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1
Introduction
How does the brain represent and store abstract features of the external world or
correlates of behavior? The hippocampus seems to be an appropriate candidate
for studying such questions, as this brain region does not directly take part either
in sensory processing or in generating motor output but has been shown to be involved in establishing and maintaining the neural representation of such abstract
concepts as allocentric space and autobiographic memory. Are details of neuronal
firing, such as the timing of individual spikes in a spike train important for understanding the function of a brain region, or is it just the firing rate over several hundred milliseconds that matters? Though this is undoubtedly a controversial issue,
in the hippocampus at least the debate seems to be over: experimental evidence
suggests it uses both rate and temporal coding. Neural oscillations are ubiquitous in the nervous system, but are they mere epiphenomena, or are there ways
in which they could be exploited meaningfully for neural computations? Several
proposals have been made on the functional significance of brain rhythms, and the
answer may be different for each oscillation.
The questions posed in the previous paragraph are deliberately open ones. Obviously, only specific details of these issues can be studied in a scientifically sound
way. This dissertation focuses on the topic of rate and phase coding in the hippocampus: how they are coupled, what mechanism may account for this coupling,
and what roles theta oscillation may play in this process. To achieve this, formal
analyses and numerical simulations of mathematical models are performed, with
the aim of reproducing experimental data in as much detail as possible while constraining the model by using only biologically justifiable components.
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1.1 Ingredients
The following sections introduce the ‘key players’ of this dissertation: the hippocampus where most of the phenomena discussed take place, place cells from
which the single unit recordings modeled in following chapters were made, and
theta oscillation without which there would be no phase code in the hippocampus. This is really a chapter for beginners, not intended to give a critical review
of the issues covered, but rather to describe in brief the structures, processes and
concepts that will be referred to in later chapters. The advanced reader may just
simply skip it and continue with Section 1.2, where the discussion of phase precession starts.

1.1.1 Hippocampal basics
Hippocampus has been studied in great detail from all possible aspects of neuroscience from molecular biology through neuroanatomy, neuropharmacology and
electrophysiology to behavioral and computational neuroscience (Arbib et al.,
1998). The elementary information mentioned in this section is only that absolutely essential to understand the rest of this dissertation and that may not be
available in any standard neuroscience textbook (Kandel et al., 2000; Squire et al.,
2002). There are, of course, also interspecies and age differences in hippocampal organization which will be ignored here for simplicity and, unless otherwise
noted, only data on the adult rat hippocampus will be presented.
Gross anatomy
Hippocampus is the evolutionary ancient part of the telencephalic cortex, known
as archicortex or allocortex, located in the medial temporal lobes. (More precisely, archicortex is the hippocampal formation consisting of the hippocampus
proper [or Ammon’s horn, cornu Ammonis, CA], the dentate gyrus [DG] and the
subiculum.) It is also part of the circuit of Papez (1937), or the limbic system
(Broca, 1878; MacLean, 1952), and together with the entorhinal, perirhinal and
cingulate cortices forms the limbic cortex (Lopes da Silva et al., 1990). In this
text, perhaps somewhat contrary to sound anatomical terminology but in line with
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common usage (Arbib et al., 1998), ‘hippocampus’ refers collectively to areas CA
(CA1 and CA3, see below) and DG.
A transverse (coronal) section of the hippocampus reveals two C-shaped interlocking cell layers, the granular cell layer (stratum [str.] granulosum) of DG and
the pyramidal cell layer (str. pyramidale) of CA and subiculum, densely packed
of the somata of hippocampal principal cells (Ramón y Cajal, 1893). There are
two more layers in DG, one above str. granulosum: str. moleculare where dendrites of granular cells arborize, and one below: the hilus characterized by widely
scattered, polymorph neurons. The layers of CA, starting from the ventricular surface, are alveus, str. oriens, str. pyramidale, str. radiatum, str. moleculare and str.
lacunosum, the latter two often combined into a single str. lacunosum-moleculare.
This layered structure is reflected in many aspects of hippocampal anatomy: different pathways tend to form synapses in different layers, and many interneuron
subtypes synapse specifically in register with one or another of these pathways
(see below).
The larger C representing cornu Ammonis can be further divided orthogonal
to the layers into CA3, the area closest to the hilus of DG, and CA1 on the other
curve of the C, continuing through subiculum, pre- and parasubiculum to the entorhinal cortex (EC). Previously there have also been CA2 and CA4 areas defined
(Lorente de Nó, 1934), but in this work, following others (Lopes da Silva et al.,
1990), CA4 will be taken as the equivalent of the hilar region, and CA2 as part of
CA3.
Cell types
As noted above, the cell bodies of hippocampal principal cells, granule cells for
DG and pyramidal cells for CA, are located in str. granulosum and pyramidale.
Granule cell dendrites stretch out to str. moleculare, while pyramidal cells have
their main apical dendritic shafts in str. radiatum terminating in str. lacunosummoleculare, and basal dendrites in str. oriens. While all pyramidal and granule
cells are excitatory as their primary neurotransmitter is glutamate and form fairly
homogeneous cell populations, there are also inhibitory interneurons in the hippocampus: fewer in number (10-20%) but greater in diversity. Hippocampal in-
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terneurons, with only a very few exceptions, have -aminobutyric acid (GABA)
as their primary neurotransmitter. Interneurons rarely project outside the hippocampus (among the exceptions are septally projecting interneurons, see below). They can be classified based on in which layer their soma is, their dendritic
and axonal morphology, their secondary neurotransmitter or other neurochemical
marker content, their electrophysiological properties, firing patterns, etc (Freund
and Buzsáki, 1996). However, classifications based on different criteria may not
necessarily overlap (Parra et al., 1998; Maccaferri and Lacaille, 2003).
Principal and interneurons can also be distinguished electrophysiologically:
principal cells tend to fire wider action potentials, with a lower average frequency,
may show strong firing rate adaptation, and often fire in bursts, compared to interneurons. However, the firing pattern of cells also varies as a function of the
‘global state’ of the hippocampus, reflected in hippocampal rhythms (Section
1.1.3).
Connections with other areas
Cortical input to hippocampus arrives almost exclusively through the perforant
path (or temporo-ammonic pathway) originating in the superficial layers of EC
and forming synapses in strata moleculare and lacunosum-moleculare both on the
principal cells of all regions (CA1, CA3, DG), and on interneurons (feed-forward
inhibition). Note that EC itself, through its extensive connections with high-order
sensory areas of each modality, receives already pre-processed multimodal information. The bulk of hippocampal efferents originate from CA1 pyramidal cells
projecting to the subiculum, or back to the deep layers of EC.
The hippocampus has extensive connections with subcortical structures, among
them are other parts of the limbic system, the thalamus and the brain stem reticular formation. These pathways often, but not always, use transmitters other than
glutamate or GABA and have modulatory effects conveyed by metabotropic receptors rather than fast acting ionotropic receptors. Among the most important of
these pathways are the reciprocal connections with septum: hippocampus receives
cholinergic and GABAergic connections from the septum (see also in Section
1.1.3) and both principal and interneurons send back their axons to the septum.

1. INTRODUCTION

5

Internal circuitry
The hippocampus has an internal excitatory circuitry, often referred to as the hippocampal (trisynaptic) loop. Granule cells in DG receive synapses from the perforant path, and send mossy fibers terminating in str. radiatum on the proximal
apical dendrites of CA3 pyramidal cells. CA3 pyramidal cell axons give recurrent
collaterals to CA3 pyramidal cells and the Schaffer collaterals to CA1 pyramidal
cells, terminating in the distal two-third of str. radiatum and in str. oriens.
Beside the classic trisynaptic loop, there is also a bisynaptic recurrent network in DG, composed of granule and mossy cells, and a weak back-projection
from CA3 to mossy cells also exists. Inhibitory cells often have extensive axon
arborization, usually staying within the boundary of a given region, and sculpt
hippocampal activity both by feed-forward and feed-back inhibition.
Plasticity
One of the milestones in hippocampus research, and probably in neuroscience
in general, was the discovery of that synaptic transmission in the perforant path
could be potentiated following a brief period of intense (so-called tetanic) stimulation, and this potentiation lasted for a long time, presumably because of the
strengthening of the synapses involved (long-term potentiation, LTP, Bliss and
Lømo, 1973). The properties of LTP were in many respects identical to those necessary for synaptic memory formation as predicted earlier on a purely theoretical
basis by Hebb (1949). Thus LTP quickly gained recognition as the neural basis of
memory formation (Bliss and Collinridge, 1993; Martin et al., 2000), but exactly
how much and in what ways these two are related, if at all, is still a matter of
intense debate (Hölscher, 1999).
Since its original discovery, there has been substantial progress in both characterizing LTP and understanding the cellular-molecular events underlying its induction, expression and maintenance. Among the most important advancements were
the discovery of its counterpart, long-term depression, LTD (Lynch et al., 1977),
by which synaptic connections can weaken; the description of both LTP and LTD
in several synapses of the hippocampus and other brain regions, including neocortex, and in several different preparations from in vitro to the freely behaving
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animal; and the identification of N-methyl-D-aspartate (NMDA) receptors (a family of glutamate receptors) as playing a key role in many cases, but not always, in
the induction of LTP by allowing calcium influx into the postsynaptic cell (Martin
et al., 2000). Further aspects of LTP will be discussed in the following sections.
Function
There are almost as many theories about the function of the hippocampus as researchers dealing with it. Two theories, however, seem to have received the most
support from empirical evidence.
One line of evidence, starting with the description of case H. M., a patient
who had serious amnesia after the lesioning of both of his hippocampi and some
of the surrounding cortices (Scoville and Milner, 1957), supports that hippocampus is central to mnemonic processes (Eichenbaum, 2000a). Several lesion studies
followed, and these studies, more recently together with functional imaging data
and experiments on genetically modified animal strains, confirmed the central role
of hippocampus in memory. It is also generally agreed that hippocampus is not
necessary for procedural memory by which (motor) skills are acquired. There
has, however, still not been a conclusion reached as to whether the functioning
of hippocampus is essential for both memory of events and facts (episodic and
semantic memory, respectively) but only within a limited time period after acquiring new information (Squire, 1992), or it is more specialized in processing
episodic memory but this contribution lasts for the whole lifetime of the organism
(Nadel and Moscovitch, 1997). It is also important to note that there are numerous
studies linking hippocampal plasticity at the neural level, namely LTP and LTD,
to memory expressed at the behavioral level (Martin et al., 2000), but alternative
interpretations of most of these experiments also exist (Shors and Matzel, 1997).
Another prominent theory states that hippocampus is central to navigation by
maintaining a cognitive map of the spatial layout of the environment (O’Keefe and
Nadel, 1978), and that this cognitive map, by adding a temporal component, may
even account for language abilities in humans (O’Keefe and Nadel, 1978). As this
theory is largely based on data from place cell experiments, it will be discussed in
greater detail in the following section.
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1.1.2 Rate coding: hippocampal place cells
Hippocampal place cells were discovered by O’Keefe and Dostrovsky (1971) as
cells of the hippocampus that fire whenever the animal is in a particular location of
the environment, the ‘place field’ of the cell. Soon the concept of ‘Hippocampus
as a Cognitive Map’ (O’Keefe and Nadel, 1978) was established which stated
that the role of the hippocampus is to construct a map of the environment which
can then aid the animal to flexibly navigate through it, just as Tolman (1948)
postulated the existence of such a map in the ‘rat’s brain’.
Since the first observations, experimental techniques became increasingly sophisticated (McNaughton et al., 1983; O’Keefe and Recce, 1993), but the principle
of place cell recording did not change much. The activity of single units (identified
as single cells) is recorded while the rat is moving around in an environment, and
the location of the rat is recorded each time a spike is fired by a cell. Spikes of a
cell are thus binned to spatial locations, and dividing the number of spikes in each
bin by the overall time the rat spent in that bin during exploration yields average
firing rates as a function of position (Fig. 1B). Firing rate tuning curves obtained
in this way usually have a center associated with high firing rates and a periphery
where the cell tends to fire less, often approximated by a bell-shaped curve, but
exceptions to this rule, such as ‘double place fields’, were also observed.
Two properties of place cells have made them particularly appealing subjects
for neuroscientific investigations. (1) Place cells appear to signal an abstract concept such as allocentric location (location in a world-based coordinate system)
which is not directly related to either sensory input or motor output, in line with
the anatomical location of hippocampus being remote from primary sensory or
motor cortices, and thus seem to offer an opportunity to gain insight into higher
cognitive functions on the level of single neurons. (2) Despite its abstractness,
space is easily quantifiable and spatial correlates indeed appear to account even
for quantitative details of place cell firing (O’Keefe, 1999).
The aim of this section is not to give an exhaustive review of the vast literature
that has been accumulated on place cells in the past decades, but rather to summarize their basic characteristics, discuss some of their aspects that researchers have
only recently started investigating and some that are under intense debate.

1. INTRODUCTION

8

Evidence supporting that place cells are part of a cognitive map
Place cells were first identified electrophysiologically as complex burst cells (Ranck,
1973), and later anatomically as the pyramidal (Fox and Ranck, 1975) and granule (Jung and McNaughton, 1993) cells of the hippocampus. (Interneurons were
described as theta cells [Ranck, 1973; Fox and Ranck, 1975], firing at higher
frequencies and more locked to theta, see also Section 1.1.3) Place cells were
observed in different environments, open fields, elevated platforms, linear, triangular, rectangular and circular tracks, T-, Y-, plus and radial mazes, where the
rat was free to move in one, two, or in one case even three dimensions (for reviews see O’Keefe and Nadel, 1978; Redish, 1999; Best et al., 2001; Sharp, 2002).
They were also recorded during different behavioral protocols, from random exploration to the execution of highly stereotyped trained movement sequences. In
any given environment only a small fraction of possible cells are active, estimates
ranging between 15-30% (Thompson and Best, 1990; Wilson and McNaughton,
1993). The dedication of place cells to signaling spatial position is well demonstrated by the observation that the position of the animal can be predicted with
a 1 cm precision from the activity of approximately 140-1000 active cells in an
environment (Wilson and McNaughton, 1993; Zhang et al., 1998). This, together
with the several thousand pyramidal cells in CA, also indicates a high degree of
redundancy, or robustness, in the place cell code.
Place cells do not seem to be dependent on any single modality (Maaswinkel
and Whishaw, 1999; Poucet et al., 2000; Save et al., 2000), and robust place field
related activity was recorded in deafened and blind-folded rats (Hill and Best,
1981; Save et al., 1998), in the absence of vestibular input during space flight
(Knierim et al., 2000), and in the absence of self-motion cues (Foster et al., 1989).
Furthermore, although place fields seem to be under the control of salient landmarks in the environment (see below), they do not depend on the presence of any
single cue (O’Keefe and Conway, 1978). Yet, place cells quickly develop their
place fields when the rat is placed into a new environment, although different results were obtained as to whether this happens within seconds (Hill, 1978) or takes
several minutes (Wilson and McNaughton, 1993). Once established, place fields
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persist for practically as long as a stable recording can be obtained, in one case it
was 153 days (Thompson and Best, 1990).
Contrary to most sensory systems, place cells do not form topographical maps
in the sense that anatomically proximal cells do not necessarily have nearby place
fields in the environment (Redish et al., 2001). Apparently, for each environment
a different but potentially overlapping subset of place cells develops place fields,
and topography of place cell representation is not present even in a more subtle
sense: cells coding nearby positions in one environment can have distant place
fields in another environment, and vice versa (Kubie and Ranck, 1984; Guzowski
et al., 1999). Nevertheless, place cells can be regarded to provide some sort of a
map, as long as their representation changes in a coordinated way (Eichenbaum,
2000b).
Indeed systematic manipulations of the environment revealed that on one hand,
small gradual changes in cue locations, such as the rotation of cue cards, or the
platform under the rat, or scaling one or both sides of a rectangular arena, resulted
in place field changes that preserved the geometrical relationship between environment (cues) and place fields and thus also that between different place fields
(Muller and Kubie, 1987; O’Keefe and Burgess, 1996). On the other hand, more
substantial or abrupt changes in environmental variables, such as scrambling of
cues, lead to unpredictable changes in place cell activity (‘remapping’), just as if
the rat had been placed in a new environment (Muller and Kubie, 1987; Kentros
et al., 1998). Although it has also been observed that cues may exert their influence on place fields differentially, depending on their proximity (Cressant et al.,
1997, 1999), and proximal cues usually affect only those place fields that are in
their immediate vicinity (Muller et al., 1987), these accounts are still compatible
with the notion of a unified place cell map.
If place cells provide the animal with a cognitive map, then performance in
spatial tasks should depend on the integrity of place fields. Note that it is a different and more stringent criterium than requiring hippocampal involvement in
spatial behavior that could be, and indeed was demonstrated by lesion studies (for
reviews see O’Keefe and Nadel, 1978; Redish, 1999). When rats were trained
to select an arm of a radial maze indicated by cues that were rotated to another
position before every trial, place fields followed the cues, as in the experiments
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discussed above, and in those few cases when place field transition did not occur
properly the rat made an error selecting the arm corresponding to the incorrect
place field map (O’Keefe and Speakman, 1987). In another study, the effect of
septal lesion on trial-to-trial place field activity correlated with both the size of
the lesion and impairment in spatial working memory (Leutgeb and Mizumori,
1999). In a recent experiment, NMDA receptors were selectively knocked out
in CA3 in a transgenic mouse strain (Nakazawa et al., 2003). These mice also
showed impairment in spatial working memory and in place field integrity in a
novel environment, and when place fields became more reliable after one day
familiarization with the environment it was paralleled with an improvement in
performance (Nakazawa et al., 2003).
Evidence challenging the cognitive map theory
Soon after the discovery of place cells it was recognized that the firing rate of
these neurons may also depend on other variables than just the spatial location
of the animal. In environments where the movement of the animal is restricted
to one dimension, such as on a linear track, or in such parts of an environment,
as the arms of a radial maze, each place cell has a preferred direction of movement, and when the animal is traversing its place field opposite to a cell’s favored
direction, the cell remains silent (McNaughton et al., 1983; Wiener et al., 1989;
Bostock et al., 1991; O’Keefe and Recce, 1993). Direction-selective place fields
were also demonstrated when the environment was two-dimensional but the animal was trained to strictly follow given trajectories (Markus et al., 1995). In other
studies an almost linear relationship between the running speed of the rat and
the firing rate of place cells was demonstrated (McNaughton et al., 1983; Wiener
et al., 1989; Czurkó et al., 1999), and firing of some cells seemed to depend on
the animal’s turning direction (Wiener et al., 1989), finding an unexpected or not
finding an expected object at a given location (‘misplace cells’; O’Keefe, 1976),
or approaching a goal independent of its spatial location (Ranck, 1973; Gothard
et al., 1996). These correlates, though not equivalent to location, are closely tied
to spatial behavior, and thus may still be reconcilable with a predominantly spatial
function of the hippocampus.
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A complete remapping, however, could occur even in the same environment
with cues unaltered, if the behavior or the task of the animal changed, or as it
executed subsequent stages of the same task (Wiener et al., 1989; Markus et al.,
1995). Furthermore, place cell firing depended on past and future movement sequences of the animal in a portion of the environment where speed and direction
of movement otherwise remained constant across trials (Wood et al., 2000). These
and similar results led many researchers to hypothesize the existence of multiple
reference frames or charts (Gothard et al., 1996; Samsonovich and McNaughton,
1997; Battaglia and Treves, 1998). In a given reference frame, place cell activity
would still be coherent, in the sense that only small geometrical transformations
or abrupt complete remappings are possible, both type of transitions affecting all
cells. A remapping can occur due to environment changes or for other reasons,
as in the studies discussed above, but in any case it should result in a change in
reference frame, when another ‘map’ is selected.
Even this multiple map scenario seems to be at odds with findings that demonstrated partial remapping in some situations. Partial remapping resulted in some
cells preserving their place fields, while others loosing them or developing new
fields. It could occur in response to environmental manipulations (Tanila et al.,
1997), or in ambiguous environments where the rat could shuttle between two
virtually identical boxes (Skaggs and McNaughton, 1998).
Furthermore, hippocampal cells have long been known to change their firing
rates in relation to task variables even in simple non-spatial conditioning tasks (for
a critical review, see O’Keefe, 1999). In a sophisticated study, specifically aimed
to assess the degree to which hippocampal principal cells are bound to spatial or
non-spatial variables, the influence of non-spatial variables was shown to be at
least as strong as that of the location of the animal (Wood et al., 1998).
Finally, several studies point to a weak correlation between place field activity
and performance in a spatial task. In the lesion study described above (Leutgeb
and Mizumori, 1999), basic properties of place fields, such as specificity were unaltered, only trial-to-trial variability increased, and performance was still severely
diminished. Although inactivation of septum disrupted place fields in CA3 but
not in CA1, it resulted in behavioral impairment in a spatial working memory task
(Mizumori et al., 1989). Lesioning of DG did not disrupt place fields in CA3
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and CA1, but greatly impaired spatial learning (McNaughton et al., 1989). (Note
that the output region of the hippocampus is CA1, as discussed in Section 1.1.1.)
Knocking out NMDA receptors selectively in CA1 did not result in place field
changes (McHugh et al., 1996) but lead to memory impairment in spatial working memory task (Tsien et al., 1996; Wilson and Tonegawa, 1997). Interestingly,
to our knowledge there have been no studies to date showing unimpaired performance in a spatial task in face of deterioration of CA1 place fields.
Place cells and plasticity
A potential way to converge the memory and the cognitive map accounts of hippocampal function could be to link place cell and plasticity phenomena. However,
results in this field have not yet provided a clear picture.
Place fields developed normally in the presence of NMDA receptor-antagonists
in a novel environment, but were not reliably reestablished on the next day (Kentros et al., 1998). The same instability of these place fields occurred even after
a short period with lights switched off (Shapiro and Eichenbaum, 1999), a manipulation otherwise known to have no significant effect on place fields (Quirk
et al., 1990). As described above, knocking out NMDA receptors in CA3 resulted in poor place fields (and performance) in novel environments, but quality
of place fields (and performance) improved with familiarization with the environment. NMDA receptor knock-out in CA1 resulted in a slight increase in place field
sizes but otherwise no differences were observed compared to control animals
(McHugh et al., 1996). In a recent study, induction of LTP by tetanic stimulation
lead to partial remapping of place fields (Dragoi et al., 2003). It is not obvious
what conclusions can be drawn on the role of plasticity in place field formation
based on these studies, especially when also considering the somewhat controversial observations on the speed of place field development in a novel environment
discussed above.
There is, however, a more subtle aspect of place field development which
seems to have better established links with plasticity. When rats were trained
to run on a triangular or rectangular track and place fields were analyzed on each
lap separately, changes in both the location and size of place fields were observed:
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their size increased and their center of mass shifted backwards relative to the rat’s
direction of motion (Mehta et al., 1997). The asymmetric expansion was asymptotic, saturating within 10-15 laps, and experience-dependent because place cells
having just expanded their place fields in one environment restarted the expansion in a new environment if they had place fields there too, but resumed their
expanded fields if the rat was replaced to the already familiar environment (Mehta
et al., 1997). A subsequent study demonstrated that the skewness of the firing rate
tuning curve also changes with experience, in line with the assumption that these
changes are caused by Hebbian plasticity in feed-forward connections to place
cells (Mehta et al., 2000). The authors concluded that these changes may underlie a predictive coding scheme in which place cells gradually ‘learn’ to anticipate
the location of the rat more and more into the future (Mehta, 2001). Experiencedependent changes were shown to be attenuated in aged rats (Shen et al., 1997),
and to depend on NMDA receptor-mediated transmission (Ekstrom et al., 2001),
confirming that intact synaptic plasticity is necessary for this phenomenon. There
is, however, a limitation to these studies: experience-dependent changes were
only reported in one-dimensional environments, where place fields were repeatedly visited from always the same direction; and there is also an often neglected
aspect of this phenomena that seems to be at least non-trivial to explain: the expansion of place fields restarted on each day even in familiar environments (Mehta
et al., 1997, 2000; Ekstrom et al., 2001).
Cells with spatial correlates outside the rodent hippocampus
To conclude the discussion of place cells it is important to note that cells with
spatially selective activity were also described outside the hippocampus. Cells in
both the superficial and deep layers of EC, being the main input and output stations of hippocampus, have place fields, although these fields are significantly less
place-specific than those of hippocampal place cells (Barnes et al., 1990; Mizumori et al., 1992; Quirk et al., 1992), do not show topography-breaking remapping
on transition into a different environment as hippocampal place cells do (Quirk
et al., 1992), and (at least those in deep layers of EC) signal common features
of similar trajectories rather than differences between them (Frank et al., 2000).
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Subicular place cells have also been recorded, and appear to be similar to EC
place cells in most respects (Barnes et al., 1990; Sharp and Green, 1994; Sharp,
1999). In one study, some parasubicular cells showed weak location-specific activity (Taube, 1995). In addition, cells signaling the head direction of the animal
were observed in several brain regions, including the subicular complex, thalamic
nuclei, and other structures, most of them having close anatomical connections
with hippocampus (for a recent review, see Blair and Sharp, 2002). Space is also
represented in the posterior cortex, but instead of being in a world-based coordinate system (allocentric) this representation is egocentric, i.e., its reference point
is the individual (for a review, see Colby and Goldberg, 1999).
An important and much debated question is how much our knowledge on rodent place cells is applicable to other species, such as primates and humans. Although there is evidence for the involvement of the human hippocampus in solving
spatial tasks (O’Keefe and Burgess, 1999), primate data on the single cell level
seems to be ambiguous: some investigators reported rodent-like place cells in
monkey (Ono et al., 1991), while others described cells as ‘spatial view cells’ that
coded in an allocentric representation where the animal was looking independent
of the location of the animal (Rolls, 1999).

