size as the rat ran from position 160cm to position 20cm (running 
direction is right to left). Position 160 tended to have the lowest velocity samples, 
while position 20 was the location where the rat tended to run the fastest.  

 

 

7.2.3 Determining the look-ahead position  
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To quantitatively display the look-ahead, the location of maximum 

correlation of each theta bin was found. The averaged normalized position of the 

rat by theta time for each velocity is also plotted for comparison. The average 

normalized position of the rat was calculated by determining the rats’ position at 

the center of each 7 theta cycle sliding window and setting that position to zero 

(e.g., for the center timestamp of the 7 cycle theta window, the rat occupied 

position 65cm on the track. This was reset to zero, such that previous locations 

are negative and future locations to be encountered are positive.). 

7.2.4 Velocity-size analysis  

Derivations of the Tsodyks et al. (1996) schematic (see figure 7.1), imply 

that place field size is determined by the difference between the hippocampal 

look-ahead’s position and the rats actual position in space at the end of a theta 

cycle (i.e., the “jump-back”). Preliminary results derived from the short time scale 

population reconstruction figures qualitatively suggest that, as velocity increases, 

the jump-back increases in a manner greater than necessary to preserve the 

spatial metric. Stated differently, if qualitative appearances can be quantitatively 

verified, place field size may actually increase with velocity. In order to determine 

if this is true on a cell by cell basis, the size of a place field (distance between the 

first and last spike; boundaries defined by a single cycle of theta phase 

precession; Maurer et al., 2006) and the velocity (calculated as the distance 

between the first and last spike divided by the time between the first and last 

spike) were calculated for each pass.  
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7.3 Results  

The time by space correlation method was sufficient to reconstruct the 

hippocampal “look-ahead” by velocity. The reconstruction figures for three 

different rats across the four conditions (dorsal hippocampus, small track; dorsal 

hippocampus, big track; middle hippocampus, small track; middle hippocampus, 

big track) are shown below. Each figure is broken into nine panels, one for each 

velocity bin ranging from 3 (top left) to 75 (lower right) cm/s. The colors represent 

the average correlation values for that specific phase and normalized location. 

The color axis is not maintained across plots, but optimized for visual inspection 

of each velocity bin. The black dots represent the normalized spatial location of 

highest correlation for each theta bin, while the white line is the rats’ average 

normalized position for each theta bin. Data are presented from all 12 conditions 

(3 rats by 2 recording locations by 2 track conditions) in order to demonstrate the 

robust nature of this analysis. The data from the dorsal CA1, small track 

condition, for each rat, are presented first (figures 7.5, 7.6, and 7.7). The dorsal 

CA1, large track data are presented next (figures 7.8, 7.9, and 7.10) followed by 

the middle CA1, small track results (figures 7.11, 7.12, and 7.13). Finally, the 

middle CA1, large track condition, for each rat is displayed in figures 7.14, 7.15, 

and 7.16. 
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Figure 7.5:  Average time by space correlations figures from rat 7951 on the 
small track. The neurons were recorded from the CA1 region of the dorsal 
hippocampus. Each panel shows the data for a specific velocity bin. The colors 
represent the average correlation values for that specific phase and normalized 
location. The color axis is not maintained across plots, but optimized for visual 
inspection. The black dots are the normalized spatial location of highest 
correlation for each theta bin, while the white line is the rats’ average normalized 
position for each theta bin. Note that the look-ahead phenomenon is very low at 
low velocities (1-3 cm/s and 3-5 cm/s) and increases as velocity increases. 
Because the difference in look-ahead position and the rats actual position in 
space at the end of the theta cycle (i.e., the jump back) determines place field 
size (see Introduction), the jump back becomes larger with velocity. These data 
provide evidence that place field size increases with velocity. 
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Figure 7.6:  Average time by space correlations figures from rat 8001 on the 
small track. The neurons were recorded from the CA1 region of the dorsal 
hippocampus. See figure 7.4 for further description. 
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Figure 7.7:  Average time by space correlations figures from rat 8042 on the 
small track. The neurons were recorded from the CA1 region of the dorsal 
hippocampus. See figure 7.4 for further description. 
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Figure 7.8:  Average time by space correlations figures from rat 7951 on the 
large track. The neurons were recorded from the CA1 region of the dorsal 
hippocampus. See figure 7.4 for further description. 
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Figure 7.9:  Average time by space correlations figures from rat 8001 on the 
large track. The neurons were recorded from the CA1 region of the dorsal 
hippocampus. See figure 7.4 for further description. 
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Figure 7.10:  Average time by space correlations figures from rat 8042 on the 
large track. The neurons were recorded from the CA1 region of the dorsal 
hippocampus. See figure 7.4 for further description. 
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Figure 7.11:  Average time by space correlations figures from rat 7951 on the 
small track. The neurons were recorded from the CA1 region of the middle 
hippocampus. See figure 7.4 for further description. 
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Figure 7.12:  Average time by space correlations figures from rat 8001 on the 
small track. The neurons were recorded from the CA1 region of the middle 
hippocampus. See figure 7.4 for further description. 
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Figure 7.13:  Average time by space correlations figures from rat 8042 on the 
small track. The neurons were recorded from the CA1 region of the middle 
hippocampus. See figure 7.4 for further description. 
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Figure 7.14:  Average time by space correlations figures from rat 7951 on the 
large track. The neurons were recorded from the CA1 region of the middle 
hippocampus. See figure 7.4 for further description. 
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Figure 7.15:  Average time by space correlations figures from rat 8001 on the 
large track. The neurons were recorded from the CA1 region of the middle 
hippocampus. See figure 7.4 for further description. 
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Figure 7.16:  Average time by space correlations figures from rat 8042 on the 
large track. The neurons were recorded from the CA1 region of the middle 
hippocampus. See figure 7.4 for further description. 
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As is evident from Figures 7.5 to 7.16, the hippocampal “look-ahead” can 

be reconstructed independent of rat, brain region or track condition. In order to 

maintain a fixed place field size, the size of the jump back must remain 

consistent independent of velocity. The jump back, however, appears to increase 

with velocity suggesting that place fields  become larger as rats run faster.  