1.1.3 Theta oscillation in the hippocampus
Neural oscillations were first described as periodic signals in the electroencephalogram (EEG) trace of humans (Berger, 1929). As with any time series data, EEG
signals can also be transformed to the frequency domain and subject to power
spectrum analysis, which yields in principle a continuous function showing the
relative contribution of each frequency component to the signal. The observation
that some frequencies in the EEG power spectrum are predominant compared to
others, and that different frequencies dominate under different behavioral states,
such as different stages of sleep and wakefulness (Dement and Kleitman, 1957),
led to the classification of EEG frequencies as distinct rhythms. These rhythms
are generally thought to reflect the synchronous activity of large populations of
neurons, or synapses, and therefore offer a way of measuring large scale neural
activity in a given region. As the technique of EEG recording has been available
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since the beginning of the 20th century (Berger, 1929), it offered one of the first
non-invasive methods to link behavior to brain.
The same year Scoville (1954) published initial observations on H.M., Green
and Arduini (1954) described rhythmic EEG activity in the hippocampus of animals during arousal, although the existence of such an oscillation had already
been hinted by earlier studies (Saul and Davis, 1933; Maclean et al., 1952). Since
then, an enormous body of results have been published on theta oscillation, which
will not be reviewed here in detail, as it clearly falls outside of the scope of this
dissertation. (For reviews on different aspects of theta see Bland, 1986; Stewart and Fox, 1990; Klimesch, 1999; Bland and Oddie, 2001; Kahana et al., 2001;
Buzsáki, 2002.) Below follows a brief summary of electrophysiological events
characterizing theta rhythm, the ways it influences synaptic transmission in the
hippocampus, its proposed generating mechanisms, behavioral correlates, and the
possible functions it may play in cognitive processes.
Electrophysiological characterization
Theta oscillation is a prominent, large amplitude (>1 mV) field potential oscillation, or EEG signal, in the 4-12 Hz frequency band in the rat hippocampus
(Stewart and Fox, 1990). Although most easily recordable from rodents, it has
also been demonstrated in several other species (Green and Arduini, 1954; Robinson, 1980), including humans (Niedermeyer, 1999; Bódizs et al., 2001). Theta
can be recorded from all regions of the hippocampal formation. The phase and
amplitude of theta changes according to the ‘depth’ of the extracellular recording
site, i.e., the layer of the hippocampus in which it is recorded from (Winson, 1974;
Buzsáki et al., 1983, 1986; Bragin et al., 1995), but not along the long axis of the
hippocampus (Fox et al., 1986; Bullock et al., 1990).
The average discharge rate of different cell types changes according to whether
the hippocampus is in theta or non-theta mode: principal cell activity decreases,
while most interneurons increase or do not change their firing rates during theta
(Buzsáki et al., 1983; Csicsvári et al., 1999), although so-called theta-off interneurons that go silent under theta have also been found (Buzsáki et al., 1983; Mizumori et al., 1990b; Csicsvári et al., 1999). Yet such a large amplitude extracellular
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oscillation as theta is only possible if elements of neuronal populations are synchronized, at least to some degree, on the time scale corresponding to its frequency
band. The activity of hippocampal principal cells as well as most of the numerous types of hippocampal interneurons was indeed shown to be theta modulated
(Skaggs et al., 1996; Csicsvári et al., 1999; Klausberger et al., 2003). Theta modulation is also observable at the level of membrane potential oscillations (Ylinen
et al., 1995; Kamondi et al., 1998). Note that this phase locking to a common
‘clock signal’ results in a unique order in which neurons of different classes tend
to fire after each other during each theta cycle.
Changes in hippocampal dynamics
Not only neurons change their activity level during theta, but one line of evidence
supports that synaptic transmission in hippocampal pathways is also selectively
up- or downregulated during theta-related states. Early experiments indicated
that transmission within hippocampal circuitry may also be modified during theta
(Winson and Abzug, 1978). During theta oscillation, superficial but not deep layers of the entorhinal cortex, constituting the main cortical afferent and efferent areas of the hippocampus, respectively, show extensive neuronal activity (Chrobak
and Buzsáki, 1994). In contrast, during non-theta states, sharp waves (see below)
are generated within the hippocampus and spread back to deep layer entorhinal
neurons (Winson and Abzug, 1977). Although exploration induced increases in
perforant path-DG transmission were also observed, those were found to be independent of EEG state (Green et al., 1990).
These effects are likely to stem from cholinergic modulation (Hasselmo, 1999),
based on the observation that theta is associated with elevated levels of acetylcholine (ACh) (Kametani and Kawamura, 1990; Marrosu et al., 1995), and that
the level of ACh covaries with the amplitude of theta (Marrosu et al., 1995; Monmaur et al., 1997), while cholinergic blockade reduces it (see below). In turn,
ACh, mainly by acting on presynaptic receptors (Hounsgaard, 1978; Valentino
and Dingledine, 1981), suppresses synaptic transmission at most intrahippocampal synapses, such as commissural connections between contralateral dentate gyri
(Brunner and Misgeld, 1988), mossy fiber terminals on CA3 (Williams and John-
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ston, 1990), CA3 recurrent collaterals (Vogt and Regehr, 2001), CA3-CA1 Schaffer collaterals (Hounsgaard, 1978; Valentino and Dingledine, 1981; Rovira et al.,
1982, 1983; Dutar and Nicoll, 1988; Herreras et al., 1988; Sheridan and Sutor,
1990; Hasselmo and Schnell, 1994), partly suppresses entorhinal input to DG
(Yamamoto and Kawai, 1967; Brunner and Misgeld, 1988; Kahle and Cotman,
1989), but have no effect on direct entorhinal input to CA3 or CA1 (Hasselmo
and Schnell, 1994). These effects together were taken to suggest that the hippocampus mainly functions in a ‘feed-forward’ mode during theta, driven by its
entorhinal inputs and not by its intrinsic dynamics (Hasselmo, 1999).
Due to the increased level of interneuronal activity during theta (Buzsáki et al.,
1983), at least partly attributable to cholinergic depolarization of interneurons,
GABA is also suggested to be abundant in this state. Application of the GABA
receptor agonist baclofen was shown to effectively suppress synaptic transmission
through presynaptic receptors in hippocampal synapses (Vogt and Regehr, 2001),
with a time course that was an order of magnitude faster than that of cholinergic
suppression, and thus potentially capable of conveying phasic modulatory effects
(Hasselmo and Fehlau, 2001). Phasic modulation of CA3 to CA1 transmission
was indeed observed during theta, together with a tonic suppressive effect (Wyble
et al., 2000).
Consistent with many hints on the involvement of theta oscillation in mnemonic
processes (see below), theta oscillations were also found to modulate synaptic
plasticity in the hippocampus. Indirect evidence came from studies demonstrating
that stimulation consisting of a few pulses repeated at theta frequency (so-called
theta burst stimulation), but not at lower or higher frequencies, were effective in
inducing LTP (Larson and Lynch, 1986, 1989; Larson et al., 1986; Greenstein
et al., 1988). More direct evidence was provided by experiments in which LTP
or LTD could be induced depending on that brief bursts of stimulation used for
induction were delivered on the peaks or troughs of the theta cycle, respectively,
in vitro (Huerta and Lisman, 1993, 1995), in vivo in anesthetized (Pavlides et al.,
1988; Hölscher et al., 1997) and freely behaving animals (Orr et al., 2001).
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Rhythm generating mechanisms
Although many studies addressed the generating mechanisms of theta, the source
of the rhythm has not been conclusively resolved (Buzsáki, 2002). The ‘classic’
theta model posits that the locus of rhythmogenesis is the medial septum-diagonal
band of Broca (MS-DBB), and hippocampus merely follows its septal pacemaker
input (Petsche et al., 1962). Consistent with this, single MS-DBB units were
found to fire phase-locked to hippocampal theta in anesthetized animals (Petsche
et al., 1962), even in the absence of inputs from the hippocampus (Vinogradova
et al., 1980) or hippocampal theta (Stewart and Fox, 1989), lesions of MS-DBB
abolish theta throughout the entorhinal-hippocampal axis (Petsche et al., 1962;
Vinogradova et al., 1980). In addition, GABAergic MS-DBB neurons selectively
innervate GABAergic interneurons of the hippocampus (Freund and Antal, 1988),
and thus are capable of rhythmically disinhibiting hippocampal pyramidal cells
(Tóth et al., 1997), that, together with the tonic depolarization provided by the
cholinergic component of the septo-hippocampal projection (Frotscher and Leranth, 1985; Madison et al., 1987), could drive pyramidal cells at theta frequency.
However, several findings challenge the validity of this view: MS-DBB units
that fire phase-locked to theta in the freely behaving animal are not synchronized
to each other, and their phase preferences have a wide distribution over the theta
cycle (King et al., 1998). A detailed analysis of current generators in the hippocampus revealed a rhythm generator in CA3 (Kocsis et al., 1999), and in line
with this study, theta could be induced in isolated hippocampal slices in vitro by
the ACh agonist carbachol (Chapman and Lacaille, 1999b; Nuñez et al., 1987), although its properties differed from the in vivo rhythm is many respects (Williams
and Kauer, 1997). A recent study by Gillies et al. (2002) showed that theta could
be induced by a metabotropic glutamate receptor agonist in the hippocampal slice
consisting of CA1 only. This seemed to be a better in vitro model of atropine resistant theta, as the phase relationships of neurons belonging to different cell populations and the pharmacological profile of the oscillation were consistent with
those recordable in vivo. Intrinsic oscillatory properties of pyramidal cells and of
interneurons (Nuñez et al., 1987; Chapman and Lacaille, 1999b), as well as possible intrahippocampal network mechanisms (Kiss et al., 2001; Orbán et al., 2001)
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may also promote septum-independent theta generation. A ‘pre-septal’ scenario
for theta genesis was also suggested, in which the septum itself is paced by other
lower-level structures in the brain stem and the diencephalon (Vertes and Kocsis,
1997). Finally, one must be aware of that different types of theta (see below) may
easily have different generating mechanisms.
Behavioral correlates
Theta oscillation is not present continuously in the hippocampus, and a natural
way to define conditions on its occurrence is to describe its behavioral correlates, i.e. to identify the elements of the behavioral repertoire of the animal that
are accompanied by theta. Power in the theta band of hippocampal EEG was
found to increase during all kinds of preparatory (as opposed to consummatory)
behaviors (Sherrington, 1897): voluntary movement (Vanderwolf, 1969), orienting (Gavrilov et al., 1995), exploration of the environment (Komisaruk, 1970;
Macrides, 1975) (even without vestibular inputs, Dees et al., 2001), and during
rapid-eye-movement (REM) sleep (Jouvet, 1969). Frequency of theta was found
to be correlated with the running speed of the animal (McFarland et al., 1975;
but see Shin and Talnov, 2001). Theta was also found to be phasically coupled
to sniffing (Forbes and Macrides, 1984) and other rhythmical behavior (Komisaruk, 1970). Further behaviors often associated with theta are described among
its cognitive correlates below.
However, theta oscillations recorded under different conditions have different
characteristics. On the basis of pharmacological sensitivity to a muscarinic AChreceptor blocker, atropine, two types of theta could be distinguished: atropinesensitive, in the anesthetized animal, and in the slice induced by carbachol; and
atropine-resistant, in the awake, walking rat (Kramis et al., 1975; Vanderwolf,
1975). The atropine-resistant component was shown to be sensitive to urethane,
ketamine, and other NMDA-receptor blockers, as well as to the lesion of the entorhinal cortex, and thus seems to depend critically on an intact entorhinal input
(Buzsáki et al., 1983; Ylinen et al., 1995; Buzsáki, 2002). These two types of
theta oscillations differ in frequency, in the phase relationship that cells maintain relative to field theta, and in the distribution of current sources and sinks as
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revealed by current source density analysis (reviewed in Buzsáki, 2002). It has
recently been proposed that these two types of theta correspond to the ‘learning’
and ‘recall’ modes of hippocampus (Lisman and Otmakhova, 2001), but no direct
experimental evidence has yet emerged that would support such a distinction.
Cognitive processing and theta
Part of the excitement about hippocampal theta oscillation is attributable to the
finding that arguably most behaviors associated with it seem to require at least
some level of attention and presumably cognitive processing. This notion is supported by that theta was shown to increase in intensity in a wide variety of cognitively demanding conditions, such as during conditioning (Adey et al., 1960;
Grastyán et al., 1966), and tasks involving motor control (Buño and Velluti, 1977)
or sensorimotor integration (Bland, 1986; Bland and Oddie, 2001). Furthermore,
theta oscillations were found to reset at the presentation of a stimulus in a working
memory task both in rat (Givens, 1996) and human (Tesche and Karhu, 2000), or
at the level of single cells during conditioning (Berger et al., 1983), and bursts of
hippocampal theta cycles were shown to be associated with the novelty-associated
neocortical P300 event-related potential in an auditory discrimination task (Brankack
et al., 1996). The amount of theta (its power, frequency or duration) decreased during the course of conditioning (Grastyán et al., 1959; Adey et al., 1960), covaried
with memory load (Tesche and Karhu, 2000) and performance in a conditioning
task (Berry and Thompson, 1978; Seager et al., 2002). In humans, drugs widely
used for the treatment of psychiatric and cognitive disorders were shown to affect
hippocampal theta oscillation (Hajos et al., 2003).
However, these correlational studies cannot give insight into whether theta is
merely corollary to performance in these tasks or it actively takes part in cognitive processes. To this end, manipulations that block or facilitate theta have also
been carried out, and were shown to cause impairment (Winson, 1978; Givens and
Olton, 1990; Mizumori et al., 1990a; Pan and McNaughton, 1997) or improvement
(Markowska et al., 1995; Kinney et al., 1999) in performance in a variety of tasks,
respectively.
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In what ways does theta transform hippocampal dynamics that could underlie its proposed function in cognition? There is no clear answer to this question
today, but computational models, by offering a natural way of binding data obtained on different levels (discussed above) into a coherent picture (Arbib et al.,
1998; Dayan and Abbott, 2001), may help us understand the relationship between
the dynamics of single neurons, neural networks, and behavior, and how theta
affects all these. Models addressing the role of theta oscillation in hippocampal
processing are discussed in Section 1.3.
Theta in other structures
Although most readily observable in the rodent hippocampus, theta oscillations
or cellular activity phase-locked to theta have been recorded from many other
brain structures, including brain-stem reticular formation (Nuñez et al., 1991;
Vertes and Kocsis, 1997), inferior (Pedemonte et al., 1996) and superior colliculi (Routtenberg and Taub, 1973), hypothalamus (Slawinska and Kasicki, 1995),
caudal diencephalon (Bland et al., 1995), basal forebrain (Manns et al., 2003),
and notably from most limbic structures, including the olfactory bulb and cortex
(Adrian, 1942; Macrides and Chorover, 1972; Macrides et al., 1982; Margrie and
Schaefer, 2003), MS-DBB (Petsche et al., 1962), mamillary bodies (Kirk and McNaughton, 1991; Kocsis and Vertes, 1997), amygdala (Paré and Collins, 2000),
and the cingulate (Borst et al., 1987; Leung and Borst, 1987), perirhinal (Muir
and Bilkey, 1998) and entorhinal cortices (Mitchell and Ranck, 1980; Alonso and
Garcia-Austt, 1987; Boeijinga and Lopes da Silva, 1988; Brankack et al., 1993;
Blaszczyk et al., 1996), and also from other parts of the neocortex (Biedenbach,
1966; Silva et al., 1991; Nakamura et al., 1992) including prefrontal cortex (Sarnthein et al., 1998; Siapas et al., 2000). Note that at least part of these rhythms are
not independent from hippocampal theta: oscillations in limbic structures tend to
be synchronized with it (Bland and Colom, 1993; Paré et al., 2002), and in vitro
neocortical theta was shown to be pharmacologically similar to carbachol induced
hippocampal theta (Lukatch and MacIver, 1997).
Importantly, cortical theta oscillations were also found to have cognitive correlates (Klimesch, 1999), by covarying both with task parameters and with perfor-
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mance measures. Theta power increased immediately following word presentation in a recognition memory task in humans (Burgess and Gruzelier, 1997; Bures
et al., 1997), and was correlated with memory load (Mecklinger et al., 1992), although it could be more related to episodic than to semantic memory processes
(Klimesch et al., 1994). Theta oscillation also showed long-range synchronization
during working memory retention, and thus was implied in conveying top-down
influences (von Stein and Sarnthein, 2000). Event-related potentials, in most cases
P300, were also accompanied by an increase in cortical theta power (Başar-Eroglu
et al., 1992; Demiralp and Başar, 1992; Intriligator and Polich, 1994; Yordanova
and Kolev, 1998; Spencer and Polich, 1999). The amount of theta following conditioning was correlated with performance in rats (Landfield et al., 1972), and an
increase in theta power both during encoding and retrieval (Klimesch et al., 1997)
as well as intrahemispheric and shorter range synchronization in the theta band
during encoding predicted successful recall in humans (Weiss and Rappelsberger,
2000; Weiss et al., 2000).
All these studies showed an increase in theta frequency in the EEG power
spectrum, without, however, being able to demonstrate theta rhythmicity in the
raw EEG signal. Experiments using more sophisticated techniques, such as intracranial EEG recordings in epileptic patients, have recently demonstrated episodes
of activity with pronounced theta periodicity in raw signals during virtual spatial navigation (Kahana et al., 1999), in which the amount of theta correlated
with overall task difficulty, but not with immediate encoding or retrieval demands
(Caplan et al., 2001). Consistent with theories of hippocampal theta having a
primary function in rodent navigation (O’Keefe and Nadel, 1978; O’Keefe and
Burgess, 1999) and sensorimotor integration (Bland, 1986), human cortical theta
was present during different kinds of navigation independent of memory demands
(Caplan et al., 2003), corroborated by similar results obtained using magnetoencephalography (de Araujo et al., 2002). However, theta also appeared during the
Sternberg working memory task, and it was specifically gated by individual trial
durations (Raghavachari et al., 2001).
Of special interest are those cases, when the synchronization between hippocampal theta and theta oscillation in another structure occurs under conditions
when some sort of cognitive processing is thought to be under way. Theta fre-
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quency sniffing rhythm in rats synchronizes with hippocampal theta during an
olfactory task, and this correlation disappears after over-learning (Macrides et al.,
1982). Coherence between rhinal cortex and hippocampus theta predicted successful declarative memory formation in human subjects (Fell et al., 2003). A
recent study demonstrated that theta oscillation in the lateral amygdala, known
to be involved in Pavlovian fear conditioning (LeDoux, 2000), synchronized with
hippocampal theta in CA1 during confrontation with conditioned fear stimuli (Seidenbecher et al., 2003).
All these data pertain to the observation that theta oscillations are rather ubiquitous in the nervous system, and seem to play important and convergent roles
in cognition. However, it should be the subject of further investigations whether
theta oscillations recorded in different brain regions are part of a unitary process
as suggested by some studies discussed above, with possibly uniform generating
mechanisms, or just reflect a mere coincidence of oscillation frequencies.
Other hippocampal rhythms
Theta is not the only rhythm in the hippocampus (Szalisznyó and Érdi, 2003).
Gamma oscillation is a fast (30-100 Hz) oscillation, often, but not exclusively cooccurring with theta (Csicsvári et al., 2003). Several proposals have been made
about its function: those that build on its correlation with theta will be discussed
in Section 1.3. Sharp waves are not rhythms in a strict sense, as they appear irregularly as large peaks in the hippocampal local field potential (hence their former
name: large irregular activity), commonly recorded recorded in CA1 str. radiatum, which reflect the synchronous activity of large populations of neurons, thus
leading to the most synchronized physiological mode of hippocampal dynamics
(Buzsáki, 1986). Sharp waves occur only during non-theta behaviors, and it is this
complementariness with theta, and their many opposing features, that led some researchers to hypothesize that these two ‘rhythms’ have distinct roles in memory
encoding and consolidation (Buzsáki, 1996; Hasselmo, 1999). Ripples are very
fast (200 Hz) oscillations riding on sharp waves, similarly as gamma waves are
nested within theta cycles (Buzsáki et al., 1992). Recent studies demonstrated
that sharp waves-ripples may also appear coordinated with neocortical oscilla-
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tions (Siapas and Wilson, 1998; Sirota et al., 2003). Hippocampus thus possesses
a variety of oscillations, probably tuned for different computations, of which theta
is only one, though undeniably the one that has attracted the most attention.

1.2 Phase coding: phase precession of place cells
1.2.1 Experimental evidence
Theta phase precession was discovered a decade ago and quickly triggered interest, recognized as a prototypical example of temporal coding, or more precisely,
phase coding by even those most sceptical about the meaningful usage of time
by cortical neurons (Treves, 2000). However, despite all the attention it has attracted, only a relatively few experimental studies have been published that explicitly address its quantitative characteristics. As phase precession is central to the
work covered by this dissertation, the available experimental evidence is reviewed
briefly below in chronological order, and in conclusion, controversial issues in the
literature are abstracted and discussed.
Phase precession: a decade of research
The theta phase precession effect was first described by O’Keefe and Recce
(1993) in place cells recorded in the CA1 and CA3 subfields of the hippocampus of rats running on a linear track. In this study, the authors recorded both the
activity of individual place cells and ongoing field theta oscillation. Each time a
spike was fired by a place cell, both the location of the animal and the phase of the
theta cycle at that time was recorded, allowing the construction of phase-position
plots (Fig. 1A) with each spike represented by a point mapping these two quantities to its x-coordinate and y-coordinate, respectively. This revealed that spikes
fired by a place cell occur at progressively earlier phases of subsequent cycles as
the animal proceeds in the place field of the cell. Cells always began firing at a
particular phase as the rat entered the place field, and the overall shift between the
first and last spikes fired during a single traversal could span as much as 360 , i.e.,
a full theta cycle. Importantly, the phase shift was more correlated with location
than with time spent in the place field (Fig. 1C).
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Figure 1. Firing phase and rate as a function of position and time in the experiments of O’Keefe and Recce (1993). A, B: Firing phase and average rate of the
animal as a function of position. Bars show average firing rate in position bins,
each dot represents a single spike, showing the position of the animal (abscissa)
and the phase of field theta oscillation (ordinate) at the time of the spike. Note
that animal ran right to left. C, D: Firing phase and average rate of the animal as
a function of time spent in the place field. Bars show average firing rate in time
bins, each dot represents a single spike, showing time spent in the place field (abscissa) and the phase of field theta oscillation (ordinate) at the time of the spike.
Reproduced from O’Keefe and Recce, 1993.
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Figure 2. Firing phase as a function of position in the experiments of Skaggs
et al. (1996). Each dot represents a single spike, showing the position of the
animal (abscissa) and the phase of field theta oscillation (ordinate) at the time
of the spike. The range of the position axis is 60 cm, and phase axis covers two
full theta cycles, ranging from at the bottom to 
at the top, with the phase
maximum of pyramidal cell population activity at the center (  ). Reproduced
from Skaggs et al., 1996.
In a subsequent study, Skaggs et al. (1996) recorded from place cells (putative principal cells) and so-called theta cells (putative interneurons) of CA1 and
DG while rats were running on a triangular track or an open platform. This study
confirmed that phase precession appears in different environments, although its
pattern was less obvious in open fields where the rat could freely move in twodimensions than in one-dimensional environments. Phase precession of spikes
on linear tracks was non-linear, accelerating, so that its slope was steeper in the
second half of the place field than in the first half, and thus it was better characterized by a slightly curved ‘banana-shape’ than a strictly linear shift (Fig. 2).
By quantifying the information individual spikes conveyed about the location of
the animal, it was shown that firing of place cells was more spatially selective in
the early portion of the theta cycle than in the late portion. Spikes of DG cells
precessed similarly to those of CA1 cells, with less overall phase shift, in most
cases. Furthermore, all recorded cell types showed robust activity modulation at
the population level by the theta oscillation.
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Shen et al. (1997) compared the characteristics of theta oscillation and theta
phase precession in young and aged rats. Most characteristics of hippocampal
theta oscillation were found to be identical in the two populations, although theta
frequency during awake behavior but not REM sleep was slightly reduced with
age. More importantly, phase precession was also unaltered with age, and in spite
of the expansion of place fields with experience (Mehta et al., 1997) being more
significantly pronounced in young rats, resulting in larger place fields, net phase
change during a traversal of the place field remained constant with experience and
thus across populations.
In the study of Hirase et al. (1999), rats were placed into a running wheel,
thus running speed was dissociated from changes in position. The firing rate of
neurons increased with running speed as expected based on earlier studies (McNaughton et al., 1983; Zhang et al., 1998; Czurkó et al., 1999), but firing phase
remained constant, confirming again that its primary correlate is the location of
the environment. Rotation of the running wheel apparatus resulted in changes in
firing rate, in line with earlier studies (Czurkó et al., 1999), as well as in firing
phase, showing that, in this case, these two characteristics were under the control
of the same mechanism.
Ekstrom et al. (2001) found that many characteristics of place cells in old rats
as described by Shen et al. (1997) were mimicked by the application of the NMDA
receptor antagonist CPP. Most importantly, it blocked the experience-dependent
expansion of place fields (Mehta et al., 1997), but did not affect net phase change
between entry to and exit from the place field.
Yamaguchi et al. (2002) further analyzed the pattern of phase precession,
partly using the same dataset obtained by Skaggs et al. (1996), and found that
the scatter of spikes in the position-phase plane (Fig. 2) is in most cases best
approximated by the superposition of two Gaussian distributions, as opposed to
one Gaussian that would be expected if phase of spikes precessed linearly.
Phase precession was shown to occur in different environments and even during theta activity in REM sleep, that is, under virtually any condition when theta
was present, by Harris et al. (2002). As the spatial location of the rat during sleep
does not seem be a relevant behavioral variable, instead of relating firing phase to
position, the authors plotted average firing phase in different bins of firing rate
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in all these conditions to facilitate direct comparison between behavioral states.
In every case, average firing phase was found to decrease as firing frequency increased. Another common characteristic of the firing pattern of neurons in these
states was that spikes occurred at greatly and significantly later phases at the onset
of firing than at the offset. Furthermore, above a threshold firing rate, firing phase
was found to precess during acceleration of the firing rate and continue precession
during deceleration of the firing rate in all cases.
Mehta et al. (2002) also found that firing phase correlated well with firing rate
in rats running on a linear track, and that there was a difference in the correlation
of firing phase with distance for spikes occurring early and late in the theta cycle.
Furthermore, the experience-dependent expansion of place fields was found to be
accompanied by the refinement of the phase code: the correlation of firing phase
with position increased as the rats traversed the same place field repeatedly.
Although it was not related directly to phase precession, the study of Poe et al.
(2000) also described a regularity in the firing phase of place cells. Neurons in
rats were recorded both during awake behavior and sleep, and cells that were
active during wake experience were found to fire preferentially at the peak of the
theta cycle during the subsequent REM sleep episode, while cells that were active
in environments visited at earlier times fired at the troughs of theta oscillation.
This seems to be particularly interesting, for instance from the aspect of memory
consolidation (McGaugh, 2000), in the light of that LTP / LTD can be selectively
induced in the hippocampus by stimulating at the peaks / troughs of the theta
rhythm (Huerta and Lisman, 1995, see above).
Controversial issues
In spite of, or perhaps partly due to, the efforts to characterize phase precession
as precisely as possible, there remain some issues that are, or at least seem to be,
controversial. These opposing results are discussed below, and, where available,
a possible reconciliation is offered.
What is the exact pattern of phase precession?

The scatter of spikes in the

phase-rate plane was shown to be clearly linear in the original description of phase
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precession (O’Keefe and Recce, 1993, see Fig. 1A here). However, subsequent
studies found that the phase shift accelerates in the place field, thus resulting in
concave-down crescent shape, and that this acceleration is also accompanied by a
widening of the spike cluster in the second half of the place field (Skaggs et al.,
1996; Yamaguchi et al., 2002, see Fig. 2 here). It is not clear what accounts for
this discrepancy. Perhaps, different recording techniques and spike detection and
clustering methods may contribute to the different results.
What is the main correlate of firing phase?

Phase precession was originally

described as having the position of the animal as its main correlate (O’Keefe and
Recce, 1993, see Fig. 1A and C here). Later studies demonstrated a significant
correlation with firing rate (Harris et al., 2002; Mehta et al., 2002). As the firing
rate of a place cell is well-known to be correlated with the position of the animal,
it would be important to know if the phase-rate correlation is only secondary and
stems from the phase-position and rate-position correlations, or vice versa, the
phase-position correlation is the consequence of the other two correlations. The
magnitude of correlation coefficients seems to support the former scenario: phaseposition correlations are on average between 0.5-0.6 (O’Keefe and Recce, 1993;
Mehta et al., 2002), while the average phase-rate correlation is only 0.3 (Mehta
et al., 2002).
What is the relationship between firing phase and rate? A further complication arises from the description of the correlation between firing rate and phase
as linear (Harris et al., 2002; Mehta et al., 2002). This is hard to reconcile with
a counter-clockwise rotated V-shaped distribution that would be expected based
on that firing rate is a unimodal, i.e. nonmonotonic, function, while firing phase
is a monotonically decreasing function of position (O’Keefe, 1976; McNaughton
et al., 1983; O’Keefe and Recce, 1993; Skaggs et al., 1996, see Figs. 1 and 2 here).
At low firing frequencies, that can occur both at entry to and exit from the place
field, a strongly bimodal phase distribution is expected corresponding to the latest and earliest spikes fired on these two occasions, while at higher frequencies,
occurring in the place field center, a more compact distribution around the middle of the theta cycle is expected. Furthermore, in the same study (Harris et al.,
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2002), spikes at the offset of firing occurred at consistently earlier phases than
those fired at the onset, just as expected from other studies (O’Keefe and Recce,
1993; Skaggs et al., 1996), thus some non-standard form of phase precession can
be discarded as the underlying cause of this discrepancy.
Indeed, a closer inspection of raw supplementary data (Harris et al., 2002,
Suppl. Fig. A) reveals the previously described rotated V-shaped pattern. However, if phase precession is accelerating instead of being perfectly linear (Skaggs
et al., 1996; Yamaguchi et al., 2002), as discussed above, one would also expect
that the upper, descending arm of the V has more spikes, as is evidenced by the
data (Harris et al., 2002, Suppl. Fig. A), thus biasing the distribution towards a
monotonically decreasing shape.
Does phase precession appear on the first traversal of the place field? One
study reported phase precession on the first time the rat encountered a new environment (Rosenzweig et al., 2000), but a later study disconfirmed this result by
demonstrating that the correlation on the first lap in a novel linear track was small
and only increased to a significant level during subsequent laps (Mehta et al.,
2002). However the latter result can also be explained by a constant correlation of
the underlying pattern of phase precession which is blurred by a small amount of
jitter. This causes spikes to appear earlier or later than would be expected based
on the linear correlation. Even if the level of jitter is constant across laps, together
with constancy of net phase shift during the experience-dependent expansion of
place fields resulting in a decreased slope of phase precession (Shen et al., 1997;
Ekstrom et al., 2001), also described in the same study (Mehta et al., 2002), this
will lead to increased apparent correlations in late laps compared to early laps.
The same argument, if acceleration of phase shift in the place field is also considered, may explain why spikes in the second half of the place field appeared to be
poorly correlated with position in several studies (Skaggs et al., 1996; Yamaguchi
et al., 2002; Mehta et al., 2002).
As discussed above, neither phase-position, nor phase-rate relationships may
be satisfyingly described by simple linear correlation measures. A possible solution to this problem was offered by fitting the spike cluster with a mixture of
Gaussians, but even the authors themselves admitted that it may not be the most
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proper way to address this issue (Yamaguchi et al., 2002). Therefore, to reach a
conclusion on true correlations, more sophisticated data-analysis techniques may
be required, such as the calculation of mutual information or other information
theoretical measures of correlatedness, that assume no specific relationship between variables a priori (Treves et al., 1996).
At what level of somatic depolarization do place cells fire most? This aspect
of phase precession is rarely spelled out explicitly, albeit particularly important
for restricting models of phase precession. For example, models in which firing
probability is calculated as a sum of a theta frequency oscillation with a term that
reflects dendritic depolarization by external inputs, firing during a traversal of the
place field starts at the phase of theta when the soma is most depolarized, and
maximal firing frequency is predicted to occur at the phase of maximal somatic
hyperpolarization (Kamondi et al., 1998; Booth and Bose, 2001; Magee, 2001;
Harris et al., 2002; Mehta et al., 2002). Another family of models, based on
slightly detuned somatic and dendritic oscillations, predict the opposite: firing
starts at the most hyperpolarized phase and peaks when somatic depolarization is
maximal (O’Keefe and Recce, 1993; Lengyel et al., 2003).
The phase of maximal firing reported in different studies, but not for simultaneously recorded cells in the same study, sometimes varies with as much as 
(O’Keefe and Recce, 1993; Skaggs et al., 1996). The problem stems from the fact
that while theta is present throughout the hippocampal formation (Buzsáki, 2002),
its phase varies widely depending on the exact ‘depth’ of the recording electrode:
for example, a complete phase reversal was observed between the hippocampal
fissure and str. oriens of CA1 of the same animal (Bragin et al., 1995). Therefore, spike phases reported in different studies may not be compatible and readily
comparable.
To this end, one study normalized theta phases, so that the phase corresponding to maximal pyramidal cell population activity was defined as (Skaggs et al.,
1996). Individual place cells fired close to this phase at the center of their place
fields (Skaggs et al., 1996, see Fig 2 here). In the same experiments (Skaggs
et al., 1996), the phase relationship of the firings of interneurons in the pyramidal layer to field theta was also studied, and the peak of interneuron population
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activity was found to precede maximal pyramidal cell population activity by  ,
although the depth of theta modulation was only 17% (as opposed to the 50%
modulation of principal cell population). A similar phase relationship between
excitatory and inhibitory populations was found by others (Csicsvári et al., 1999),
although an earlier study reported interneurons in str. oriens predominantly firing
antiphase with pyramidal cells (Buzsáki et al., 1983). Thus, it seems that place
cells fire most rapidly in the face of maximal inhibition, when hyperpolarization is
strongest, whereas the naive approach would tell us that most intense firing must
occur at the peak of somatic depolarization.
In a recent study, individual, morphologically identified interneurons were
recorded juxtacellularly during theta oscillation in vivo (Klausberger et al., 2003).
Although, for obvious technical reasons, animals were anesthetized, great care
was taken to control the depth of anesthesia (Klausberger et al., 2003), so that
theta oscillations were atropine-resistant, similar to that observed in the behaving rat and different from rats under deep anesthesia with urethane (Vanderwolf,
1988). During this theta oscillation, basket cells were found to fire on average

before pyramidal cells (Klausberger et al., 2003), just as expected from earlier studies (Skaggs et al., 1996; Csicsvári et al., 1999). (This further supports
the notion that network dynamics in the preparation was close to that observed in
the behaving animal and not to that under deep anesthesia, when basket cells fire
antiphase with pyramidal cells). However, another set of str. pyramidale interneurons, axo-axonic cells fired almost antiphase with pyramidal cells (Klausberger
et al., 2003). Moreover, both the average firing rate and depth of modulation of
these cells was at least twice as large as that of basket cells (Klausberger et al.,
2003).
Axo-axonic cells are similar to basket cells in that both cell types synapse perisomatically on pyramidal cells (Freund and Buzsáki, 1996). Yet, axo-axonic cells
may have a stronger postsynaptic effect, as they exclusively impinge on axon initial segments (AIS), the locus of action potential generation, with bouton rows of
2-15 individual terminals (Li et al., 1992), while basket cells that innervate further
from the AIS, although still close to it, on the somata and proximal dendrites of
pyramidal cells with somewhat fewer, 2-10 synapses (Buhl et al., 1994). This was
confirmed by recent electrophysiological experiments, in which inhibitory postsy-
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naptic potentials evoked by single axo-axonic cells were found to have 5-7 times
higher amplitudes on average than those evoked by basket cells (Maccaferri et al.,
2000), although it may be counterbalanced to some degree by approximately 3-5
times as many basket cells converging on a single pyramidal cell as axo-axonic
cells (Li et al., 1992; Buhl et al., 1994).
Thus, if postsynaptic effects of axo-axonic cells are also taken into account,
it will likely change estimates so that the phase of maximal somatic inhibition is
more antiphase with maximal pyramidal cell population activity than previously
thought. Consistent with this, the highest probability of discharge occurs around
the trough of theta cycle recorded in str. pyramidale of CA1, which in turn corresponds to the level of maximal depolarization of pyramidal cell somata in the
anesthetized rat (Kamondi et al., 1998). However, it is not clear why the axoaxonic cell population was overlooked in previous studies (Skaggs et al., 1996;
Csicsvári et al., 1999), i.e., why its contribution to str. pyramidale interneuron
population activity did not bias it as expected by the above considerations. Further investigations may clarify these questions.
Theories about the generating mechanisms of phase precession will be reviewed in comparison to our model in Section 2.3.1, p. 70.