Therefore, in order to evaluate the possibility that place field size 

increases with velocity, a second analysis was conducted: for each pass through 

a place field, the size of the field and the rat’s velocity was determined.  Because 

this analysis contained a large number of samples, the resulting scatter plots of 

place field size by velocity were converted to density plots for optimal 

visualization (hot colors are many observations). 
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Figure 7.17:  Size by velocity plots for the dorsal hippocampus. Cool colors are 
few observations while hot colors are many observations (refer to the colorbars 
to the right of the figures). Each observation is a single pass through a field for a 
single neuron. Note that in the size versus velocity plots, multiple bands can be 
observed. These bands are caused by the neurons burst frequency and the 
number of ‘burst cycles’. 
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Figure 7.18:  Size by velocity plots for the middle hippocampus. The striations 
are less apparent relative to the dorsal hippocampus because a larger range of 
sizes are observed in the middle hippocampus. Given the proximity of the 
striations to each other, the phenomenon is difficult to observe at this resolution. 
Also, the rats do not often sample velocities greater than 70 cm/s. See figure 
7.17 for more description. 
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7.4 Discussion  

Preliminary data presented in this chapter suggest that a relationship 

exists between velocity of the rat and the hippocampal look-ahead phenomenon. 

Among a number of potential possibilities, the nature of this relationship implies 

that place field size also increases with velocity. The ‘look-ahead’ in the dorsal 

hippocampus exhibits a substantial increase in distance as velocity increases. 

The increase, however, was greater than expected if place field size were to 

remain constant with velocity.  This provides preliminary support for the idea that 

place field size increases with velocity. By plotting place field size versus velocity, 

a trend became apparent: place field size is indeed a function of the distance the 

rat travels between two consecutive spike bursts.  Consider the hypothetical 

example that, as a rat runs at 40cm/s, a given cell’s burst frequency is 

approximately 8 Hz (the time between two consecutive spike bursts is 125 ms). 

Thus, the rat moves 5cm in the inter-burst interval. If the neuron were active for 

two spike burst cycles, place field size would be ~10 cm. If, however, the neuron 

were active for three cycles, place field size would be 15 cm long (4 cycles = 20 

cm; 5 cycles = 25 cm; etc). These results are displayed in figures 7.17 and 7.18. 

If one accepts the perspective that place field size increases with velocity, 

then these data demonstrate that the intrinsic burst frequency of a neuron does 

not increase with velocity in a manner necessary to maintain a fixed place field 

size (contrary to the conclusion of Geisler et al., 2007). If the burst frequency of 

the neuron increased with velocity in order to maintain place field size, as 
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proposed by Geisler et al. (2007), then the spatial autocorrelation should reveal 

that the rat covers the same distance per burst cycle independent of velocity 

(specifically, the prominent bands in figure 7.18 would be parallel to each other if 

this occured). This, however, is not the case. The rat covers a greater distance 

between two consecutive spike bursts at high velocities compared to low. In 

other words, the temporal duration between two spike bursts is not shortened in 

order to maintain the same “travel distance” across all velocities. Thus, the 

intrinsic burst frequency is either not changing enough, or not changing at all, 

resulting in an increase in place field size with velocity (once again, assuming 

that velocity is the underlying factor).   

With respect to the short-time scale reconstruction analysis, it is 

necessary to note the shortcomings encountered. In order to compare results 

across datasets, it was necessary to normalize the phase of firing across 

datasets. A traditional “text-book” description of phase precession would suggest 

that the first spikes in the field occur near phase 360° while the last spikes occur 

near phase 0°. The measurement of theta, however, is a relative one and, 

depending on the location of the EEG electrode, theta phase precession can 

appear to occur from phase 350° to 350° (Skaggs et al., 1996; completing 360° of 

phase precession) from phase 10° to 10°, etc.  Therefore, it is necessary to 

normalize the spikes relative to the theta rhythm by finding the populations 

preferred phase of firing and setting that phase to 0°.  This permits data to be 

averaged across datasets (Skaggs et al., 1996). Although in the presented data, 
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this reset was sufficient for aligning the dorsal hippocampal data, it was not 

satisfactory for aligning the middle hippocampal data. This may have been due to 

a difference in the location of current generation of theta in the middle 

hippocampus. Because theta phase precession began and ended on different 

phases of the middle hippocampal data, the rat average reconstruction figures 

(figures 7.11 to 7.15) are diluted relative to the single session reconstructions 

(data not shown). Future analysis will need to account for this incongruity.  

A second shortcoming was specific to the rats’ behavior. Although this 

analysis was robust, only needing ~30 neurons to extract the look-ahead 

phenomenon, some datasets yielded low-resolution reconstruction, which was 

either a result of the rats limited sampling of certain velocities (e.g., the rat rarely 

ran 70 cm/s in some conditions), or due to the high correlation of velocity and 

spatial location (how many cells were sampled in a particular spatial location at a 

given velocity). 

The normalization of theta time, which masks the effect of the increase in 

theta frequency with velocity, may appear to be a significant confound in these 

data. At higher velocities, however, when theta cycles are the shortest in duration 

(Recce, 1994; Maurer, personal observations), the hippocampal look-ahead goes 

farther in space. Therefore, it would be difficult to defend an argument suggesting 

that the normalization affected the increase of look-ahead at higher velocities; the 

rate at which the hippocampus looks ahead relative to an atomic clock (cm per 

second) is greater than displayed here (cm per degree; figures 7.5 to 7.16).  