1.2.2 Significance
Is phase precession merely an epiphenomenon of theta modulated place cell activity, or can it be utilized for computations by the nervous system? Below follows a
brief overview of experimental evidence supporting the latter case.
In accordance with the proposed cognitive map function of the hippocampus
(O’Keefe and Nadel, 1978; Muller et al., 1996; Redish, 1999), ensemble activity
of place cells was found to be a good predictor of the animal’s position in an environment (Wilson and McNaughton, 1993; Fenton and Muller, 1998; Zhang et al.,
1998; Redish et al., 2000). This prediction could be improved if the amplitude
modulation of place cell firing frequency by the phase of field theta oscillation
was considered (Brown et al., 1998), and it became further refined if a priori
knowledge about the position-dependent phase precession of spikes was also incorporated to the position reconstruction process (Jensen and Lisman, 2000).
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The significance of place reconstruction from place cell activity is supported
by the finding that performance on spatial tasks was found to depend on an intact hippocampal place representation (Mizumori et al., 1989; Bures et al., 1997;
Lenck-Santini et al., 2001; Brun et al., 2002). Furthermore, choice accuracy was
impaired in a working memory task on a radial maze when phase coding was unavailable due to the suppression of field theta, in spite of the preserved rate code
in CA1, the main output region of hippocampus proper (Mizumori et al., 1989).
This can be explained if downstream areas decoding hippocampal output rely on
the phase code of place cell firing (Burgess et al., 1994; Jensen, 2001).
Synchronization of cell assemblies has long been believed to be a key event in
cognitive processes, such as binding or attentional modulation (Engel et al., 2003).
Phase precession, by setting constraints on the exact timing of neuronal firing,
may easily aid the synchronization of place cells. Recent experiments support this
possibility by demonstrating a strong synchronization effect among hippocampal
place cells, stronger than would be expected if only firing rates predicted from
their place fields were taken into account (Harris et al., 2003). However, not
even theta phase precession could account entirely for the high degree of transient
synchronization observed, thus suggesting that other network mechanisms also
contribute to it (Harris et al., 2003).
Finally, selectivity and stability of place fields, as well as performance in a
wide variety of tasks requiring spatial learning have been found to depend on hippocampal LTP (Shapiro, 2001; but see Hölscher, 1999). LTP (Bliss and Lømo,
1973) and LTD (Lynch et al., 1977) were originally described as depending on the
firing rates of pre- and postsynaptic neurons. More recently, it was convincingly
demonstrated in different preparations and brain structures, such as the hippocampus and neocortex, that the timing of individual pre- and postsynaptic spikes may
be a fundamental factor in determining both the sign and amplitude of synaptic
weight change (Paulsen and Sejnowski, 2000; Bi and Poo, 2001). For this to happen, pre- and postsynaptic spikes have to be synchronized in a time window of
20 msec (Paulsen and Sejnowski, 2000; Bi and Poo, 2001). If there is just a
few milliseconds jitter in spike timing within this time window, it may lead to the
reversal of the order in which pre- and postsynaptic spikes are discharged. Some
spike timing-dependent plasticity (STDP) rules, including those described in the

1. INTRODUCTION

35

hippocampus, are also sensitive to the order of firing: pre post firing results in
LTP, post pre firing leads to LTD (Bi and Poo, 1998). Therefore, hippocampal
plasticity seems to be extremely sensitive to the precise timing of neuronal firings.
Several investigators have suggested that hippocampal memory traces or cognitive maps are stored in the synaptic connections between hippocampal pyramidal cells (Marr, 1971; Muller et al., 1996; Martin et al., 2000). An important
step in establishing memories within such a framework is that the firing of cells
representing subsequent ‘events’, in the context of episodic memory, or adjacent
locations, in the context of cognitive maps, have to be associated by some learning
rule. A natural way to achieve this would be as follows: two place cells possessing
overlapping place fields will tend to fire together or in quick succession as the animal moves from one place field to the other on its course through the environment
(Blum and Abbott, 1996; Káli and Dayan, 2000; Misják et al., 2001). However,
in this case the timing of pre- and postsynaptic spikes will be determined by the
movement of the animal, and thus the time scale and precision required by STDP
rules is hardly achieved by this mechanism.
Phase precession, on the other hand, has a profound effect on the crosscorrelation of spike trains fired by place cells having neighboring place fields (Skaggs
et al., 1996). A place cell fires through several theta cycles while the animal passes
its place field and in each subsequent cycle it fires at an earlier phase as dictated
by the phase precession effect (O’Keefe and Recce, 1993; Skaggs et al., 1996). If
two cells have their place fields after each other along the trajectory of the animal,
they will fire together during several subsequent theta cycles, and the cell having the second place field will always fire at a later phase, because it only starts
precessing later. Consistent with this, such pairs of place cells show significant
peaks in their spike train cross-correlation histograms, the first peak appearing
within a theta period and then reappearing with theta frequency (Skaggs et al.,
1996; Dragoi et al., 2003; Harris et al., 2003). Therefore, by compressing temporal sequences and preserving the sequence in which place fields were visited in
the compressed sequence of neuronal firings, phase precession provides both the
time window and consistency of cell firing ideal for STDP to be effective, and thus
may play a crucial role in setting the stage for hippocampal memory formation.
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1.3 Computational theories on the function of theta
oscillation
Neural oscillations have been studied for almost a century now, but only recently
questions about their functional significance have started being asked and studied systematically (Engel et al., 2003). Theta oscillation influences hippocampal
activity in many ways and is important for successful performance in a variety
of cognitively demanding tasks, as discussed in previous sections. Is there a link
between the two? As this type of question is not easily addressed directly by experimental techniques, it is a field prone to theoretical investigation. This section
reviews theoretical studies in which theta oscillation-specific changes in neural
network dynamics were shown to contribute to the computation carried out by
that network.
Computational models have the advantage over verbal theories that they are
restricted to follow a mathematically justified line of reasoning, and as an outcome they produce quantitative predictions which are in theory easily falsifiable,
a benchmark of any well-formed theory (Popper, 1963). Therefore, the following discussion is limited to computational models, and more precisely to models
dealing with the oscillatory, or phasic, effects of theta oscillation. There are also
tonic effects of theta on network dynamics due to neuromodulation on a slower
time scale (Section 1.1.3), but these (usually cholinergic) effects are taken into
account in most cases by simply setting the parameters of a non-oscillating model
to specific values instead of analyzing dynamical interactions during theta oscillation (Hasselmo et al., 1995, 1996; Myers et al., 1996). Models of this sort can
be important to explore the advantage of having more than one processing modes
in a neuronal structure (Hinton et al., 1995), but tell us little about why one of
these modes should endow the structure with oscillatory dynamics, and are, thus,
excluded from the present discussion. In this section, the focus is on the role of
theta in neural computations, and though the models discussed often have other
aspects too, those will be neglected as not directly related to the central topic.
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1.3.1 Hippocampus
Models dealing with the function of hippocampal theta oscillation are naturally
inclined to demonstrate possible computational benefits in terms of at least one
of the postulated functions of hippocampus in cognition: memory or navigation.
Thus, models that relate theta to memory, sequence learning, as a candidate process having links to both functions, and navigation are described below in this
order.
Memory
Models of memory functions are often faced with the need for separate training
and testing phases, when the encoding and recall of memory traces occur, respectively. Recall during encoding, when there is not much yet that could be sensibly
recalled, can contaminate memory by storing nonsense activity patterns (see also
below at sequence learning), and encoding during recall may lead to overlearning by repeatedly storing patterns already learned and thus displacing other stored
patterns.
Preventing encoding and allowing unlearning during recall. The problem
of encoding during recall becomes especially pronounced in a reversal learning
paradigm, in which the task is first to store an association between two items (going to a location and finding reward there) and then ‘to forget’ this association
(because there is no reward anymore at the original location) and to learn a new
association between other two items (going to another location and finding reward
there). Performance in this task was shown to be hippocampus-dependent, motivating Hasselmo et al. (2002) to develop a model in which input to CA1 and CA3
from EC, synaptic transmission in Schaffer collaterals from CA3 to CA1, somatic
membrane potential of CA1 cells, and LTP in Schaffer collaterals were all theta
modulated. The phase relationship between these periodic modulatory effects optimizing performance in terms of expressing the new association instead of the old
one after reversal was analytically derived and found to be consistent with experimentally found values. Specifically, maximal EC input had to be in phase with
maximal LTP, and both needed to be in antiphase with maximal transmission in
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Schaffer collaterals and somatic depolarization in CA1 cells. The alternating activation of these two subsystems lead to separate encoding and retrieval phases. A
key element in the simulations was that LTP was turned to LTD at negative phases
of its modulation, i.e., during the retrieval phase, so that associations not presented
during encoding phases were quickly unlearned by an anti-Hebbian learning rule.
The model matches with experimental data obtained both on electrophysiological and behavioral levels, yet, it can be criticized from a strictly computational
point of view. On one hand, it is hard not to see that specific premises (LTD during
retrieval) were only built in to directly reproduce the very specific and restricted
behavioral data (reversal learning), and it is unclear how the system would benefit from the same mechanisms in any one of the numerous other hippocampusdependent learning paradigms. On the other hand, it is easy to image that the same
task of reversal could be learned by a simpler model without oscillatory dynamics
(e.g., two presynaptic cells synapsing on a single postsynaptic cell with competing
synapses).
Fast alternation between encoding and retrieval as opposed to discrete training and testing stages, however, could be important and advantageous for a neural
network, and it would be exciting to see in computational models how such a
mechanism could be exploited in a sensible way. Perhaps, the alternating Hebbian and anti-Hebbian phases of plasticity necessary for statistical learning in the
Helmholtz machine that were previously hypothesized to occur during sleep and
wake phases (Hinton et al., 1995), could benefit from alternation on a faster time
scale.
Creating spatio-temporal interference patterns. In their model, Borisyuk and
Hoppensteadt (1999) propose that theta modulated input from the septum and
from EC create specific spatio-temporal activity patterns in the hippocampus,
where single cells, or interconnected excitatory-inhibitory populations (Wilson
and Cowan, 1972), act as intrinsic oscillators at the gamma frequency. Through
complicated interactions of the two external and the intrinsic oscillations, various interference patterns emerge, depending on the exact connectivity patterns,
phase delays in afferent fibers, and other parameters. These patterns were shown
to be storable in the hippocampal network by a Hebbian learning rule sensitive for
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the synchrony of pre- and postsynaptic cells (Borisyuk and Hoppensteadt, 1998).
If appropriately trained, these patterns can be recalled as a sequence, although
there must be considerable overlap between them during training. However, it is
not clear what the network benefits from the memories being stored as interference patterns and not as arbitrarily defined patterns over cells. Indeed, in the first
model dealing with the storage of patterns (Borisyuk and Hoppensteadt, 1998),
input from EC to be learned is provided as a series of static binary activity vectors
and not through interference with the septally generated oscillation. In a more
recent version of the model (Borisyuk et al., 2000), where both inputs are oscillatory, encoding and recall works through resonance and learning tunes the natural
frequencies of the intrinsic oscillators, it is shown that this network may signal
the novelty of a stimulus by the number of recruited resonant units in response
to the stimulus. Yet, neither the biological plausibility of the network, nor the direct computational benefits of using an intricate oscillatory-resonant mechanism
for novelty detection in comparison of a simpler rate coding scheme (Legenstein
et al., 2003) seem to be firmly established.
Theta oscillation was also implicated in transitive inference during paired associate tasks (Wallenstein et al., 1998). In this paradigm, the animal is trained
on two pairs of associations: ‘if A then B’, ‘if B then C’, and ‘if X then Y’, ‘if
Y then Z’. Transitive inference occurs when the rat chooses ‘C’ when presented
with ‘A’, and chooses ‘Z’ when presented with ‘X’, thus expressing associations
it has never encountered before. The mechanisms by which theta may aid performance in this task are equivalent to those used for sequence learning and will be
discussed below.
Sequence learning
The paradigm of sequence learning represents an intermediate stage between episodic
memory and navigation. In its simplest form, the network is first trained on a sequence of activity patterns, by simply giving subsequent patterns as its input in
subsequent time steps, and then it is tested to recall these patterns, preferably in
the order in which they were presented, by priming it with only the starting element (or few elements) of the sequence as a recall cue. This can be interpreted
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as a serial recall of subsequent episodes, making transitive inference on paired
associates, or recalling locations subsequently visited along a trajectory through
space.
Preventing interference. The model of Wallenstein and Hasselmo (1997) proposes that the level of GABA changes rhythmically during theta oscillation, and
focuses on the effect of periodic GABA receptor activation-induced suppression of intrinsic connections of region CA3 (recurrent collaterals between pyramidal cells, and connections between interneurons and pyramidal cells). This
periodic modulation of intrinsic synaptic strengths results in feed-forward connections from EC dominating the early phase of a theta cycle, while intrahippocampal
interactions driving the network during late phases.
The network benefits from this periodic change both during training and testing. When the network is trained on a new sequence, if intrinsic connections
were always active, then activation patterns elicited by each element in the sequence would interfere with activation patterns emerging due to the processing
of previous elements in the sequence by intrinsic connections. Because synapses
in intrinsic connections are strengthened by a Hebbian STDP learning rule, i.e.,
every time when postsynaptic cell activation follows presynaptic activation within
a limited time window, the model learns this mixture of externally imposed and
internally generated patterns. Theta oscillation prevents recall during encoding by
providing time windows in which intrinsic connections do not influence network
dynamics significantly so that input patterns presented during these time windows
are not corrupted and thus can be successfully stored. Conversely, for associations to be made between cells that are not excited directly by the input and thus
for ‘context fields’ to emerge, a key element for the functioning of this model, it
is important that there is a part of the theta cycle when internal propagation of
activity does not have to compete with external input (Wallenstein et al., 1998).
During retrieval, the network is presented with a pattern from the stored sequence, and if this cue is active just when GABAergic modulation starts to decline,
then activation spreading along intrinsic connections leads to the recall of subsequent elements in the sequence. If GABAergic suppression does not decrease
sufficiently in the second half of the cycle, no recall of the sequence occurs. If, on
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the the other hand, GABAergic suppression of intrinsic connections is not strong
enough at the beginning of the cycle, external input must compete with internal
dynamics, as during training described above, and cannot prime the network effectively. Consequently, sequence retrieval is impaired without a reliable recall
cue.
A different type of interference is prevented by theta modulation during encoding in the sequence learning model of Jensen and Lisman (1996c). Here, a
whole sequence is encoded within a single theta cycle by clamping the activity of
neurons to subsequent inputs representing elements of the sequence. This encoding is repeated in several consecutive theta cycles. Association between neurons
coding subsequent patterns are stored again by a Hebbian STDP learning rule using slow NMDA channels with a time constant matching a theta period. If input to
the network is not interleaved with silent intervals at theta frequency, then NMDA
channel activation caused by the last element of the sequence will not yet have
declined sufficiently, and when the first element is presented again it gets associated with the last element. Theta prevents this breaking of directionality of the
sequence so that real sequences and not only loops can be stored.
Providing simulated annealing dynamics. In their next model, Sohal and Hasselmo (1998a,b) addressed the problem of forking sequences, the so-called ‘sequence disambiguation problem’. If two or more sequences share the same initial
pattern, or sub-sequence, then it is ambiguous which branch should be recalled
when cued with the common initial element. Here the possibility was explored
that a small subthreshold bias provided to the final element of one of the sequences
is able to direct recall to that branch during the testing phase in a model framework similar to that used in their previous work. (An analogy would be to think
of a rat at a branching point trying to find out which way to take to get to the food
source.) Neurons belonging to different branches reciprocally inhibited each other
through common feed-back interneurons, while neurons belonging to the same
branch excited each other through recurrent connections, thus resulting in a competition between branches for being activated. GABAergic modulation regulates
this competition by tuning the efficacy of all (excitatory and inhibitory) intrinsic
connections. During the ‘GABA up’ state, cells representing both branches get
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activated due to feed-forward and weak recurrent excitation, but as GABA levels
decline competition starts that is essentially decided by the small bias through a
‘winner-take-all’ mechanism by the end of the cycle. This process was shown
to be mathematically analogous to simulated annealing, a process known to be
suitable for finding states with globally minimal energy when many local energy
minima exist (Sohal and Hasselmo, 1998b). Gradual introduction of competition
between stored sequences as provided by theta regulated GABA receptor activity levels was also found to be important when one of multiple non-overlapping
sequences had to be recalled in the previous model (Wallenstein and Hasselmo,
1997).
The same model was demonstrated to successfully reproduce transitive inference in a paired associate learning paradigm (see above) that was observed to be
hippocampus-dependent (Sohal and Hasselmo, 1998a; Wallenstein et al., 1998).
Facilitating one-shot sequence storage by phase precession. As discussed in
Section 1.2.2, phase precession provides ideal conditions for forming association
through a STDP learning rule between cells representing consecutive episodes or
subsequent locations. Yamaguchi (2003) showed in a model of sequence learning that the repeated activation of such cell pairs with consistent phase lags due
to phase precession led to an asymmetric synaptic weight matrix in the recurrent
connections of CA3 even after a single presentation of a sequence. This model
was further analyzed (Sato and Yamaguchi, 2003) to show that even cells representing elements of the sequence which are separated by a delay several times
larger than the time scale of the learning rule get associated so that the sequence
can be recalled successfully. When compared with a rate model (Sato and Yamaguchi, 2003), the model based on phase precession yielded a higher degree
of robustness to noise and less sensitivity to the overlap and separation between
subsequent patterns in the sequence. However, even the phase precession model
required some degree of overlap between subsequent patterns, a restriction that
may hinder it in serving as a store for episodic memories. Moreover, the models are built on the assumption of phase precession being generated primarily in
EC cells (and hippocampal cells merely ‘inheriting’ this precession through the
perforant path) which has no experimental support to date.
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Note that models without assuming any oscillatory effects were also developed for sequence learning, but those usually required larger overlaps in the set of
activated neurons between subsequent patterns both for successful sequence recall
and for disambiguation (Levy, 1996; August and Levy, 1999), as well as in those
models disambiguation of looping, intersecting, or overlapping rather than forking
sequences was demonstrated, which is based on different past activity sequences
rather than biasing inputs (Levy, 1996).
Navigation
Perhaps the most prominent behavioral correlate of theta oscillation is when the rat
engages in active exploration of the environment. The following models explore
how theta could aid navigation of the animal.
Coordinating activity propagation in EC and CA3. The model of Hasselmo
(2002) and Koene et al. (2003) addresses the problem of finding the shortest path
to a goal in an environment where multiple goals exist and each of them can be approached through potentially multiple paths. Both EC (layer III) and CA3 stores
paths in the environment (by a mechanism essentially equivalent to a sequence
learning mechanism), with sequences being stored in their original order in CA
and in a reversed order in EC (the authors do not provide the mechanism for reverse sequence storage). During navigation, the process of taking the next step
begins with EC activity propagating from the location of the goal (or goals) backwards along already stored paths. When the CA3 cell representing the current
location of the animal gets excited by this input a limited forward spread starts in
CA3, thus recalling the locations that can be directly approached from the current
location along known paths. These two activity ‘waves’ have to synchronously excite a CA1 cell to fire it. The authors demonstrate by mathematical analysis that
this mechanism ensures that the CA1 cell firing will represent the next location
towards the nearest goal along the shortest path. Theta is essential in two ways for
this process. First, it should prevent recall during encoding, just as proposed in
sequence learning models, otherwise the activity propagation in CA3 during encoding is also stored, and the location recalled during navigation will contain this
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propagation term, thus representing a location that is not adjacent to the present
one and leading to the so-called ‘skip ahead’ problem. Second, activity propagation in EC and CA3 during recall must be appropriately timed. Theta oscillation
is proposed to provide this timing, but the precise mechanism for that is not outlined. Note that navigation in this model is restricted to follow one-dimensional
paths and does not occur freely in two dimensions, which may not be a limiting
restriction if the environment has been sufficiently crisscrossed previously.
Predicting locations through phase precession.