223 
 

As mentioned previously, place field size increases along the dorso-

ventral axis of the hippocampus (Jung et al., 1994; Maurer et al, 2005; 2006). 

Place fields of the middle hippocampus are approximately 55-80 cm is size 

(Maurer et al., 2006). In the most ventral hippocampal region, the spatial metric 

for CA3 neurons is so large that activity of a given cell may appear almost 

uniform within a given environment (Kjelstrup et al., 2003), but may be 

completely silent in another. Compared to dorsal hippocampal place fields, the 

increase in field size in the middle and ventral regions translates into a greater 

distance that a rat must move before the population of active neurons becomes 

significantly decorrelated (Maurer et al., 2005). This concept is supported by 

neurophysiological reports that progressively fewer cells express place fields in a 

given environment as one moves toward the ventral pole (Jung et al., 1994; 

Maurer et al., 2006). Moreover, there is a systematic reduction in the proportion 

of neurons expressing the activity-dependent immediate early gene Arc in the 

dentate gyrus (DG), CA3, and CA1 subregions along the septo-temporal axis 

following a 5 min exploration period in an environment ~400 cm2 (Sutherland et 

al., 2003).  
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These data suggest that the same number of assemblies is active within a 

single theta cycle between the dorsal and middle hippocampus although a 

greater amount of space is compressed into a single theta cycle in the middle 

CA1 region (figure 7.19). In order to unpack this idea, consider the hypothetical  
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Figure 7.19:  Schematic of look-ahead in the dorsal and middle hippocampus. (A) 
A hypothetical situation during which a rat occupies a specific location (red dotted 
line) where four place fields overlap in the dorsal (black Gaussians) and middle 
(green Gaussians) hippocampus. Note that in this hypothetical situation, the rat 
would occupy the same number of fields in the dorsal and middle hippocampus 
(there is the same number of assemblies active per theta cycle between the two 
hippocampal regions). (B) If each place field is associated with a single 
assembly, then it can be inferred that the network ‘looks-ahead’ the same number 
of assemblies per theta cycle (green dots represent the middle hippocampal look-
ahead of assemblies; black dots represents the dorsal hippocampal look-ahead 
of assemblies). (C) The assemblies associated with each field place field are 
spaced farther apart in the middle hippocampus compared to the dorsal. 
Therefore, the consequence of looking ahead across the same number of 
assemblies between the two regions is that the middle hippocampus looks ahead 
a greater distance (green line is the middle hippocampal look-ahead in position; 
black line is the dorsal hippocampal look-ahead in position). Note that the slope 
of the look ahead (cm per ms) is greater in the middle hippocampus compared to 
the dorsal hippocampus.   
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condition where a rat occupied a single location of an environment traveling 

within a normal velocity range. The same number of cells/assemblies between 

the dorsal and middle hippocampus will be active in this situation (figure 7.19). 

The distance between the place fields of two adjacent assemblies would be 

farther apart in the middle hippocampus than in the dorsal hippocampus, 

resulting in a greater amount of ‘space’ compressed into a single theta cycle 

(figure 7.19).  

The population of assemblies active within a single theta cycle also 

changes at a slower rate in the middle hippocampus compared to the dorsal. 

This idea can be extrapolated further to demonstrate that, independent of the 

position on the dorsal-ventral axis, the hippocampus looks-ahead the same 

number of cell assemblies within a single theta cycle. Specifically, at a fixed 

velocity, both the middle hippocampus and dorsal hippocampus will ‘look-ahead’ 

6 assembly states (figure 7.20). The look-ahead collapses at the end of the theta 

cycle (terminated by inhibition) and re-emerges at the beginning of the next. The 

activity in the middle hippocampus, which is less sensitive to the velocity signal, 

will ‘jump-back’ five assembly states and then, over the course of the remaining 

theta cycle, sweep forward 6 assemblies. The dorsal hippocampus, which is 

more sensitive to the velocity signal, will only jump-back 4 assembly states. 

Therefore, under this hypothetical situation, an assembly is active for the duration 

of 6 theta cycles in the middle hippocampus while dorsal hippocampal 
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assemblies are active for only 3 theta cycles (figure 7.20). 

 

 

 The self-motion hypothesis suggests that a gradient of self-motion 

information along the dorso-ventral axis is responsible for the increase in 

hippocampal place field size from dorsal to ventral regions. The increase in place 

field size is accompanied by a decreased rate of phase precession (number of 

degrees precessed per centimeter moved; Maurer et al., 2006) suggesting a 

mechanism that operates on the time scale of a theta cycle or less, governing the 

rate of cell assembly transition. Therefore, given that the middle hippocampus is 

hypothesized to be less sensitive to self-motion input than the dorsal 

hippocampus, the rate of assembly transition and the distance of look-ahead 
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Figure 7.20:  Schematic of assembly look-ahead in the dorsal and middle 
hippocampus. At the same velocity, although the dorsal and middle hippocampus 
look-ahead the same number of assemblies, the dorsal hippocampus (black dots) 
jumps-back a fewer number of assembly states than the middle hippocampus 
(green dots) between theta cycles. This results in a shorter duration of assembly 
activity in the dorsal hippocampus (bottom horizontal solid lines), and thus, smaller 
place fields. The vertical green and black lines are the respective “jump backs”, in 
assembly space, for the middle and dorsal hippocampal regions. An alternative way 
to interpret this is that the rat’s perceived position in space changes at a slower rate 
in the middle hippocampus compared to the dorsal (diagonal solid lines). 
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should be significantly less modulated by velocity compared to the dorsal 

hippocampus.  