A consequence of phase pre-

cession not emphasized until now is that cells firing late in the theta cycle tend to
have place fields ahead of the rat, because the animal is just entering their place
fields, while those firing early in the cycle have their place fields behind the rat.
This effect was exploited in a neural network simulation of Burgess et al. (1994)
for guiding the navigation of the rat to goals located in a two-dimensional environment. In the model, each subicular cell have a place field that is essentially
the sum of the place fields of a set of hippocampal place cells, resulting in large
subicular place fields, consistent with experimental data. Moreover, subicular
cells are hypothesized to show phase precession as ‘inherited’ from hippocampal
cells through feed-forward connections. A population of ‘goal cells’ is postulated one synapse downstream from the subiculum. A goal cell fires when the rat
encounters a goal and, due to postulated input from head-direction cells, the rat
heads into a direction (North, West, etc) specific for the given goal cell. Synapses
between subicular goal cells are strengthened by a Hebbian learning rule requiring
synchronous pre- and postsynaptic activity. During navigation, information flows
from hippocampal place cells, through subicular cells, to goal cells. The population vector represented by goal cells should indicate the relative direction (and
inverse distance) of the rat from the goal. However, if the phase code of subicular
cells is not taken into account at learning, then goal cells will have equal input
from subicular cells that had place fields in front of and behind the rat when it
encountered the goal. Consequently, their firing field will be on average centered
on the goal and will not convey any information about the relative direction of the
rat from the goal. If change in synaptic weights is only allowed to occur in the
second half of the theta cycle, then goal cells will have a bias from subicular cells
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having place fields in front of the animal when it encountered the goal, resulting
in a place field shifted in the preferred direction of the goal cell relative to the position of the goal. Thus, during navigation the activity of place cells will predict
the direction of the goal.
The same principle was studied in a more general framework by Jensen (2001).
Here, a decoder layer of spiking neurons was supposed to get input from phase
coded hippocampal place cell firing. The decoder was modulated by theta oscillation (as a simple injected current) lagging behind hippocampal theta with an
adjustable phase lag. It was shown that depending on the phase lag between encoder (hippocampus) and decoder regions, activity in the latter signals upcoming
or current locations.
Providing reliable spike timing by phase precession. The model of Burgess
et al. (1994) was further developed by Trullier and Meyer (2000). In this model,
connections between (CA3) place cells were also considered, and supposed to
undergo Hebbian plasticity during exploration. However, these recurrent connections were ‘labeled’ with respect to the current heading direction of the animal,
so that a synapse between two cells was strengthened if the presynaptic cell fired
shortly before the postsynaptic cell and the animal was heading to the direction
corresponding to the ‘label’ of the synapse. It seems to be hard to justify the
biological plausibility of such an assumption, but it proved to be efficient in guiding navigation. When the rat encounters a goal, goal cells get activated as in the
model of Burgess et al. (1994), but, instead of simply activating place cells representing the current location this model starts propagating activity in the CA3
network, similarly as in the model of Hasselmo (2002) discussed above, along
synapses labeled with the current heading direction of the animal. The rat is supposed to probe several directions at a goal, thus recruiting place cells at different
directions from the goal. All place cells thus activated are associated with the currently active goal cell, effectively enlarging the ’prediction radius’ of the animal
within which it can tell the direction of a goal relative to its current location during future navigation. Note that phase precession in this model was not necessary
for distinguishing between predictive and inertial firing, as the plasticity between
goal and place cells did not take firing phase into account. Formation of proper
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connections from place cells to goal cells relies on an appropriate connectivity
matrix within CA3 which in turn depended on reliable plasticity between CA3
cells. Thus, the importance of phase precession lied in ensuring that CA3 neurons
having place fields along the trajectory of the animal emitted spikes repeatedly
and consistently in the appropriate order and in a compressed form with appropriate timing for LTP to occur, as discussed in Section 1.2.2. This role is essentially
the same as that played in one-shot episodic learning in the model of Yamaguchi
(2003) and Sato and Yamaguchi (2003), discussed above.

1.3.2 Other brain regions
Although the main concern of this section is the role of theta oscillation in hippocampal information processing, there have been two proposals about the function of theta in other structures that attracted considerable interest and may have
relevance for hippocampal theta.
Short term memory
Sustaining ordered firing of cells with lateral inhibition and afterdepolarization. The model of Lisman and Idiart (1995) claims to account for the welldocumented 7 2 capacity of human short term memory. A feed-forward network
of cells with recurrent inhibition is modeled. Each neuron generates a wave of
afterdepolarization (ADP) after emitting a spike. If the time course of the ADP
matches that of the theta cycle then the depolarizing phase of these two inputs will
coincide and the cell will fire in the next theta cycle, but not before that, without
sustaining the input that elicited the first spike. Firing of a cell delays the firing of
all other cells that did not fire together with it in perfect synchrony through lateral
inhibition, therefore only one highly synchronized group of cells may fire in each
time window corresponding to the time course of fast inhibition. This results in a
faster (approximately gamma-frequency) oscillation nested within each theta cycle, one cell group firing per gamma subcycle. The two oscillations together lead
to repetition of cell firings in the same sequence in consecutive theta cycles. The
capacity of this short term memory buffer is determined by the ratio of the periods
of nested theta and gamma oscillations. This model could also account for psy-
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chophysical data (e.g. response delays) in the Sternberg task (Jensen and Lisman,
1998). It was later also combined with a long term memory network to make it
more robust to noise, and to allow overlap between individual memories (Jensen
and Lisman, 1996b; Jensen et al., 1996). Furthermore, this network was supposed
to provide several hippocampal sequence learning (Jensen et al., 1996; Jensen and
Lisman, 1996b) or navigational (Koene et al., 2003) models with appropriately
pre-processed input.
Olfactory discrimination
Providing a temporal code by subthreshold membrane potential oscillations
It was first proposed by Hopfield (1995) purely on theoretical grounds that subthreshold membrane potential oscillations may endow neurons with a temporal
code that can effectively support a specific type of computation apparently important in olfactory processing: concentration invariant odor recognition. This is
achieved by the timing of the first spike depending logarithmically on the net level
of a depolarizing current if the membrane potential of the neuron is modulated by
a subthreshold oscillation. If a given odor excites several such cells with different depolarization levels proportional to the concentration of the odorant, then
these cells will fire at different times during the subthreshold oscillation, but their
timing relative to each other will be preserved, independent of odorant concentration. An appropriate decoder, sensitive for a given pattern of presynaptic spiking
times (e.g. by being connected to presynaptic cells through delay lines of different
lengths) would be then able to recognize odors in a concentration invariant way.
Brody and Hopfield (2003) further elaborated on this idea, showing that such a
network is also capable of odor segmentation (recognizing individual odors in a
mixture) and odor recognition in the presence of strong distractor odors. The biological plausibility of this mechanism has recently been confirmed by Margrie and
Schaefer (2003) in in vivo recordings in the mouse olfactory bulb. The existence
of a strong theta modulation of mitral cells was demonstrated that regulated single
cell firing, just as predicted by theoretical studies (Fig. 3). Furthermore, the feasibility of spike latency coding based on data from the measurements was assessed,
and in a direct comparison with alternative coding schemes, utilizing only binary
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Figure 3. In vivo recordings in the mouse olfactory bulb reveal a temporal code
in the presence of subthreshold theta oscillation. Spike timing within a theta cycle
(abscissa) as a function of the number of action potentials (AP) per theta cycle
(ordinate) in response to stimulation with odorant. Note the precession of the first
spike at increasing depolarization as predicted by theory (Hopfield, 1995; Brody
and Hopfield, 2003). AP number also increases with increasing depolarization.
Reproduced from Margrie and Schaefer, 2003.
glomerular activation patterns or the graded rate code of individual mitral cells, it
was proved to yield significant computational vigor.
Based on the theories described above, theta oscillation appears to be versatile, able to aid hippocampal computations in many different ways. Most of these
models are appealing as they offer a direct link between theta and improved performance in some specific behavioral tasks. Yet, only few of them addresses theta
in a more general framework to show its benefits in terms of hippocampal information processing in a way that could be applied to many different situations in
which performance is known to be hippocampus-dependent.

1.4 This dissertation
Firing of place cells in the exploring rat convey doubly coded spatial information:
both the rate of spikes and their timing relative to the phase of the ongoing field
theta oscillation are correlated with the location of the animal. Specifically, the
firing rate of a place cell waxes and wanes while the timing of spikes precesses
monotonically as the animal traverses the portion of the environment preferred

1. INTRODUCTION

49

by the cell. In Chapter 2, we propose a mechanism for the generation of this firing pattern that can be applied for place cells in all three hippocampal subfields
and encodes spatial information in the output of the cell without relying on topographical connections or topographical input. A single pyramidal cell was modeled where the cell received rhythmic inhibition in phase with theta field potential
oscillation on the soma and was excited on the dendrite with input depending
on the speed of the rat. The dendrite sustained an intrinsic membrane potential
oscillation, frequency modulated by its input. Firing probability of the cell was
determined jointly by somatic and dendritic oscillations. Results were obtained
on different levels of abstraction: a purely analytical derivation was given corroborated by numerical simulations of rate neurons, and an extension of these
simulations to spiking neurons was also performed. Realistic patterns of rate and
temporal coding emerged and were found to be inseparable. These results may
have implications on the robustness of information coding in place cell firing and
on the ways information is processed in structures downstream to the hippocampus. The material covered by this chapter has been published in Lengyel et al.,
2003.
Cortical input in our hippocampal single cell model was postulated to be proportional to the running speed of the rat. In Chapter 3 we set out to assess the
plausibility of this assumption. Cells in the superficial layers of EC, the sole cortical input region of hippocampus, exhibit place-specific activity thus apparently
invalidating our assumption. Such a classical receptive field input could, on the
other hand, explain hippocampal place fields if place cells in the hippocampus
were to simply sum their inputs. However, entorhinal place fields are less localized than those of hippocampal place cells, and to achieve an appropriately fine
tuning in the hippocampus most rate-based models make use of intrahippocampal
attractor network dynamics provided by the recurrent collaterals of hippocampal area CA3. Recent experimental evidence shows that CA1 place cells preserve
their tuning curves even in the absence of input from CA3. We propose a model in
which entorhinal and hippocampal pyramidal cell populations are only connected
via feed-forward connections. Synaptic transmission in our system was gated by a
class of interneurons inhibiting specifically the entorhino-hippocampal pathway.
Theta rhythm modulated the activity of each component. Our results show that
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rhythmic shunting inhibition endowed entorhinal cells with a novel type of temporal code conveyed by phase jitter of individual spikes. Appropriately timed
rhythmic gating inhibition served as a read-out mechanism for decoding entorhinal spike jitters, so that coarsely tuned place-specific activity in the EC was converted to velocity-dependent postsynaptic excitation. Hippocampal place fields
were generated through this mechanism and also shown to be robust against variations in the level of tonic inhibition. The material covered by this chapter has
been submitted for publication.
In Chapter 4 we summarize our findings and suggest a novel function for hippocampal theta oscillation. We speculate that theta could switch feed-forward
hippocampal networks between two distinct dynamical modes. In the ‘theta-off’
mode, a classical rate based mode possibly corresponding to sharp waves, neurons in each region simply sum their inputs and attractor network dynamics provided by lateral connections may be necessary for robust computations. In the
oscillation-based ‘theta-on’ mode, well-tuned receptive fields can be maintained
without interactions through lateral connections. This could be important for reliable memory encoding, a process thought to be central to hippocampal function.

2
Dynamically detuned oscillations
account for the coupled rate and
temporal code of place cell firing
The debate on whether hippocampal pyramidal cells signal nonspatial as well as
spatial information has still not been settled (O’Keefe and Nadel, 1978; Eichenbaum, 1996, 2000b; Nadel and Eichenbaum, 1999; O’Keefe, 1999), but that their
firing bears considerable spatial correlates is undoubted. However, the ways these
spatial correlates are encoded appear to be more elaborate than previously thought
as a growing body of experimental data is being collected on the firing characteristics of place cells.
Place units, identified later as putative pyramidal cells (Fox and Ranck, 1975)
and granule cells (Jung and McNaughton, 1993), were first described in the rat
hippocampus as extracellular units signaling whether the animal was inside or
outside a well-defined portion (the place field of the unit) of the testing platform (O’Keefe and Dostrovsky, 1971). Mapping spike frequencies to respective locations of the animal during exploration demonstrated that firing of place
cells conveys more than binary spatial information (Skaggs et al., 1993): they
show centrally peaked graded firing profiles as functions of position both in onedimensional (O’Keefe, 1976; McNaughton et al., 1983; O’Keefe and Recce, 1993;
Skaggs et al., 1996) and two-dimensional (Muller et al., 1987; Gothard et al.,
1996), or even in three-dimensional (Knierim et al., 2000; Knierim and McNaughton,
2001), environments.
In addition to this finely tuned rate code, the activity of place cells exhibits
temporal coding, provided by the phase precession effect, with spikes of a place
cell appearing at progressively earlier phases of subsequent cycles of the ongoing
51
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field theta oscillation as the animal traverses the place field of the cell (O’Keefe
and Recce, 1993; Skaggs et al., 1996). Recently, this phase coding has also been
shown to be concurrent with rate coding in virtually any case when field theta was
present, and not only during spatial navigation (Harris et al., 2002).
The source of this characteristic and doubly coded firing pattern of place cells
has been the target of numerous modeling efforts (O’Keefe and Recce, 1993;
Jensen and Lisman, 1996a; Tsodyks et al., 1996; Wallenstein and Hasselmo, 1997;
Kamondi et al., 1998; Bose et al., 2000; Booth and Bose, 2001; Bose and Recce,
2001; Harris et al., 2002; Mehta et al., 2002) and a few experimental studies applying artificial input to identified pyramidal cells (Kamondi et al., 1998; Magee,
2001; Harris et al., 2002).
Most of these works made specific assumptions on the anatomical architecture of the modeled area (Jensen and Lisman, 1996a; Tsodyks et al., 1996; Wallenstein and Hasselmo, 1997; Bose et al., 2000; Booth and Bose, 2001; Bose and
Recce, 2001). Although hippocampal subfields are known to significantly differ
in anatomical layout (Lopes da Silva et al., 1990), rate and phase-coded placespecific firing was found in all three subfields (Barnes et al., 1990; O’Keefe and
Recce, 1993; Skaggs et al., 1996), CA1, CA3 and DG, and in some cases place
fields persisted in downstream areas (CA3 and CA1) even if place-specific input
from upstream areas (DG and CA3, respectively) was not available (McNaughton
et al., 1989; Mizumori et al., 1989; Brun et al., 2002).
Another frequently made assumption is that cortical input arriving from the
entorhinal cortex (EC) at the hippocampus already contains place-specific (topographical) information (Jensen and Lisman, 1996a; Wallenstein and Hasselmo,
1997; Booth and Bose, 2001). Although this assumption cannot be rejected, because weakly tuned place cell activity was found in EC (Quirk et al., 1992), we
limited our model to the use of minimal spatial information to highlight its ability
to generate information on the position of the animal, instead of simply transmitting its input to the output.
Our goal was to construct a model that accounts for the two main characteristics of place cell firing that had not been covered consistently by any previous
theories: (1) rate and phase of place cell discharges depend primarily on the position of the animal instead of time spent in the place field, showing a better cor-
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relation with the former than with the latter (O’Keefe and Recce, 1993); and (2)
firing rate tuning curve of place cells is unimodal with a maximum at the center of the place field, while phase precession curve is decreasing monotonically
as the animal traverses the place field (O’Keefe and Recce, 1993; Skaggs et al.,
1996). In the present work, we propose a mechanism based on two dynamically
detuned oscillators, first hinted at by O’Keefe and Recce (1993). We show that
beyond generating the two salient properties, it also reproduces some finer details
of the firing pattern of place cells. First, we derive analytically how the double
neural code can emerge from this mechanism. Second, by means of numerical
simulations of a rate neuron model, we demonstrate that this derivation is applicable for place cells. Third, by adopting a biologically more plausible spiking
neuron model, further firing characteristics of place cells are reproduced. Finally,
predictions of the model are given explicitly and are compared with experimental
data, where possible, accompanied by an extensive comparison with related models, and possible implications of the inseparable double code of place cell firing
on neural coding in the hippocampus and decoding in its efferent structures are
discussed.

2.1 Methods
2.1.1 Biological background and outline of the model
Throughout this study, we modeled the behavior of a single place cell at three
different levels of abstraction, where each model described the same two compartmental neuron, proceeding from simple but easily tractable to progressively
more complicated but biologically more plausible systems. In all cases, there
were four key components to the model:
1. During exploratory behavior, theta field potential oscillation (4–10-Hz frequency and 1–2-mV amplitude) can be recorded from EEG electrodes located in the hippocampus of rats (Green and Arduini, 1954; Vanderwolf,
1969). Field theta oscillation is accompanied by synchronized subthreshold membrane potential-oscillations in the somata of individual pyramidal
cells (Artemenko, 1972; Leung and Yim, 1986; Kamondi et al., 1998). This
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Figure 4. Components of the two compartmental model, where the somatic
membrane potential fluctuation (SMPF) is influenced by two dynamically detuned
oscillations: the rhythmic somatic hyperpolarizing oscillation (SHO) and dendritic
membrane potential oscillation (DMPO), the latter being frequency modulated by
a velocity-dependent differential input (DI). Firing probability is determined by
SMPF.
effect is mediated by subcortical disinhibition; i.e., interneurons of the hippocampus are rhythmically inhibited by septal GABAergic afferents (Freund and Antal, 1988; Tóth et al., 1997); alternatively, it is generated within
the interneuron network itself (Bland and Colom, 1993; Chapman and Lacaille, 1999a,b; Fischer et al., 1999; Orbán et al., 2001), and in either case
may be amplified due to resonating properties of the pyramidal cell membrane (Nuñez et al., 1987; Leung and Yim, 1991; Garcia-Munoz et al., 1993;
Kiss et al., 2001). This rhythmic somatic hyperpolarizing oscillation (SHO)
was incorporated in our modeled pyramidal cell (Fig. 4).
2. Cortical input reaches the hippocampus solely through the entorhinal cortex–
perforant path route (Ramón y Cajal, 1893; Lorente de Nó, 1934; Burwell
and Amaral, 1998). This input is known to be multimodal and highly
preprocessed: place fields—and navigational ability—were indeed found
not to depend exclusively on any single modality, or even on individual
clues (Maaswinkel and Whishaw, 1999; Poucet et al., 2000; Save et al.,
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2000). Neurons at different levels of the central nervous system (Derrington and Lennie, 1984; Rauschecker and Harris, 1989; Ingham et al., 2001)
and specifically in sensory areas of the cortex belonging to the visual (Livingstone, 1998), auditory (Nelken and Versnel, 2000; Firzlaff and Schuller,
2001), or somatosensory modality (Tremblay et al., 1996; Shoykhet et al.,
2000), were shown to be sensitive to the velocity of changes in sensory input. Simultaneous and consistent changes in the input coming from several
modalities can most easily be elicited by the motion of the animal. Thus, it is
not implausible to assume that hippocampal principal cells receive velocitydependent input (Bose et al., 2000; Bose and Recce, 2001). Based on these
data, velocity-dependent differential input (DI) was assumed to impinge on
the dendrite of the modeled neuron (Fig. 4).
3. During REM sleep, when hippocampal field theta is observable (Winson,
1972), the dendritic membrane potential of pyramidal cells was found to
oscillate with theta frequency in antiphase with the somatic membrane potential oscillation (Kamondi et al., 1998). Dendrites were also shown to
be capable of sustaining intrinsic Ca -dependent membrane potential os

cillations with higher frequencies responding to higher levels of depolarization in vivo (Leung and Yim, 1991; Ylinen et al., 1995; Kamondi et al.,
1998). Therefore, dendritic membrane potential in our model neuron fluctuated regularly and was frequency modulated by the level of differential
input (Fig. 4), thus becoming dynamically detuned from SHO.
4. A widely accepted role of the somata of neurons is to integrate inputs arriving from different sources to the cell. More specifically, it is common
to assume that the firing frequency of a typical cortical neuron is close to
linear in the summed input current entering the soma, above a threshold
(Settanni and Treves, 2000). It was also recognized in earlier works that
summing two oscillations with slightly different frequencies could explain
the unique firing pattern of place cells (O’Keefe and Recce, 1993). Having
identified the two oscillators as the DMPO and SHO, the soma of our model
neuron was the integrator of the two oscillations and thus determined firing
probability of the cell (Fig. 4).