This chapter provides observations of how small time scale interactions 

(less than a theta cycle) can alter more general characteristics of hippocampal 

physiology, such as the size of place fields, firing rate, and rate of theta phase 

precession. Future research, however, is necessary to confirm the velocity-size 

relationship, controlling for spatial location. 
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CHAPTER 8: CONCLUSIONS AND DISCUSSION 

Since the theses of Dr. Recce and Dr. Skaggs, the field of theta phase 

precession has made considerable progress. Newer research has determined 

that phase precession occurs upstream from the hippocampal formation (Hafting 

et al., 2008), is present de novo in CA1 during track running in a novel 

environment (Rosenzweig et al., 2000), and does not depend on the NMDA 

receptor (Ekstrom et al., 2001). Moreover, the rate of phase precession can be 

affected by aging (Shen et al., 1997), experience-dependent plasticity (Ekstrom 

et al., 2001), environmental manipulations (Huxter et al., 2002), and alterations in 

self-motion input (Terrazas et al., 2005). The studies presented in this thesis 

expand our understanding of the temporal dynamics of CA1 hippocampal spike 

times relative to the hippocampal theta rhythm in the following ways: 

1. The previous results of Jung et al. (1994) that CA1 place field size 

increases along the dorso-ventral axis of the hippocampus was 

confirmed. Using a population vector decorrelation measure, it was 

determined that extreme dorsal neurons expressed fields 

approximately 24 cm in size, whereas middle hippocampal place fields 

are ~42cm. Moreover, mean and peak firing rates are significantly 

higher in the dorsal hippocampus. 
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2. The smaller place field size in the dorsal hippocampus was associated 

with higher intrinsic oscillation frequencies compared to middle 

pyramidal cells. For the ~18 cm increase in place field size from the 

two populations, less than a 10% decrease in intrinsic burst frequency 

was required. 

 

3. In support of the hypothesis that self-motion cues exert greater 

influence on the dorsal hippocampus than the middle, both 

interneurons and pyramidal cells in the dorsal hippocampus increase 

their firing rates as a function of velocity compared to neurons in the 

middle hippocampus.  

 

4. Theta amplitude, recorded from the fissure, had a steeper relationship 

to velocity in the dorsal hippocampus. 

 

5. By defining place fields as phase shifts up to, but not exceeding 360°, 

the rate of phase precession is significantly correlated with place field 

size. Therefore, as place field size becomes larger, the distance 

required for the rat to move before the neuron precesses one degree, 

is greater. 
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6. Pyramidal cells in CA1 of either the dorsal or middle hippocampus can 

express multiple fields, implying that they can be members of distinct 

cell assemblies. When applying the definition of a single cycle of theta 

phase precession as the boundaries of a field, it was found that place 

fields can spatially overlap. Moreover, when the rat occupies the 

spatial location where the two fields overlap, the neuron fires twice 

within the theta cycle. 

 

7. Confirming previous reports (Csicsvari et al., 1998), we found putative 

monosynaptic coupling from pyramidal cells onto interneurons evident 

from short-latency peaks in cross-correlogram plots.  

 

8. In line with other research from the Buzsaki laboratory (Marshall et al., 

2002), we found that interneurons with putative monosynapic input 

from pyramidal cells inherit the spatial selectivity of their afferent cell.  

 

9. These data lead Buzsaki and colleagues to hypothesize that 

interneurons may also adopt the firing phase dynamics of their afferent 

place cells. We have confirmed their hypothesis demonstrating that 

interneurons in the dorsal and middle hippocampus, with putative 

monosynaptic connections with place cells, receive the spike phase-

position profiles of the pyramidal cell afferents.  
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10. The look-ahead can reliably be reconstructed with a novel population 

vector correlation analysis from relatively small populations of cells in 

the dorsal and middle hippocampus. Along with the increase in place 

field size along the dorso-ventral axis, the hippocampal look-ahead 

qualitatively covered a greater amount of distance in the middle 

hippocampus. 

 

11. By comparing the reconstructed look-ahead across different velocities, 

a trend became apparent: the look-ahead size increases with velocity, 

suggesting an increase in place field size by velocity. 

 

12. Plotting place field size by velocity for populations of neurons, it was 

made apparent that place field size is indeed an integral of the 

distance traveled during one inter-burst interval (as predicted by 

Maurer and McNaughton, 2007). The largest place fields were found at 

high velocity.  The confound, that place field size may be a function of 

spatial location, could not be controlled for, however.  

 

 “The mechanism of phase precession is not yet understood, and there is 
probably not yet enough data to enable us to figure it out. The most valuable 
single item of information would be a specification of a brain area in which 
precession originates (assuming there is one), but even when this is known, it is 
likely that a considerable amount of detailed information about the dynamics of 
neural activity will need to be obtained” (Skaggs, 1995)   
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To date, there is no consensus regarding the mechanism of theta phase 

precession. Two categories of models, however, remain standing. The intrinsic 

oscillation class suggests that the generation of phase precession resides in the 

ability of neurons to support oscillatory activity, faster than the local theta 

frequency, when depolarized. The second class is network models, where 

external, location specific information initiates firing within a network of 

asymmetrically connected neurons. As a result of the asymmetric connections, 

cells with fields representing locations ahead of the rat are activated by the 

location specific input. Prior to advocating support for one class of model over 

another, Skaggs (1995) suggested that future research should be geared 

towards the investigation of physiological properties in the entorhinal cortex. 

Skaggs hesitated on the “entorhinal endeavor”, perhaps preferring to investigate 

the preservation of temporal bias from behavior to sleep. Nonetheless, the 

discovery of grid fields, although delayed, still occurred. Moreover, neurons in 

layer II of the medial entorhinal cortex were found to exhibit theta phase 

precession. Based on the ability of stellate neurons to oscillate at frequencies 

around theta frequency (Alonso and Llinás, 1989), Skaggs considered the 

hypothesis that an intrinsic oscillation mechanism residing within the entorhinal 

cortex was the generator of phase precession. If entorhinal cells exhibited single 

fields (Mizumori et al., 1990; Quirk et al., 1992), similar to hippocampal place 

cells, then network models regarding the generation of phase precession would 
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have been dead in the water. There was, however, one single characteristic of 

grid cells that salvaged the network model. 

The neurons in the medial entorhinal cortex exhibited a robust periodicity 

in their spatial receptive fields. Only one model, a network class, predicted the 

existence of such cells (Samsonovich and McNaughton, 1997). Moreover, further 

investigations within the entorhinal cortex found cells with properties necessary 

for the model of Samsonovich and McNaughton (1997; e.g., “conjunctive cells”; 

for review, see McNaughton et al., 2006). Intrinsic oscillator models, however, 

have a great amount of difficulty in accounting for the periodic spatial receptive 

fields of grid cells. O’Keefe and Burgess (2005) propose that grid cells require 

the input of band cells, neurons with firing patterns that would resemble stripes 

across the environment. To date, the predicted existence of such a cell has not 

been validated (although “absence of evidence is not evidence of the absence”). 

This thesis has adopted the perspective that phase precession within the 

hippocampal formation is a network driven process. It is my opinion that this 

contentious debate is now coming to an end, however, and we should start to 

focus on new horizons. Neural networks are constructed from single cells whose 

activity depends on electrochemical gradients. These electrochemical gradients 

are, in turn, modulated via input. Suggesting that network activity is the sole 

generator of phase precession would be myopic and we will most certainly find 

that the intrinsic oscillation contributes to generating and/or perhaps pacing 

phase precession. With advances in computational processing, future 
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investigations should attempt to merge both the neural network models with 

membrane oscillatory processes in order to determine their interactive properties.  

While this thesis cannot lay to rest the network versus intrinsic oscillation 

debate, it does provide a significant compilation of “detailed information about the 

dynamics of neural activity” (Skaggs, 1995) within the dorsal and middle CA1 

regions. Moreover, the network level model presented in Chapter 3 provides 

predictions regarding the influence of upstream areas on downstream processing 

(such as the entorhinal to dentate gyrus projection). If this model proves to be 

incorrect, as it most assuredly will, then it has served its purpose- to be tested.  
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CHAPTER 9: FUTURE EXPERIMENTS AND RESEARCH AVENUES 

LEFT UNEXPLORED 

 Although the origin of theta phase precession still evades our compelte 

understanding, this field has benefited from research that has eliminated feasible 

explanations of the etiology of this phenomenon.  Shortly after the discovery of 

theta phase precession, neuroscientists understood that it was related to the 

slightly faster inter-burst interval of pyramidal cells relative to the hippocampal 

theta rhythm. With keen observation and sound rationale, Bruce McNaughton 

and Misha Tsodyks investigated the effects of removing the whiskers of a rat on 

phase precession. Perhaps the whisking frequency was slightly faster than the 

hippocampal theta rhythm, and the whiskers, providing strong sensory input to 

the hippocampus, could potentially move the hippocampal activity packet ahead 

of the rats’ actual position of space. The idea, however, did not pan out and 

hippocampal phase precession was intact in rats sans whiskers (McNaughton, 

personal communication). 

While in graduate school, I have been able to generate ideas for 

experiments that would potentially expand our understanding of the hippocampal 

network. For those that have been my sounding board for these ideas will most 

likely agree that, more often than not, the ideas sounded half-baked and\or full of 

confounds (see idea 1). Nonetheless, I would like to propose future experimental 

directions, beyond those previously mentioned, that one may find fruitful. If 
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anyone does find good fortune down these roads, an acknowledgement would be 

appreciated. “Ideas are cheap” (NSMA axiom) but execution is hard- the work is 

yours.  

9.1 The “Retro Rat” Experiment 

The idea is simple, the execution is outlandish, and the implications are 

far-reaching. Models concerning theta phase precession as a mechanism by 

which the hippocampus “sweeps forward” to active neurons with fields ahead of 

the rat, assume that a mechanism exists providing the hippocampus/entorhinal 

cortex with a trajectory (see McNaughton et al., 2006). Therefore, the activity 

“bump”, encoding the rat’s position in space, moves in the correct direction on 

the torus (the neural network responsible for “charting” the rat’s position). The 

candidate network responsible for providing the vector (direction and magnitude) 

of “look-ahead”, ensuring correct phase-position encoding within single neurons, 

are the velocity-modulated head direction neurons in the medial entorhinal 

cortex. For these reasons, I conducted a short and preliminary experiment 

decoupling movement direction from head direction by training a single rat to run 

backwards. With a little trial-and-error, the behavior is surprisingly simple to teach 

to a rat which looked fairly natural. The potential outcomes were that either (1) 

the hippocampal look-ahead swept from the rat’s nose towards the rats tail, 

preserving phase precession in all pyramidal cells but decoupling the look-ahead 

from head direction input,  or (2) the hippocampal look ahead moves from the 

rat’s nose towards locations ahead resulting in theta phase pro cession.  
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With respect to the first outcome, it would be necessary to investigate 

whether or not head-direction cells actually encode the rat’s true direction of 

movement. To my knowledge, no experiment has actually investigated whether 

the rat’s head direction or actual direction of movement was more crucial to the 

updating of the head direction cell network. Moreover, the two are so intertwined 

that it is possible to interpolate head direction only with position information 

localized to a single point (e.g., without an LED boom; Maurer, personal 

observation). Either the head direction cells actually encode direction of 

movement (and therefore, are not head direction cells) or they are truly head 

direction cells and play no important role in hippocampal phase precession 

(potentially problematic for the McNaughton et al., 2006 model).  

If, however, the hippocampal network sweeps ahead of the rat and 

opposite to the true direction of motion, then hippocampal neurons will phase 

process . This means that when a rat backs into the place field of a neuron, the 

neuron will initially fire early in the theta cycle and slowly transition to later and 

later phases. This should be evident by comparing the interburst interval 

frequency from the autocorrelogram to the average theta frequency. 