2. THE HIPPOCAMPAL MODEL

56

Equations and all precise definitions for analytical calculations are given in Appendix A.1. All computation were done with Octave (version 2.0.13) on a Pentium
200-MMX-based PC with Linux (kernel version 2.0.32) operating system.

2.1.2 Analytical calculations
First, a mathematical framework was set up in order to track the emergence of
phase precession in our model system. Constant frequency SHO followed field
theta oscillation with a fixed phase lag. Differential input ( , Eq. A.1) to a cell
was defined to be proportional to the instantaneous velocity of the rat within the
place field of the cell, and to be zero elsewhere. This input modulated the frequency of DMPO (  , Eq. A.2). While DI was zero, the dendritic compartment
maintained an oscillation with the frequency of SHO. Higher velocities increased
the frequency of DMPO and thus detuned the two oscillators. These two sinusoid
oscillations (  and  , Eq. A.3), one with fixed and the other with varying frequency linearly combined into SMPF (   , Eq. A.4). Firing probability of the cell
( , Eq. A.5) was determined by SMPF through a ramp transfer function (Eq. A.6).
Constraints for the above assumptions were that DMPO had to be in antiphase
with the SHO at both the entry and the exit points of the place field (initial and
terminal conditions, respectively, Eq. A.7).

2.1.3 Rate model
The rate model was developed as a numerical realization of the analytical system. Note that only equations defining the model (Eqs. A.1-A.7 and A.10) and
not derived formulae (Eqs. A.8, A.9, A.11-A.18), were used for computing model
variables, as it was one of the purposes of these simulations to numerically demonstrate the validity of analytical calculations. To demonstrate the robustness of the
model, the animal was allowed to enter the place field at different times (and thus
at different phases of field theta and SHO): time and position was no longer taken
as relative to the time and position of the entry to the place field, and  and 
were defined so that  . This required only some minor changes in
the equations used for analytical derivations and did not alter the mathematical
framework in any sense.
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Multiple traversals of the place field (trajectories:    functions, used in
Eq. A.1) were simulated. The environment (the space where the motion of the



model animal manifested) was one-dimensional with a length of   , representing any kind of linear, circular, or triangular platform (or portion of a more
complex environment) used in related experiments (O’Keefe and Recce, 1993;
Skaggs et al., 1996). A Monte-Carlo simulation was conducted by taking a sample from the pool of possible trajectories on each run. Sampling was done by
randomly changing the speed of the animal (choosing with a uniform distribution

       
 


 set) at the ends of fixed
from the 
time intervals of  
 lengths, and keeping the speed constant within these
intervals. Twenty passes were simulated through the same place field.
Because of numerical constraints, the ramp-transfer function (Eq. A.6) was

slightly modified to      "! #
 . Firing rate measured in experiments was corresponded to the instantaneous normalized firing probability determined as $    %&(' *)   + -, /.0, 21 . However, to obtain the phase of firing
relative to theta, actual times of firing had to be determined. For this purpose, lo87
cal maxima of the firing probability function were used: *3 4   65   
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 . Similarly, the set of field theta peaks was defined as: :3  
 
7=   ;< 5 5   89  . Firing phase was calculated for any given
spiking time ?>@A*3 as the relative phase of cell firing compared to peaks
in field theta: 
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the times of the preceding and following peaks of the field theta oscillation, respectively, and B/M N
as in the analytical calculations (Appendix A.1).
For evaluating multiple passes, positions were divided to _   discrete
bins of `-a 
in each bin as



_



 length. Mean firing probability was calculated
cb  
F: d  , where d  and : d  were cumulative firing rate
and occupancy of bin e ( fS egS _ ), and averages and standard deviations


d

were calculated of both firing probabilities and firing phases over passes. Cu
mulative firing rate and occupancy were defined as : d  hnpikoj l qs
m r d  8t  and

hunpikoj l q m c  r d   vt  , where : xw was total simulation time [simulation

stopped when the animal reached the end of the track: 3/yz    
], and r d   
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U?  signaled whether the rat was in po-

Numerical realization also required the value of constants to be fixed. Frequency of field theta and thus of SHO was     , relative contributions of

SHO and DMPO to SMPF were ,   ,  
, ratio of speed and the level of

differential input was       , distance of entry and exit points of the place


 , and EM N =  , respecfield from the beginning of the track were  

tively, phase of SHO at the beginning of the simulation was B  q 
. Therefore to
satisfy constraints (Eqs. A.7, A.10) depth of frequency modulation of DMPO by
differential input was set to  
  , and phase of DMPO at the beginning
of the simulation was set to B q   . Note, that at this level of abstraction amplitudes (,  and ,  ) and therefore also levels of oscillations (   ,   and   ) were
still unitless, just as the level of differential input ( ) and, naturally, firing probability. For numerical integration, the forward Euler scheme with a simulation time
step     was used.

2.1.4 Spiking model
An integrate-and-fire model was used to approach biological interpretability of
model variables:  w 5   w  +Kw where +w is transmembrane potential,  w

is the net membrane current and 8w      is the membrane capacitance.
Firing was defined to occur whenever  w exceeded a predefined firing threshold

!

#" :  3

  $w

   %&!

 , and its phase was determined as in the rate
model. At the beginning of each simulation and after each spike,  w was reset to
 " . Net membrane current was defined
*
the resting membrane potential ')(CN 




as proportional to instantaneous firing probability obtained from the rate model:
w     c    & $'     .    E1F Z,  .0,    , where   is the ramp-transfer
function defined at the rate model,  and   are the currents caused by SHO and


DMPO, respectively (Eq. A.3), with amplitudes ,  ,   
W +;  to allow
a maximal
 instantaneous firing rate. Although experimentally observed
values are between , and   (Skaggs et al., 1996), this high rate is due to the
occasional complex bursting of pyramidal cells. Since the class of integrate-and-

fire models we used in this case is not suitable for generating bursts, all spikes in
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a burst can be considered as if they were substituted with one single spike. All
other constants were set as in the rate model.
The spiking model was evaluated by simulating multiple passes through the

same place field (each pass having a different    function generated by a MonteCarlo simulation, as described at the rate model). The set of spiking times and

cumulative spike count was redefined to be *3     $ w   %&!  and d 
*3[7\   r d    T . Information content of spikes was calculated based on the
formula used by Skaggs et al. (1996) to allow further quantitative comparison of
simulation results with experimental findings:
 
 d
d o : d d  

  , where  d o d   :  xw is the over-

all firing rate, :*b   : d F:  xw is the occupance probability of bin e , and d is mean
firing rate in bin e as defined at the rate model. For numerical integration, the


forward Euler scheme with a simulation time step   

 was used.

2.2 Results
2.2.1 Analytical calculations
The purpose of analytical calculations was to quantify the dependence of firing
probability and phase on the position of the animal, that is, to determine firing
profile and phase precession curve. Knowing that instantaneous phase of an oscillation is the integral of its instantaneous frequency over time, this intentionally simple mathematical system was appropriate for analytically calculating both
the maximal normalized firing rate ( cw , Eq. A.14), based on the amplitude of

the envelope oscillation of SMPF (,  , Eq. A.12), and the phase of SMPF ( B  ,
Eq. A.16) , based on the phase of SHO ( B , Eq. A.8) and DMPO ( B , Eq. A.11).
Finally, we also calculated the phase lag of SMPF behind field theta ( B , Eq. A.18),

which was defined as compliant with experimental measures of phase precession
(Skaggs et al., 1996).
These two final formulae and Figure 5 show that the probability and phase
of spiking depended explicitly only on position and not on time, in accordance
with experimental findings of Mizumori et al. (1990b) showing that the primary
correlate of the firing of a place cell is the position of the animal, and those of
O’Keefe and Recce (1993) showing a better correlation between firing phase and
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Figure 5. Analytical calculations predicted a unimodal firing profile (maximal
normalized firing rate,  , upper plot) and a monotonic phase shift of spikes
(firing phase,  , lower plot), both depending primarily on normalized position,  .
Minor deviation in the ratio of DMPO versus SHO influence on firing ( 

, grey line) had negligible effect on the firing profile but substantially modified
the phase precession curve: it was no longer linear and spanned the complete
  –  range.
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position than between firing phase and time. This model also predicts that if
DMPO has a greater influence on firing probability than somatic input (,  ]

,  , Eqs. A.3 and A.5), phase precession will be curved instead of being purely

linear and will span the complete 

– 

range (Fig. 5, grey line), as observed

in experiments by O’Keefe and Recce (1993) and Skaggs et al. (1996). Note,
however, that the curve predicted by the model is concave-up in the first half of the
place field, which is not in agreement with experimental data (Skaggs et al., 1996)
fitted with curves concave-down through the whole span of the place field. This
mismatch appears to be eliminated by the spiking model, as shown by Fig. 8C.
Moreover, the phase of the first spikes when the rat enters the place field will be the
same across cells, as in experiments conducted by Skaggs et al. (1996); Shen et al.
(1997), and this phase will consistently be in the , – 
range after the phase
of maximal pyramidal cell activity (Fig. 5), in accordance with measurements of
Skaggs et al. (1996). Phase of the last spikes at exit from the place field will be
around , – 
before the population activity peak (as indicated by Fig. 5), but
the total shift can be less, as also seen in some cases by Skaggs et al. (1996), if

frequency modulation of DMPO by differential input is decreased (  9 ( EMN ,
cf. Eq. A.10).
Expected information content of the input and output of the modeled neuron
was also assessed based on experimentally applied measures (Skaggs et al., 1993,
1996; see also Methods 2.1.2). Average input was defined to be a uniform distribution over the place field, a valid assumption within our model framework, if running speed of the rat does not depend on its position. The output of the model was
its firing profile, assuming that the spatial distribution of the rat in space is uniform
on average (which again derives from the assumption of location-independent running speed). Spatial information content was shown to be increased from the input
to the output, and this increase depended approximately linearly on the relative
size of the place field compared to total track length (data not shown). For real
place field sizes measured by O’Keefe and Recce (1993) the average expected information content of the input was 2.06 (0.91–3.00) bits/spike, that of the output
was 2.27 (1.12–3.20) bits/spike, for a 11% (7–23%) increase.
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2.2.2 Rate model
The rate model was a numerical realization of the analytical system. Emergence
of firing properties of a place cell could be tracked as we iteratively calculated
variable values during a traversal of the place field. Figure 6 shows the events
involving a single place cell as the animal proceeds in the environment.
Until the rat entered the place field, differential input was defined to be at base
level, assumed to be sufficient for the dendritic compartment to maintain an oscillation (DMPO) which was synchronized in antiphase with the rhythmic (theta
frequency) hyperpolarizing oscillation of the soma (SHO). The two equal amplitude antiphase oscillations extinguished each other; thus, firing probability was
zero in this portion of the environment (Fig. 6A-D, before left arrowhead on time
scale). Firing ceased from the moment the rat left the place field (Fig. 6A-D, after
right arrowhead on time scale) for the same reasons, that is, the two oscillations
became once again synchronized in antiphase here (provided by correctly defining  , the phase shift/distance coefficient, see Eq. A.10), and differential input
was switched back to base level.
When position was changing continuously within the place field (Fig. 6A, between arrows) the level of DI stimulating the dendrites was defined to change
proportionally to the speed of the animal (Fig. 6B). While frequency of SHO was
set to a constant level (Fig. 6C, lower plot), DMPO was allowed to be frequency
modulated by DI (Fig. 6C, upper plot). This little jitter caused by frequency modulation was sufficient for DMPO to gain a half-cycle advantage gradually over
SHO and consequently escape the initial antiphase relationship and come exactly
into phase with SHO (Fig. 6C, inset). In-phase DMPO and SHO occurred at the
center of the place field. After this point, DMPO continued to gain more advantage over SHO until a complete cycle advantage was reached (restoring the initial
antiphase relationship), where it stopped because the rat left the place field (see
above).
SMPF, determined as the linear combination of these two oscillations, changed
its frequency and amplitude dynamically (Fig. 6D): the more DMPO was in phase
with SHO, the larger the overlap between their peaks became, and consequently
the higher the amplitude of SMPF was. As a result, instantaneous firing probabil-
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ity fitted to a centrally peaked firing profile when plotted against position (Fig. 6F).
Firing phase, calculated from local maxima of the firing probability function, decreased monotonically during traversal of the place field (Fig. 6E) and turned out
to depend just linearly on position (Fig. 6G), as predicted previously by the analytical calculations.
Reliability or robustness of the model was assessed by simulating multiple
traversals through the place field of the same cell and collecting data to characterize firing probabilities and phases statistically. Following experimental protocols
(O’Keefe and Recce, 1993) where average firing rate profiles are determined after
several passes through place fields, and the environment is divided into position
bins, we obtained a smooth average firing profile (Fig. 7B, upper plot). However, due to large fluctuations observed during individual passes (Fig. 6F) this
smooth average profile was accompanied by an extreme variance of firing probability (Fig. 7B, upper plot). This was in accordance with experimental findings
of Fenton and Muller (1998) in which firing of place cells was found to be more
variable on individual passes than could be predicted by an inhomogeneous Poisson process depending only on the rat’s position and the average firing probability
belonging to each position. In our model, this excessive variance emerged, in spite
of maximal firing probability being determined only by the position of the animal
Figure 6 (following page). Emergence of position-dependent firing rate and
phase during a single traversal of the place field: the rate model. A: Position
of the animal, marked interval: stretch of the place field. B: Level of afferent
excitation (proportional to speed) impinging on the place cell, zero corresponding
to baseline excitation (see Methods). C: DMPO with varying frequency (upper
plot) and SHO with constant frequency (lower plot), inset shows magnified detail
on DMPO (upper trace) gaining a half cycle advantage over SHO (lower trace)
from the time of entering the place field (left vertical dotted line) until reaching its
center (right vertical dotted line). D,F: Firing probability (as a linear combination
of SHO and DMPO, cut slightly over zero threshold) against time and position.
E,G: Phase precession of firing probability peaks relative to peaks in SHO against
time and position; bottom: left: time scale for A-E with arrowheads indicating
time of entry to and exit from the place field, right: position scale for F-G, marked
interval: stretch of the place field. Quantities without explicit indication of unit
are unitless at this level of abstraction (see Methods).
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(Eq. A.14, Fig. 5), because the actual number of realized spikes during a pass was
also determined by a time-dependent term. This term was the phase series of SHO
when each location within the place field was visited, which in turn depended on
two factors: on the phase of field theta when the rat entered the place field, and
more strongly on the actual trajectory of the pass (the time elapsed until reaching
a given position, see Eqs. A.5, A.13, A.12, A.16, and A.8, in this order).
Phase of firing was less variable and showed a clear linear tendency even after
several runs (Fig. 7B, lower plot). Thus the results obtained so far proved to be
fairly robust to speed changes and to be independent of actual trajectories, which
is a requirement of any reliable and biologically realistic phase precession-firing
profile model.

2.2.3 Spiking model
The spiking model was developed to approach biological reality. The main objective was to generate spike trains based on firing probabilities defined in the rate
model. These spike trains could then be further analyzed as in related experiments.
Performing these analyses, further place cell properties were reproduced.
A major issue about phase precession concerns its primary correlate: whether
it is position or time spent in the place field. This question can only be decided
in situations when the speed of the animal is not constant. Our model clearly
showed that both maximal firing rate and firing phase is determined by position
(Fig. 5). O’Keefe and Recce (1993), first reporting on phase precession, published
quantitative data on the phase precession characteristics of 16 place cells. The correlation coefficients we found (  for position and   for time in field, Fig. 8A,
B, cf. with Fig. 1A, C) are in good agreement with their results (averages:  for
position and
 for time in field, 
 ). The difference between experiment
and model in the correlation with time in field might easily be explained by that
the speed of the rat in our model was probably more variable than of a real animal,
chosen to demonstrate the robustness of our results.
Another important experimentally measured property of phase precession is
that spikes of a cell tend to span the complete 
theta cycle (O’Keefe and
Recce, 1993; Skaggs et al., 1996; Shen et al., 1997). Although the analytical
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Figure 7. Robustness of the model during multiple traversals of the place field:
the rate model. A: trajectories of the animal, marked interval: stretch of the
place field, each line represents an individual trajectory; B: firing probabilities
(mean SD) (upper plot) and phases (mean SD) (lower plot) for  long position bins.
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and rate models predicted firing to occur only in a 
range (Figs. 5 and 7B),
discharges in the spiking model were scattered around the theoretically predicted
phase, so that they nearly filled the 
interval (Fig. 8A). Figure 8C shows that
this interval could be further broadened if dendritic contribution to firing probability was greater than somatic (,   ,  ] , similar to choosing 3 9
 in a PinskyRinzel model, Pinsky and Rinzel, 1994). In this mode, the model generated a
curved crescent-shaped spike cluster, that fitted well nonlinear phase precession
patterns observed by Skaggs et al. (1996). This improvement occurred because
the first firings in the spiking model are delayed compared to the analytical model
with the time needed to reach the firing threshold by integration, and thus the initial concave-up portion of the firing phase curve shown in Figure 5 is not realized.
In the same study by Skaggs et al. (1996), a gradual broadening of spike clusters
was also described: phase dispersion of spikes increased from the entry to the exit
point of the place field. Our current model cannot account for this phenomenon.
Information content of spikes as a measure of spatial specificity was introduced by Skaggs et al. (1993, 1996) to compare place fields for spikes occurring
at different parts of the theta cycle. These investigators found that spikes occurring early in the theta cycle (  –  , with corresponding to maximal pyramidal cell population activity) conveyed significantly more information on the
animal’s position than those occurring late (  –  ) in the theta. (Although
this phenomenon was more pronounced in an open field environment, it was still
observable in rats running on a triangular track.) Performing the same analysis
on our simulated spike trains, our model reproduced these experimental findings
(Fig. 8D).