Unfortunately, the phase versus position plots- from just a few neurons 

recorded in the pilot rat- were ambiguous. These neurons did qualitatively have 

place fields, but were “noisier” than fields when the rat moved in the forward 

direction. With other data to examine and with only a few clean neurons to 

compare the interburst frequency to the theta frequency, I turned my attention 
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analyzing temporal compression by velocity. In retrospect, this experiment has 

great potential. 

9.2 Septal Modulation of Theta Frequency: Effects o n Phase Precession 

 Despite 70 years of research on the hippocampal theta oscillation (starting 

with Jung and Kornmüller, 1938), the computational function remains unknown 

(see Buzsaki, 2005 for review). One possibility is that the oscillation is 

epiphenomenal: a residual local field potential generated from unit activity. On 

the other hand, the theta oscillation may be the entire basis for memory encoding 

and storage, setting the responsiveness for unit activity through temporal 

modulation of membrane potential. By manipulating the theta oscillation and 

evaluating the effects on the single units, it may be possible to gain insight into 

theta’s true role in hippocampal processing.    

 A handful of studies have investigated the effects of reducing or abolishing 

the theta oscillation on hippocampal units either via transient inactivation of the 

septum (Mizumori et al., 1989), excitotoxic lesion of the septum (Leutgeb et al., 

1999), or lesioning the cholinergic units of the septum (Ikonen et al., 2002). 

These experiments, however, all yield different results in terms of their effect on 

hippocampal units and none investigated theta phase precession. Furthermore, 

with only a “normal” and a “disrupted” condition, it is difficult to determine how 

much the hippocampal network was insulted.  

By modulating theta over a range of frequencies, it should be possible to 

construct a range of responses from hippocampal unit activity. The slowing of 
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theta may be accomplished by injecting an Ih channel blockers into the septum 

(Kocsis and Li, 2004). These data, however, should be carefully considered as 

mounting evidence suggests that the septum is a conduit for transmitting theta 

into the hippocampus and not setting the frequency of the theta rhythm (see Pan 

and McNaughton, 2004 for review). Other potential sites of pharmacological 

intervention that have reduced the frequency of hippocampal theta in 

anesthetized animals are the supramammillary nucleus and the midbrain reticular 

formation (Kirk and McNaughton, 1993).  

Increasing hippocampal theta frequency can be accomplished via septal 

theta driving. Electrical stimulation of the septum at frequencies of ~7.7 Hz or 

greater results in theta of the same frequency in the hippocampus (Gray and 

Ball, 1970). A potential confound of septal theta driving exists, however, as 

inhibitory interneurons have different firing properties under normal and septal 

stimulation conditions (Scarlett et al., 2004).  

 By altering theta frequency, layer II entorhinal and hippocampal principal 

neurons will either respond to the change and alter their rate of phase 

precession, and therefore change their place field size or show no considerable 

change in their place field size, altering their spike phase-position relationships 

(such that phase precession is either distorted or abolished). It should be noted 

that these experiments will not provide any absolute answers into which model of 

phase precession is correct. One can only make conclusions regarding the 

influence of septal modulation on hippocampal phase precession.  
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9.3 Continuous Theta Activity and the Effect on Hip pocampal Units 

 I have been skeptical of any data or suggestions that theta is present, in 

normal intact rats, during periods when the rat is not moving (unless, of course 

the rat is in REM sleep). I am incredulous because, assuming theta is a harmonic 

oscillator (which it is most likely not; see Appendix A) where the frequency and 

amplitude are driven by movement, then when the rat stops, the remaining 

activity is brief and residual (e.g., a pendulum sans input will dissipate energy). 

Thus, what we are observing is not theta, but rather a transitory period.  

 Although along the lines of a “fishing expedition”, it may be productive to 

investigate what the hippocampal network would do if strong theta were present 

in the absence of movement. For example, is the preparedness for movement or 

theta more important for determining whether or not a place cells fires? One way 

to decouple the two would be to remove theta but induce movement. As 

discussed above, however, septal manipulations that alter theta have the 

potential for confounds. An alternative avenue would be to engage the rat in a 

behavior typically not associated with theta, such as eating and quiet 

wakefulness (Vanderwolf, 1969), then induce theta and determine if place cells 

still exhibit spatial selectivity. Other questions of interest include: Does the “look-

ahead” exist at all? If so, how far does the hippocampal network look-ahead in 

the absence of movement? Theta in the absence of movement can be elicited by 

lesioning or inactivating the median raphe nucleus, a brain stem region typically 

associated with the dysynchronization of hippocampal activity (Vertes and 
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Kocsis, 1997). Lesions of the median raphe result in a continuous theta that lasts 

for substantially long periods of time (greater than 2 weeks; Maru et al., 1979; 

Yamamoto et al., 1979). While early experiments exploited this manipulation, 

considerable advances have been made regarding hippocampal spike timing and 

oscillations. Thus, this avenue of research should be revisited.  

9.4 How to Alter Velocity Independent of Spatial Locati on 

 As noted in chapter 7, a confound existed in the study examining the 

effect of velocity on place field size. The rat behaved in such a stereotyped 

manner that velocity was highly correlated with position on the maze. Thus, an 

alternative explanation would be that place field size is modulated by spatial 

location. If one would want to revisit this issue, I propose two experimental 

avenues. 

 The first experiment involves training a rat to run on a liner track, 

constructed such that center segments could be removed, resulting in variable 

gap lengths (this ensures that food wells at either end of the track always 

maintain their spatial location to the external room, as opposed to a design where 

two segments of the track are pulled apart widening the gap). Assuming that the 

rat will behave in a manner similar to a human (which it may not), the rat will run 

faster when it needs to jump over larger gaps compared to smaller gaps. Thus a 

range of velocities should be sampled at a single spatial location.  