2.3 Discussion
We have shown how two compartments of a hippocampal principal cell behaving
as two dynamically detuned oscillators can interact to generate the characteristic
firing pattern of a place cell (Fig. 6). Position-dependent firing rate and timing
were found to emerge in our model without positional information being encoded
either in a topographical external input or in topographically ordered recurrent
connections (Fig. 4). Matching with experiments using one-dimensional envi-
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Figure 8. Analysis of spike trains generated by the spiking model reveals further
matches to experiments. A,B: Phases of spikes were better correlated with position (A) than with time spent in the place field (B). Each dot represents one spike.
Thick line is fitted by linear regression, with a correlation coefficient r. C: Phase
precession of spikes extended 360 if dendritic contribution to firing probability
was increased (,  ,  
 ). Each dot represents one spike. D: Information content of spikes occurring early within a theta cycle (vertical axis) was significantly
more than information conveyed by spikes occurring late (horizontal axis). Each
represents one theta cycle. Correlation coefficients and information contents
are unitless.
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ronments, such as linear (O’Keefe and Recce, 1993) or triangular tracks (Skaggs
et al., 1996), the model cell had maximal firing rate in the center of its place
field with a graded decrease towards the periphery, whereas the timing of spikes
changed monotonically with maximal phase shift at the end of the place field
(Fig. 5). Finer details of phase precession, 360 phase span (O’Keefe and Recce,
1993; Skaggs et al., 1996; Shen et al., 1997), and deviation from linearity (Skaggs
et al., 1996), were also reproduced, and the parameters controlling these features
were determined (Figs. 5 and 8C, cf. with Figs. 1A and 2). These results were
demonstrated to be robust to changes in the running speed of the rat (Fig. 7), and,
consequently, in line with experimental findings (O’Keefe and Recce, 1993) phase
of firing was more correlated with position than to time (Fig. 8A and B, cf. with
Fig. 1A and C).
Two parameters were essential for the model to work that were not explained
by biological constraints: (1) initial phase difference between the dendritic and
somatic oscillations at the time of entry to the place field had to be  , and (2)
the ratio of the frequency of DMPO to the velocity of the animal had to be the
reciprocal of place field length ( B q and  respectively; see Eq. A.10). We outline
two candidate mechanisms that can set these values.
First, if DMPO is only switched on when DI is above baseline (i.e., when the
rat is in the place field of the cell) due to a Hopf bifurcation, which is frequently
observable in neuronal membranes (Rinzel and Ermentrout, 1998, see also see
Fig. A.2 in Appendix A.2), a weak background field oscillation can determine
its initial phase without interfering with it later, when the system is already oscillating. The experimentally demonstrated antiphasic field oscillation between
the perisomatic and dendritic regions of hippocampal pyramidal cells under theta
(Kamondi et al., 1998) appears to be suitable for this role. Owing to the same
bifurcation, DMPO could then be turned off on exit from the place field (see Appendix A.2) thus avoiding sustained firing if the rat ran on a shorter route than that
determined by the DMPO frequency/running speed factor (because the factor is
not in accordance with the size of the place field, or the rat only touched the edge
of the place field in a two-dimensional environment).
Second, our model predicts that when the rat leaves the place field, DMPO
remains at a constant 

phase lag to SHO. If one or both parameters are not
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at their values required by our theory, this phase lag will be different, and this
difference will be proportional to the mismatches in both parameters. Thus, speculatively, an appropriate learning rule minimizing this phase lag difference as an
error signal would optimize simultaneously for both parameters and tune them
to their correct values. This hypothetical learning rule would decrease  , which
contains a synaptic weight term ( $ , Eq. A.2), if the cell precessed too much,
and increase it in the opposite case, resulting in less or more precession, respectively, during the next traversal of the place field. As the input coming from upstream hippocampal areas and the entorhinal cortex to place cells itself is theta
modulated (Buzsáki, 2002), the phase lag of DMPO to field theta will determine
the postsynaptic voltage in the dendrite that is preferentially paired with presynaptic spikes. LTP and LTD in adult hippocampal slices was recently shown to
be inducible by pairing different levels of the postsynaptic membrane potential
to presynaptic stimulations at physiological frequencies, when the direction and
magnitude of synaptic plasticity depended on the holding potential (Ngezahayo
et al., 2000). This may offer a natural mechanism for an appropriate learning rule
in our scheme. It is clear, however, that both proposed possibilities need further
analysis to assess their robustness and biological plausibility, and future versions
of the model will incorporate a quantitative description of the dynamics delineated
here.

2.3.1 Related work
Due to the relatively recent discovery of phase precession (O’Keefe and Recce,
1993) compared to the first published observations on place cells (O’Keefe and
Dostrovsky, 1971), only a few models, computer simulations, or experiments on
in vitro or anesthetized preparations, dealt with both the rate and phase code of
place cells. Some of these models had been constructed along concepts similar to
ours. Two slightly and statically detuned abstract oscillations had been hypothesized earlier as the source of phase precession by O’Keefe and Recce (1993).
Two oscillatory inputs of a pyramidal cell explained place cell firing in the work
of Kamondi et al. (1998); Magee (2001) and Harris et al. (2002). In these studies,
the oscillations were set permanently to be in antiphase and, instead of frequency
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modulation, the DC component of the dendritic oscillation was modulated by a
topographical input. Summation of a single somatic oscillation with a topographical non-oscillatory input shaped the firing pattern of the model neuron of Mehta
et al. (2002). Oscillations along periodic orbits of a system consisting of three
or four dynamically coupled neurons gave rise to phase precession in the model
of Bose et al. (2000) and Bose and Recce (2001). Gradually increasing level of
feedback inhibition interacting with rhythmic input in the theta range in a pyramidal cell-interneuron pair generated place cell firing in the work of Booth and Bose
(2001). A different class of models, recurrent network models (attractor networks
or chains models), were developed to account for the characteristics of place cell
firing by several investigators (Jensen and Lisman, 1996a; Tsodyks et al., 1996;
Wallenstein and Hasselmo, 1997). In these models, external input excited exclusively (or was biased to) a single cell (or set of cells) at the beginning of each
theta cycle and activity then propagated to other cells during the rest of the cycle
as determined by the internal dynamics of the network. Our work differs from all
the above described models in important aspects.
We made no specific assumptions on the anatomical architecture of the area
containing our modeled place cell, as long as the necessary inputs (somatic input causing SHO and dendritic differential input causing DMPO) are provided
(Fig. 4). A series of papers (Bose et al., 2000; Booth and Bose, 2001; Bose and
Recce, 2001) was built on the assumption that pyramidal cells and interneurons
were interconnected in a 1:1 fashion, either at the level of single cells or at the
level of strictly clustered neurons. However, morphological data on the widely
spread dendritic tree and axon arborization of pyramidal cells (Ramón y Cajal,
1893; Lorente de Nó, 1934), as well as of most interneuron types (Freund and
Buzsáki, 1996) in the hippocampus, suggest significant convergence and divergence between these cells. Recurrent network models (Jensen and Lisman, 1996a;
Tsodyks et al., 1996; Wallenstein and Hasselmo, 1997) rely on topographically ordered recurrent connections between place cells, and are thus directly applicable
to CA3 only. Note, that place cells in CA1 continue to show place fields in the
absence of place-specific firing in CA3 (Mizumori et al., 1989), or after isolation
of CA1 from CA3 (Brun et al., 2002). Therefore, it is not sufficient to explain this
phenomenon in a recurrent network and simply assume that place cells in other re-
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gions of the hippocampal formation are driven directly by its output. Our approach
allows the model to be applied to any subfield of the hippocampus where place
cells were observed: CA1, CA3 and DG (Barnes et al., 1990; O’Keefe and Recce,
1993; Skaggs et al., 1996), despite the significant differences in their anatomical
layouts (Lopes da Silva et al., 1990).

Our model neuron produced a
increase of spatial information in its output compared to its input. In some of the alternative models (Jensen and Lisman,
1996a; Wallenstein and Hasselmo, 1997; Bose et al., 2000; Bose and Recce, 2001)
a Gaussian- or ramp-like firing profile results from the premise that each place cell
is only excited at a single location. Thus, in these models, spatial information is
either decreased or at best preserved. How much topography is present in the cortical input reaching place cells is unclear; although location-dependent activity was
found in the entorhinal cortex, this activity was significantly less place-specific
than that of hippocampal place cells (Quirk et al., 1992). We believe that as long
as strongly location-dependent cortical input to place cells is not demonstrated
convincingly in experiments, models should assume as little topography in the
cortical input as possible.
Firing rate and phase in our model was better correlated with location than
with time (see above) in accordance with experimental data (O’Keefe and Recce,
1993). Specifically, the phase of every spike is always better correlated with position than with time, in contrast with recurrent network models (Jensen and Lisman, 1996a; Tsodyks et al., 1996; Wallenstein and Hasselmo, 1997) in which
phase precession of all spikes, but the first in each theta cycle is time-dependent
instead of location-dependent. However, experimental data should be further analyzed at a finer time scale to reach a conclusion on this point. The recurrent
mechanism predicts that the more speed fluctuations occur within a theta cycle
the better spikes will be correlated with time instead of position. Our model predicts the opposite: discharges will be more correlated with position in this case.
A per-theta cycle analysis of experimental data would reveal the real correlations.
Our model predicted a monotonic phase shift and a unimodal firing rate distribution over locations; i.e., firing rate waxed as the animal approached the center
of the place field and waned as the animal left the center and moved towards the
periphery, while discharges appeared at consistently earlier phases of subsequent
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cycles of the theta oscillation during a pass through the place field. Recurrent
network models, when tuned to reproduce monotonous phase precession (Jensen
and Lisman, 1996a; Tsodyks et al., 1996; Wallenstein and Hasselmo, 1997) and
coupled oscillator models (Bose et al., 2000; Bose and Recce, 2001) show only
a weak, if any, modulation of firing rate by the position of the animal within
the place field, resulting in a nearly constant firing rate. Models in which both
firing rate and phase are linear or monotonic functions of the same parameter
(Kamondi et al., 1998; Booth and Bose, 2001; Magee, 2001; Harris et al., 2002;
Mehta et al., 2002) produce a monotonically increasing firing rate if monotonic
phase precession is preserved, or a nonmonotonic phase precession if unimodality of the firing profile is to be preserved. Although there is some controversy
as to whether phase precession is linear or accelerating, its trend is undoubtedly
monotonic (O’Keefe and Recce, 1993; Skaggs et al., 1996). In contrast, most experimental data indicated that firing rate changed in a waxing-waning manner in
both one- and two-dimensional environments (McNaughton et al., 1983; O’Keefe
and Recce, 1993; Redish et al., 2001), although a recent paper by Mehta et al.
(2000) showed that firing profiles became asymmetrical with experience: they
were clearly Gaussian-like during the first laps on a track but became increasingly
skewed on subsequent laps, resulting in an elongated waxing and a short waning
phase. Note that although skewness of firing profiles in this study increased, they
never became monotonic. Instead, a slowly increasing tail was added at the side
of entry to the initially Gaussian-like shapes, also marked by a gradual increase
and backward shift of place fields (Mehta et al., 1997). This indicates that a symmetrical bell-shaped curve is a better description of the firing profile than any
monotonic function at the beginning of an exploration period, and that it might
still be a good approximation at later times.

2.3.2 Experimental predictions
Beyond reproducing a range of salient properties and some finer details of place
cell firing, our model also made predictions that allow its experimental testing.
The frequency and time code of place cell firing was found to be inseparable
because the same mechanism generated both. This is supported by the finding that
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spike trains of hippocampal pyramidal cells were simultaneously rate and phase
coded whenever field theta oscillation was present, i.e., during navigation on a
linear track and in an open field, during wheel running, and even during REM
sleep (Harris et al., 2002). Consequently, in general, there should not be any
situation when either characteristic is present without the other. More specifically,
disrupting the generating mechanism should result in the loss of the locationspecificity of both the firing rate and the firing phases of place cells.
A key component of the model was the SHO (Fig. 4), which was assumed
to follow hippocampal theta field potential oscillation with a constant half period lag (Fig. 6). Under normal conditions, theta is present in the exploring rat
(Green and Arduini, 1954; Vanderwolf, 1969; O’Keefe and Recce, 1993). Abolishing it should not only disallow phase precession, but should also result in the
loss of location-specific firing of place cells. This prediction was confirmed by
the experiments of Mizumori et al. (1989), in which the reversible inactivation
of the septum, a main source of hippocampal theta (Petsche et al., 1962), led to
the virtual absence of field potential oscillations in the theta band and the disappearance of place fields of CA3c pyramidal cells. However, in the same set of
experiments Mizumori et al. (1989) also found that this treatment did not alter the
place-specific firing of CA1 complex-spike units significantly, despite that EEG
signals recorded with the same electrodes used for the detection of unit activity
clearly lacked the theta component. There are three possible explanations.
First, field potential oscillations are known to reflect synchronized and coherent currents and membrane potential oscillations over large populations of neurons. The theta frequency EEG signal was no longer detectable because septal
inactivation caused the loss of synchrony between individual SHOs of principal
cells instead of completely abolishing them. Individual SHOs could be maintained by the regular but partly asynchronous firing of the interneuron network
(Chapman and Lacaille, 1999a,b). This assumption is supported by additional
analysis finding that autocorrelation functions of CA1 (but not CA3c) units still
showed some degree of theta modulation during the period when field theta was
suppressed (Mizumori et al., 1989). This way individual pyramidal cells could
still have theta frequency SHOs, and therefore preserve their proper place-tuning
curves.
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Second, maintenance of individual SHOs can be provided by the theta frequency resonance of pyramidal cell membrane to tonic depolarization (Nuñez
et al., 1987; Leung and Yim, 1991; Garcia-Munoz et al., 1993; Kiss et al., 2001).
The septo-hippocampal pathway involves multiple fiber systems (Lopes da Silva
et al., 1990; Buzsáki, 2002), and the necessary depolarization could still be present,
even in the absence of the oscillatory component of the septal input.
Both the first and second explanations imply that septal input is necessary
for synchronizing spontaneous theta frequency membrane potential oscillations
in hippocampal cells, and that this intrahippocampal theta is more robust in CA1
than in CA3. More detailed investigations of theta generating mechanisms will
be necessary to test these predictions. Furthermore, in CA1 even in the absence
of field theta, membrane potential oscillations in the theta band should be found
in properly tuned individual pyramidal cells, and these cells should show phase
precession relative to their somatic oscillations.
Finally, the possibility of alternative ways of generating location-specific firing in place cells, and further, that different hippocampal subfields might employ
different mechanisms, cannot be excluded. In this case, the mechanism of CA1
place cell firing, at least under conditions when theta is not present, needs to be
the subject of further studies.
Decoupling of the frequency and phase code of place cells appear to occur
naturally when rats are exploring an open platform instead of a circular, triangular
or linear track. Place fields were shown to be robust in environments in which
the rat could move freely in two dimensions (Muller et al., 1987; Gothard et al.,
1996), while Skaggs et al. (1996) showed that phase precession was much less
obvious in such environments than on tracks on which the movement of the rat
was confined to a single dimension. The formalism of our model assumes that
location within a place field is unambiguously determined by the distance taken
from the entry to it. This is valid for one-dimensional environments, provided that
different place fields develop for the same region if the rat is allowed to approach
it from opposite directions (McNaughton et al., 1983; Markus et al., 1995). If rate
and phase of firing depend on the distance traveled within the place field, it leads
to the proper frequency and timing of spikes in one-dimensional, but not in twodimensional environments in which each location can be approached through tra-
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jectories of different lengths and place fields are not direction-dependent (Muller
et al., 1994). This trajectory-dependence is most prominent at the periphery of
a place field where the same location can be either at the beginning or at the
end of a trajectory and therefore would correspond to the opposite endpoints of
a one-dimensional place field. Symmetrically opposing locations within a place
field possess similar firing frequency values but, because of the monotonic phase
shift of spikes, greatly different firing phases (Fig. 5). Therefore, our model predicts that averaging over multiple trajectories in two-dimensional environments
will preserve firing tuning curves but obscure firing phase-position dependence,
as seen by Skaggs et al. (1996). In contrast, our model also predicts that the
original phase precession effect can be disclosed by analyzing individual trajectories and plotting spike phases as a function of distance traveled since entry to
the place field. In the same experiment (Skaggs et al., 1996), exploration episodes
were classified based on the head direction of the animal, and when spikes belonging to different classes were analyzed separately, phase precession similar to
that which occurs on a linear track could be observed.

2.3.3 Implications for neural coding in the hippocampus and
decoding in its efferent structures
Jointly generated rate and phase code of place cells may have several benefits in
terms of neural coding. First, the double code provides structures downstream
to the hippocampus with the potential of employing alternative ways of decoding
place cell firing. Possible ways of interpreting and utilizing the rate component
of this code have been the subject of numerous works (Wilson and McNaughton,
1993; Brown et al., 1998; Zhang et al., 1998), and information transfer at the decoding of phase coded spike trains by rhythmically coupled networks has recently
also been described (Jensen, 2001).
Second, redundancy in the rate code due to its symmetry is counterbalanced
by the uniqueness of the phase code provided by the monotonic phase precession effect, while sensitivity of the phase code to the direction of movement is
compensated for by the robust frequency tuning of place cells in two-dimensional
environments (see above). These effects will contribute to increasing the accu-
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racy of place reconstruction in areas reading the hippocampal code (Jensen and
Lisman, 2000).
Third, activity of several cell types in the hippocampus is theta modulated
during related behavior (Skaggs et al., 1993; Csicsvári et al., 1999). Pyramidal
cells discharge preferentially at the phase of theta when their membrane potential
oscillation is in the most depolarized phase (Ylinen et al., 1995; Kamondi et al.,
1998). Because the closer a cell is to its firing threshold, the easier random input
discharges it, spikes at this phase may be due to noise and not convey relevant
information, as already hypothesized by Katona et al. (1999). This is in line with
the finding of our model that in the exploring animal, spikes appearing during
the phase of field theta associated with maximal pyramidal cell population activity convey less spatial information than spikes during the rest of the theta cycle
(Fig. 8D), as was demonstrated previously in experiments (Skaggs et al., 1993).
However, the more rapidly a hippocampal pyramidal cell fires (preferentially in
bursts), the more reliably its activity is detected by its postsynaptic partners (Lisman, 1997). Thus there appears to be a tradeoff between the information content
and detectability of place cell firing, one being maximal when the other is minimal
during a theta cycle. Decoding mechanisms being sensitive for both the phase and
frequency of firing might optimize for these two different aspects of the code.
Fourth, different interneuron populations of the hippocampus synapse on different regions of the dendrite of principal cells, in register with different excitatory afferent fiber systems showing considerable layer-specificity (Freund and
Buzsáki, 1996). These interneurons discharge at different phases of the field theta
(Csicsvári et al., 1999; Klausberger et al., 2003) and, when silent, provide windows of time during which transmission of incoming information is not inhibited
in the respective afferents (Katona et al., 1999; Wyble et al., 2000), and when
modification of synaptic strengths can take effect (Pavlides et al., 1988; Huerta
and Lisman, 1995; Wallenstein and Hasselmo, 1997). Thus when calculating the
effectivity of the transmission of information and its influence on plasticity, not
only should firing rates and relative timings of pre- and postsynaptic neurons be
taken into account (Sjostrom et al., 2001), but timing of spikes relative to the
global oscillation and other neuron populations as well. The double neural code
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of place cells influences all these aspects and understanding its mechanism is substantial to our understanding of the hippocampal function.

3
Theta modulated feed-forward
network generates rate and phase
coded firing in the
entorhino-hippocampal system
Place cells were described in the hippocampus of rodents as neurons that signal
whether the exploring animal is within a given portion of the environment, termed
the place field of the cell (O’Keefe and Dostrovsky, 1971). Place-specificity of the
activity of these neurons is reflected in two ways: their firing rate tuning curve has
a Gaussian-like shape within the place field (O’Keefe and Burgess, 1996; O’Keefe
and Recce, 1993, but see Mehta et al., 1997, 2000) and remains at a negligible
level outside the place field, and individual spikes occur at progressively earlier
phases of subsequent cycles of the ongoing theta field potential oscillation as the
animal traverses the place field (theta phase precession, O’Keefe and Recce, 1993;
Skaggs et al., 1996; Harris et al., 2002; Mehta et al., 2002).
The sole source of cortical input to hippocampus is EC, where neuronal activity was shown to be only weakly place-specific (Quirk et al., 1992), and no sign of
a temporal code similar to that found in hippocampus has so far been described.
Several studies suggested that the robust place cell activity of the hippocampus
is thus attributable to the dynamics of serial intrahippocampal processing with
the DG and especially the recurrent collaterals of CA3 being indispensable by
playing well-defined roles, such as sparsifying entorhinal input and providing the
system with associative memory or attractor network dynamics (Treves and Rolls,
1994; Granger et al., 1996; Tsodyks, 1999). However, there is experimental evidence showing that place cell activity in downstream areas is maintained even
79
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under conditions when the functioning of DG or CA3 is severely impaired (McNaughton et al., 1989; Mizumori et al., 1989). Two recent studies also failed to
show any deterioration of already established CA1 place fields, and basic navigational skills, when input from CA3 to CA1 was made unavailable by surgical or
lesion manipulations (Brun et al., 2002) or when NMDA-receptors were specifically knocked-out in CA3 (Nakazawa et al., 2003).
Theta oscillation is a prominent field potential oscillation in the hippocampus and neighboring areas, such as EC, that is present whenever the rat engages in
exploratory behavior (Green and Arduini, 1954; Vanderwolf, 1969). In neural network models of the entorhino-hippocampal projection, theta modulation is often
considered, if at all, rather as a constraint than as a benefit (Burgess et al., 1994;
Granger et al., 1996, but see Hasselmo et al., 2002). Models of phase precession
are naturally inclined to take theta into account, but in most cases, it is only used
as a ‘clock signal’ for the temporal code, and the firing rate tuning curve of place
cells is determined by an independent process, which is usually simply the net
excitatory input impinging on a place cell (Tsodyks et al., 1996; Kamondi et al.,
1998; Mehta et al., 2002). The first hint that the rate and phase code might be
interlinked came from a study in which reversible suppression of theta diminished
the place fields of CA3 place cells (Mizumori et al., 1989). More direct evidence
was provided in a recent study, showing that phase and rate of spikes strictly covaried under any conditions (navigation, wheel running, REM sleep) whenever
theta was observable (Harris et al., 2002).
In this study, motivated by our hippocampal single cell model described in
Chapter 2, we sought the possibility that EC input could provide speed-dependent
differential input for hippocampus. Only the direct entorhino-hippocampal pathway (perforant path) was considered, and the effect EC cells possessing coarsely
topographic place fields (Quirk et al., 1992) exert through it on their postsynaptic
partners in the hippocampus. Theta played an active role in shaping the dynamics
of our model network: it rhythmically inhibited somata of both entorhinal and
hippocampal place cells, and gated transmission in the feed-forward connections
between these populations. We show that loosely place-specific firing of EC cells
can encode additional information in the jitter of individual spikes about the firing history of the neuron. This jitter code then can be effectively decoded by
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appropriately timed phasic gating inhibition so that hippocampal cells receive net
excitation that is proportional to the running velocity of the rat, just as postulated
in our previous model. Experimentally reported phase relationships of the cell
populations modeled here are consistent with the requirements of the model. In
comparison with a simple rate-based model, place cell firing in this phase coded
scenario is demonstrated to be more resistant to changing levels of inhibition.