 An obvious flaw with this experiment is the assumption that “rats will 

behave like humans”. Avoiding pharmacological intervention (e.g., 
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methamphetamine into the striatum), another avenue would be posterior 

hypothalamic stimulation during linear track running. The running speed of a rat 

and the frequency of the hippocampal theta rhythm can be controlled by varying 

the stimulation intensity of the dorsomedial-posterior hypothalamus (Bland and 

Vanderwolf, 1972). For example, 4 volts of stimulation induced a running speed 

of ~10 cm per second in rat 34. Increasing the voltage resulted in a nearly linear 

increase of running speed with a running speed of ~70 cm per second at 8 volts 

(data estimated from Figure 5, Bland and Vanderwolf, 1972). Furthermore, the 

movement is not unguided (e.g. the rat would not run jump off of the maze if the 

posterior hypothalamus was stimulated, but rather run down the track; Bland and 

Oddie, 2001). Although this preparation is not without its flaws (assuming natural 

behavior is preferred), the fine grain control over the rats velocity provides the 

desired manipulation.  

9.5 Reverse Reactivation 

It is my opinion that reverse reactivation is potentially driven by motor 

cortex and posterior parietal cortex output prior to the onset of movement, driving 

the path integrator to update the hippocampal index during periods of SPWs 

(when the hippocampus is sufficiently depolarized).  Reverse reactivation is due 

to the hippocampus being in the wrong ‘attractor state’ and the posterior parietal 

cortex providing a vector of movement in allocentric space.  Specifically, given 

that reverse reactivation is seen following a track traversal, the rat must turn 

around in order to return.  The act of turning around updates the head-direction 
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system resulting in a different hippocampal attractor state (different place field 

expression; see Fuhs et al., 2005).  If the rat where facing the correct direction, 

and therefore was in the correct attractor state, and provided a vector of 

anticipated movement, forward reactivation would be the result. 

Two experiments are proposed along these lines. The first is to investigate 

the activity of posterior parietal neurons during SPWs that occur in behavior and 

determine if their activity recapitulates the pattern of activity during movement 

through space. Providing that the posterior parietal cortex is active during 

hippocampal SPWs in a manner consistent with activity during behaviors, the 

second test would be to lesion or inactivate the posterior parietal cortex. If it were 

indeed responsible for generating reverse/forward reactivation, then disruption of 

the posterior parietal cortex should either abolish of severely diminish 

reactivation during behavioral SPWs. 

9.6 LEC and the dentate 

 In chapter 3, a model was put forth, suggesting that place field expression 

by dentate neurons was simply the linear sum of medial and lateral entorhinal 

input. A direct test of this hypothesis would be to lesion the lateral entorhinal 

cortex and evaluate the degree of global remapping across multiple 

environments. In the absence of lateral entorhinal input, the neurons of the 

dentate gyrus should behave similar to neurons in the medial entorhinal cortex, 

maintaining their spatial relationship to each other across environments. A 
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second potential outcome is that granule cells become silent following lateral 

entorhinal lesions because a significant amount of excitatory input is removed.  

9.7 Grid cell conundrum 

Evident from the supplementary figures of Hafting et al. (2008, 

supplementary figures 16 and 17), grid cells are not bi-drectional on linear tracks. 

Bi-directionality, however, would be expected if the medial entorhinal cortex was 

charting the rats’ location in allocentric space. Furthermore, running on a hairpin 

maze results in “the grid structure [breaking] up into repeating patterns dictated 

by the hairpin turns. Firing fields emerged at similar distances between the start 

and end of each linear segment of the maze” (Derdikman et al., SfN 2006). 

Therefore, there is an alteration in grid field expression that occurs between 

random foraging conditions and linear environments. Future research is required 

to determine the underlying mechanism responsible for this duality in grid field 

expression. 

9.8 Supramammillary Bodies and the Hippocampus 

 There is a strong amount of evidence supporting the idea that the 

supramammillary nucleus supports hippocampal theta (For review, see Skaggs, 

1995 and Vann and Aggleton, 2004). Despite a strong projection from the 

supramamillary nucleus to the dentate gyrus (Vertes, 1992), however, 

hippocampal theta is abolished during septal inactivation (Mizumori et al., 1989). 

As mentioned previously, the supramamillary nucleus may have a role in 

determining the frequency of the hippocampal theta rhythm in anesthetized 
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animals (Kirk and McNaughton, 1993) Moving forward, it will be necessary to 

investigate the effect of supramammillary inactivation on the hippocampal theta 

rhythm in vivo and the effects on theta phase precession. 

9.9 Function of Nucleus Reuniens Projection to the Hippocampus.   

A powerful and direct connection between the thalamus and hippocampus 

exists, but little is known regarding its physiology or downstream effects in the in 

vivo animal. The nucleus reuniens of the thalamus, when stimulated, evokes 

greater field potentials in CA1 relative to stimulation of the contralateral CA3 

region (Bertram and Zhang, 1999). Other projections from the reuniens have 

been found to terminate in the molecular layer of the subiculum, layers I and III/IV 

of the lateral (LEA) and medial entorhinal cortex (MEA), the orbital/medial 

prefrontal cortices, and layer I of the perirhinal cortex (Wouterlood et al., 1990). 

Given that physiology research should be conducted in reference to anatomy, it 

is surprising that nothing is known concerning the role of the reuniens in 

hippocampal function in vivo.   
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APPENDIX A: HIPPOCAMPAL THETA SHOULDERS SHOUW DECRE ASED 

VELOCITYSENSITIVITY ALONG THE LONGITUDINAL AXIS OF THE 

HIPPOCAMPAL CA1 SUBREGION 

As all experiments in this thesis, the following project stems from the work, 

insights, and observations of Dr. Bill Skaggs and Dr. Bruce McNaughton: 

“Several observations suggest that theta may not be a smooth oscillation, but 

rather an alteration between two quasi-discrete states… the theta tuning curves 

for population pyramidal cell activity gives an appearance of bimodality…” 

(Skaggs, 1995) 

In order to examine the specific contributions of optic, vestibular and 

ambulatory self-motion signals to the hippocampal theta rhythm, Terrazas et al. 

(2005) trained rats to drive a small car between goal locations on a circular track. 

They found that the shape of the theta waveform was substantially altered 

between CAR DRIVING and WALKING. Moreover, they observed a prominent 

harmonic of the theta rhythm at 15-18 Hz that was strongly modulated by 

ambulation.  

For this study, the data were analyzed from the same 3 rats from previous 

studies in this thesis. Briefly, rats shuttled back and forth on two different tracks, 

one 167.5 cm in circumference, and the other 382 cm in circumference.  Rats ran 

unidirectionally around the smaller track, and bidirectionally around the large 

track, which was partitioned by a barrier at one point. Pyramidal and theta cells 
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were recorded from either the dorsal or middle hippocampus.  EEG was recorded 

in the dorsal and middle hippocampus near the CA1 pyramidal cell layer. 

 

Appendix Figure 1: Rat with an implanted “hyperdrive”, head-stage for 
amplification and cable connectors.  
 
Finding the average shape of the oscillation:  

In order to determine the average shape of the theta rhythm and the 

harmonic of theta, the raw EEG was filtered between 6 and 10 Hz (theta) or 15 

and 20 Hz (harmonic).  Next, all peaks of the filtered theta rhythm were found. 

Then, 200 points linearly spaced between the two peaks provide timepoints to 

resample the data. The resampled data was used for the analysis so each theta 

cycle had the same number of points even if the temporal duration of each theta 

cycle was variable. These 200 points were also interpolated onto the theta 

harmonic filtered EEG data as well as the raw EEG data. Depth of modulation 

plots were constructed as described by Skaggs et al. (1996). 
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Results  

 

Appendix Figure 2:  Depth of modulation in the dorsal and middle hippocampus. 
The top panel shows typical depth of modulation plots for a single dorsal and a 
single middle hippocampal dataset (29 and 43 pyramidal cells, respectively). For 
these examples, the dorsal pyramidal cell population had a depth of modulation 
of 0.42 whereas the middle hippocampal neurons had a depth of modulation of 
0.32. The second panel shows the mean depth of modulation scores across 3 
rats (students t-test;  p < 0.05).  
 

0 - 6 cm/s
6 - 12 cm/s
12 - 18 cm/s
18 - 24 cm/s
24 - 30 cm/s
30 - 36 cm/s
36 - 42 cm/s
42 - 48 cm/s
48 - 54 cm/s
54 - 60 cm/s

M
id

dl
e 

H
ip

po
ca

m
pu

s

0 3 6
-60

0

60

Theta-Cycle (radians)
0 3 60 3 6 0 3 6

A
ve

ra
g

e 
E

E
G

 
A

m
p

lit
ud

e 
(µ

V
)

-60

0

60

A
ve

ra
g

e 
E

E
G

 
A

m
p

lit
ud

e 
(µ

V
)

D
or

sa
l 

H
ip

po
ca

m
pu

s

Average Raw EEG Average Filtered 
Theta Harmonic

Average Filtered 
Theta

Σ of Filtered TH 
and Theta

Theta-Cycle (radians) Theta-Cycle (radians) Theta-Cycle (radians)  
 

180 360 180

0.022

0.026

0.03

0.034

Theta Phase

S
p

ik
es

 p
er

 T
he

ta
 C

yc
le

Dorsal 
Hippocampus

Middle 
Hippocampus

0.3

0.34

0.38

0.42

D
ep

th
 o

f 
M

o
d

ul
at

io
n

Dorsal Hippocampus Middle Hippocampus

*



249 
 

Appendix Figure 3:  Average EEG traces by velocity from the large track. The 
top row are data from the dorsal hippocampus and the bottom row are data from 
the middle hippocampus taken from the same rat on different days. The first 
column is the average raw EEG trace by velocity; second column is the data 
filtered for the theta harmonic (theta harmonic; 15-20 Hz); third column is the 
theta filtered data; and the fourth column is the sum of the filtered theta harmonic 
and filtered theta traces. Note that in the dorsal hippocampus, the theta harmonic 
and theta components contribute to the shape of the raw average traces.  

 

Appendix Figure 4:  The relationship between velocity and power for theta (left 
panels) and the theta harmonic (right panels) in the dorsal hippocampus (top 
panels) and the middle hippocampus (bottom panels).  
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Appendix Figure 5:  The above figure shows the mean intercept and slope for 
the relationship between velocity and power for theta (black) and TH (blue) in the 
dorsal and middle hippocampus. Lines were derived from the power versus 
velocity relationships shown in as shown in Figure 4.  

 
Appendix Figure 6:  Curves were derived from the data shown in Fig. 7. The 
relationship between the ratio of TH and theta and velocity is different between 
dorsal and middle CA1.  
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Discussion 

It has been proposed that two different, phase lagged theta current 

generators are responsible for the theta field potential (see Leung 1984; Buzsaki 

2002). Our data suggest that the relative contribution of these two generators to 

the overall theta amplitude changes as a function of location along the septo-

temporal axis.  In particular, one component is considerably more velocity 

dependent that the other, and it is the velocity-dependent component that 

declines significantly along the septo-temporal axis and is responsible for the 

generation of theta shoulders. Middle hippocampal pyramidal cells and 

interneurons are less sensitive to velocity than their counterparts in the dorsal 

hippocampus (Maurer et al., 2005). Here, we show that the power of theta 

harmonic is also differentially modulated by velocity between the dorsal and 

middle hippocampal regions. By finding the source responsible for the 

hippocampal theta shoulder, the nature and location of the self-motion signal 

may become evident.  
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