3.1 Methods

The model network consisted of _ 
entorhinal pyramidal cells synapsing on
a single hippocampal pyramidal cell (Fig. 9). (More than one hippocampal cells

would have been necessary had we intended to investigate not only feed-forward
interactions, but also recurrent connections within the hippocampus or feed-back
connections to EC cells.)

3.1.1 Theta modulation
Theta oscillation influenced network dynamics through inhibitory control. Inhibitory cells were not modeled explicitly, only their postsynaptic effects were
taken into account, which were threefold: (1) they shunted EC cell somata, (2) hyperpolarized the soma of the hippocampal cell, and (3) gated EC hippocampus
synaptic transmission. Effects (1) and (2) are commonly known to be mediated
by a wide range of perisomatic inhibitory neurons, and effect (3) is attributable to
perforant path-specific interneurons described in all subfields of the hippocampus
(Freund and Buzsáki, 1996; Katona et al., 1999). Theta oscillation is a coherent
field potential oscillation throughout the entorhino-hippocampal axis (Buzsáki,
2002), and activity of various classes of hippocampal interneurons and putative
EC interneurons had been shown to strongly depend on the phase of theta and to
be considerably synchronous within each class (Csicsvári et al., 1999; Klausberger
et al., 2003). Thus, each inhibitory effect in our network was modulated with the
same frequency  !    , and was synchronized over the network (Fig. 9, effects
1-3). However, different phasic components of theta influence did not need to be
in phase with each other, although for our network to function properly, there was
a constraint on the phase relationship between the shunting (1) and the gating (3)
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Figure 9. Theta modulation in the modeled feed-forward network. EC cells
were connected by feed-forward excitatory connections to a single hippocampal
pyramidal cell. Perforant path (pp)-specific inhibitory interneuron gated transmission of pp synapses. Theta modulation had phasic effects on (1) entorhinal
cells, (2) soma of the pyramidal cell, (3) activity of pp-specific inhibition, and it
was also assumed to (4) tonically modulate the dendrite of the hippocampal cell,
allowing it to sustain intrinsic membrane potential oscillations.
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effect (see Discussion). We also assumed that theta had a tonic effect in depolarizing the dendrite of the hippocampal pyramidal cell (Fig. 9, effect 4), tuning
it to a membrane potential regime in which it was capable of sustaining intrinsic
membrane potential oscillations (Kamondi et al., 1998, also see Appendix A.2).

3.1.2 Model equations and parameters
Entorhinal pyramidal cells were modeled as leaky integrate-and-fire units: the
(
evolution of subthreshold membrane potential of the e th cell,  d , was governed

by the usual current-balance equation: *w
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The hippocampal cell was modeled as a simplified two-compartmental integrateand-fire neuron, as described in detail in Chapter 2. Briefly, it consisted of a
somatic and a dendritic compartment. Subthreshold somatic membrane poten-
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. The dendrite sustained an intrinsic membrane potential oscillation due

to being depolarized tonically during theta so that        sU?W' B   21.   ,


W +;  where the phase of the dendritic oscillation was B   
 . . B q . Frequency of the dendritic oscillation was modulated
6

by synaptic inputs:        !^. #      , where  
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current-to-frequency scaling factor, and      was the synaptic current evoked
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by presynaptic entorhinal cells.
Postsynaptic current of perforant path synapses was modeled as a convolution
of presynaptic entorhinal spike trains, as series of Dirac-deltas (  ), with the alpha
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done with Octave 2.0 running under Linux kernel version 2.4 on a PC-compatible
with an AMD Athlon 1800+ CPU.

3.2 Results
3.2.1 Theta modulation in the entorhinal cortex
Rhythmic inhibition is known to lock cell firing to peaks of the underlying oscillation, although the exact timing depends on the amount of depolarization provided
by an additional excitatory current (Hopfield, 1995). Here we investigated the
effect of varying switch-on phase, i.e. the phase of theta oscillation at which
the excitatory current was switched on in a model EC cell, while theta-modulated
shunting inhibition impinged on it (Fig. 10). The applied current was large enough
to fire the cell twice in a theta cycle, and the timing of these spikes quickly converged to the same value (‘steady-state firing phases’) regardless of switch-on
phase. During the first cycle of activity, however, action potential timing was more
variable (‘transient firing phases’), and at some values of switch-on phase the cell
fired at phases when it otherwise would not have done in subsequent cycles.
To investigate this phenomenon in more detail, we constructed return maps of
an EC cell (Fig. 11A) at different levels of depolarization. Return maps show the
phase of theta at which spike .
occurred as a function of the phase of spike
(May, 1976). As our cell model only had a single dynamical variable, its mem-

(

brane potential,  d   , which was reset to the same ')(-N value after each action
potential, spike timing only depended on the amount of depolarizing current (a
parameter of the system) and the phase of the inhibitory cycle at which the cell
started to integrate this current (an initial condition of the system). Furthermore,
because absolute refractory period was not explicitly modeled in our cell and reset potential was equal to the resting membrane potential, the same ‘return map’
was valid for showing the timing of the first spike a cell emitted as a function
of theta phase at which depolarization was switched on. Including refractoriness
in our model and setting reset potential below resting membrane potential would
not have changed our results substantially: the ‘first spike map’ would have been
unaltered, and the actual return map would have been cyclically shifted leftward
with a small amount relative to the present map.
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Figure 10. Spike timing in the first but not in subsequent cycles of activity
depended on switch-on phase. The EC cell received rhythmic shunting inhibition
(bottom trace, showing fluctuation of the leakage conductance), and depolarizing
current was switched on at different phases of the inhibitory oscillation (middle
traces). Top plot shows spike times (ticks), each row corresponding to a different
switch-on phase. Switch-on phase varies from bottom to top row as indicated by
middle traces in left-right order. Phase was normalized to theta cycle length, 0
and 1 corresponding to maximal inhibition (dotted lines).

Figure 11 (following page). A: First order return map of the EC cell: firing
phase (ordinate) as a function of previous firing or switch-on phase (abscissa) and
(  N , different lines). Diagonal is shown for reference.
the level of depolarization (
Intersection of return map line with the diagonal indicates a stable fixed point.
B: Higher order return maps revealing periodic attractors. Return map lines that
have a non-degenerate periodic attractor, indicated by multiple intersections with
the diagonal, are thick on the corresponding return map. C: Bifurcation diagram
based on the first five return maps. Number of spikes increased, steady-state firing
phases decreased (dark grey lines), and range of all possible spikes widened (light
grey area) as a function of the injected current. Note, that spikes fired during
transients could appear after the latest steady-state firing phase (light grey area
reaches beyond the topmost segments of the dark grey line), but not before earliest
steady-state firing phase (bottom of light grey area coincides with bottom dark
grey line). Maximal phase of third spikes coincided with latest asymptotic firing
phase in the 1-2 spikes/cycle range, but followed maximal firing phase determined
by transients at higher firing rates (solid black line). Firing phase was normalized
to the length of the theta cycle, and corresponding to the phase of maximal
inhibition.
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As expected, return map lines (RMLs) were monotonically increasing, except
at discontinuities where the apparent decrease was caused by the next spike being
delayed until the next cycle (the explanation for why points appeared below the
diagonal at all), next spike delay was a decreasing function of injected current at
any phase, and spike delays were minimal during the period preceding the middle
of the theta cycle (when inhibition was minimal). At the lowest input current intensities no spikes were generated (not shown because return map was not defined



in this case), but above threshold (  W +   , Fig. 11C) spikes and thus RMLs
appeared. In general, RMLs consisted of two regions separated by a discontinuity: a concave-up flank, being responsible for the jitter in first spike-timing, and
a nearly horizontal portion, determining steady-state firing phase. At low current

intensities (Fig. 11A, 
W +   line) spike timing was largely unaffected by
exact switch-on time (the flanking region varied only between  and  in units
of cycle length) and had a stable fixed point around  , indicated by an intersection of the quasi-horizontal portion of the RML with the diagonal. Such a fixed
point corresponded to a single steady-state firing phase. Increasing input current
shifted the RML down- and rightwards, which led to the precession of the fixed
point, i.e. firing occurred earlier in the theta cycle, and also to the widening of the
flanking region and thus of the range of transient spiking phases. Further increas




ing input current (Fig. 11A,
,
,  , and
W +&  lines) resulted in
the loss of the stable fixed point.
This, however, did not mean that the system did not have an attractor. Constructing higher order return maps (Fig. 11B), by iterating the first order map,

revealed fixed points for intermediate current intensities (Fig. 11B,
,
, and



W +   lines), which corresponded to periodic attractors, or limit cycles.
A return map of order  shows the phase of spike .  as a function of the
phase of spike . A periodic attractor first appearing on return map of order 

(ensuring that it was neither a degenerate case nor a harmonic of a lower order
limit cycle) was a period  limit cycle, the  intersections with the diagonal corresponding to the  elements of the cycle, i.e.  steady-state firing phases within a




theta cycle (Fig. 11B,
W +&  line on the 2nd,
W +   line on the 3rd,


W +   line on the 4th order return map). A RML having a period 
and 
limit cycle was contracted on maps of order higher than  as its concave-up flank
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disappeared, or became horizontal, and as a result, the RML consisted only of hor

izontal sections indicating its steady-state phases (Fig. 11B,
W +   line on


the 3rd and 4th, and
W +&  line on the 4th order return map). Thus, after the
first cycle of activity, spikes were confined to a smaller interval of the theta cycle
(between minimal and maximal steady-state phases) compared to spikes during
the first cycle. This contraction did not occur at high input current amplitudes


W +   line), because the first order map was already nearly
(Fig. 11B,
parallel with the diagonal.
Based on this return map-iteration method, we constructed a bifurcation diagram of the EC cell, which gave asymptotic firing phase, or phases in the case of
a periodic attractor, as a function of the amount of injected current (Fig. 11C, dark
gray lines). Increasing input current amplitude increased firing frequency (number of elements of the limit cycle) and precessed steady-state spikes continuously,
showing a remarkable similarity to the pattern found in in vivo recordings from
mitral cells receiving theta modulated inhibition and synaptic excitation (Margrie
and Schaefer, 2003, see Fig. 3 here). Increasing depolarization also widened the
maximal range of all (transient and steady-state) firings (Fig. 11C, grey area),
and ultimately led to quasi-periodic firing of increasing frequency (not shown because no attractor existed in this case). Due to the contraction of RMLs described
above, the maximal phase of the 3rd spike (Fig. 11C, solid black line) coincided
with the latest steady-state phase in the case of one or two firings per theta cycle,
but became identical with the general maximum phase at higher firing frequencies. Similar results were obtained for 2nd, 4th, etc. spikes (data not shown): in a
period  state, spikes up to the  th could appear at transient phases, while further
spikes sticked to steady-state phases. Thus, the phenomenon illustrated in Figure
10 was apparent at various current intensities: spikes were more dispersed in the
first theta cycle than during subsequent cycles.
Pyramidal cells in the superficial layers of the EC have broadly tuned placespecific activity (Quirk et al., 1992). To mimic this property we changed the
external input impinging on model EC cells from the previously used step current
to a more realistic Gaussian-like excitation as a function of the position of the
model rat as it traversed the environment. Each cell was active for a different
number (

#

 ) of theta cycles, depending on how fast the animal crossed its place

3. THE ENTORHINO-HIPPOCAMPAL MODEL

90

360°

360°

Firing phase

first cycle (N=1198)
last cycle (N=1123)
intermediate cycle (N=12044)

0

FL/A ratio
0.5
1

270°

270°

180°

180°

90°

90°

0°

1

3

5

7

11
9
Cycle #

13

15

17

0

0°
0.1 0.2 0.3 0.4
Relative frequency


EC cells. Spikes fired during
Figure 12. Phase distribution of spikes of
the first (dark grey) and last (light grey) cycles of activity had a wider distribution
than those fired during intermediate cycles (black). Left: Each dot represents a
spike showing the cycle (abscissa) and phase (ordinate) at which it was fired. (A
small random term was added to x-coordinates to prevent overlapping of multiple points). Note, that ‘last cycle spikes’ are scattered because the last cycle of
activity could occur after various number of cycles, depending on how long the
rat stayed in the place field of a cell. Right: Relative frequency histogram of
spikes shown on the left, rotated to aid comparison with scatterplot. Inset: Ratio
of the number of first+last spikes to the number of all (first+intermediate+last)
spikes (‘FL/A ratio’) as a function of theta phase (dotted line). In subsequent simulations, perforant path-specific gating inhibition was active before (on this plot:
below) the phase indicated by the horizontal line at   . Maximal inhibition of
EC cells occurred at (   ).

field (Fig. 12). According to our previous results, spikes fired during ongoing
activity (‘intermediate spikes’) were confined to a smaller time interval within
the theta cycle (  #  ( ), with a tight bimodal distribution around  and
,  , while those generated during the first cycle of activity (‘first spikes’) had a
wider distribution over the theta cycle slightly shifted toward the end of the cycle
(  D#   , Fig. 12). Spikes occurring during the last cycle of activity of a given
cell (‘last spikes’) were similar to first spikes: their phase was highly variable.
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This resulted in a novel type of phase code. If a decoder network were to read
out only first and last but not intermediate spikes, as it will be in the next section,
it could do it based on only the phases of spikes: spikes occurring in the last part
of the theta cycle will most probably be fired in the first or last cycles as the ratio
of the number of first plus last spikes to the number of all spikes shows (FL/A
ratio, Fig. 12 inset). Note that the peak in the FL/A ratio around the middle of
the theta cycle is due to the two unrealistically tight peaks in the distribution of
intermediate spikes and the dip separating these peaks. These were the results of
the highly unlikely scenario that the depolarization of each EC cell increased until


it reached exactly the same amount of
W +;  current amplitude thus producing an unproportionate amount of spikes at steady-state phases corresponding
to this depolarization level (Fig. 11C). In future simulations the maximal depolarization level will be allowed to be different for each cell, and in this way we
expect all steady-state phases corresponding to depolarizations up to the largest of
these maxima to contribute to the the distribution of intermediate spikes and that
the tight peaks in the intermediate spike distribution will give place to a single
wider peak. Thus, we expect that the only peak remaining in the FL/A ratio will
be the one at high phases, and define the phase where this peak starts to grow as a
possible threshold to discriminate first and last spikes from intermediate spikes.

3.2.2 Theta modulation of synaptic transmission in the perforant path
The difference in the reliability of spike timing during first/last and intermediate
cycles provides a novel type of temporal code: spikes occurring at phases other
than steady-state phases signal that a given cell has just started or is about to stop
firing. Perforant path-specific inhibition in the hippocampus can effectively filter
synaptic transmission (Yanovsky et al., 1997; Katona et al., 1999), so that only
spikes fired by presynaptic EC neurons during the inactive phase of this gating
inhibition are able to depolarize postsynaptic neurons. If theta modulation of perforant path-specific inhibition is timed to make it active in the period of steadystate firing of EC cells (Fig. 12, below the horizontal line), then only transient
spikes will be ‘seen’ by the postsynaptic neuron. In the exploring rat, where EC
cells have location-dependent activity, this would signal the crossing of entorhinal
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place field boundaries. Thus, the summed input received by a single hippocampal pyramidal cell from several thousand EC cells (Amaral et al., 1990) will be
proportional to the number of place field boundaries crossed within a short time
interval: it will be proportional to the speed of the rat, if EC place field boundaries
are approximately evenly distributed in the environment. To leave this constraint
on the distribution of place field boundaries, we can in other words say that the
integral of postsynaptic current within a given distance taken by the rat will be
constant, independent of its trajectory. Note, that the opposite is expected when
all spikes are transmitted with equal probability: postsynaptic excitation in this
case will be determined by the position of the animal, and the integral of such
a positionally determined input within a given distance will be inversely proportional to the speed of the rat, because the slower it traverses the place field of an
EC cell, the more time the EC cell has to generate action potentials, and consequently the more spikes are fired.

We assessed these predictions in a network of
EC cells, while the rat
traversed the same environment on
different trajectories (Fig. 13, inset). The
coefficient of variation (CV) of speed was
(Fig. 13A) during these traversals.
As expected, the number of all spikes fired across single traversals was highly

CV), and CV was even larger (
) for spikes during the period of
variable ( 
theta when perforant path-specific inhibition should ideally be active (Fig. 13A).
However, CV of the number of spikes fired in the last 
(Fig. 12, above the
(Fig. 13A), and the integral of
horizontal line) of the theta cycle was as low as 
their postsynaptic effect within a given distance was determined by the position
of the rat, independent of its speed (Fig. 13B).

3.2.3 Place cell activity in the hippocampus
Finally, we completed our network model with a hippocampal pyramidal cell
driven by spikes fired by EC neurons in the last 
of theta cycles. This input
modulated the frequency of intrinsic dendritic membrane potential oscillations,
while the soma was rhythmically hyperpolarized with constant theta frequency:
firing of the hippocampal cell was determined by the interference of the somatic
and the dendritic oscillation. As predicted by our earlier results (Chapter 2), this
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Figure 13. Integral of late but not early spikes was a good predictor of position.
Ten trajectories with different speed profiles (inset, each line corresponding to a
different trajectory) were simulated through the same environment. A: Bars show
inter-trajectory coefficient of variation for the average speed, for the number of all
spikes, and for the number of spikes fired during the first   (early spikes) and
the last  (late spikes) of theta cycles. B: Integrated postsynaptic effect of late
spikes as a function of the position of the rat during different trajectories (different
lines).
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mechanism resulted in the characteristic location-specific firing rate tuning curve
of place cells (Fig. 14), and also in a monotonic phase shift of spikes throughout
the place fields (data not shown here, see Chapter 2).
Feed-forward networks are inferior to attractor networks in that they are more
susceptible to noise (Redish, 1999). This can be counterbalanced by increasing
the level of inhibition in the system, however, only at the expense of modulating
neuronal gain and thus reducing the level of signals as well (Mitchell and Silver,
2003). This is true for networks that operate on the firing rate of neurons, but
does not necessarily hold for those, such as ours, that exploit an underlying temporal code: the tuning curve of our model hippocampal place cell was resistant
to a three-fold difference in the level of tonic inhibition (Fig. 14A). If theta was
switched off, rendering our network a simple rate-based feed-forward network in
which the activity of a postsynaptic cell is a thresholded sum of its inputs, this
robustness was lost, and the activity of the hippocampal cell quickly diminished
at increasing levels of inhibition (Fig. 14B).

3.3 Discussion
3.3.1 Experimental predictions
The interaction of simple leaky integrate-and-fire membrane potential dynamics
with theta modulated shunting inhibition led to a novel type of temporal code in
our model EC neurons: the phase of a spike conveyed information about the ‘history’ of the activity of the neuron, signaling whether the cell was starting/finishing
or sustaining its firing. There has been little data published on the temporal pattern
of the activity of pyramidal cells in the superficial layers of EC in behaving animals apart from their theta modulation (Mizumori et al., 1992; Stewart et al., 1992;
Jeffery et al., 1995; Frank et al., 2001), in line with our model showing theta modulation of spike trains (Fig. 10). We predict that a careful analysis corresponding
single spikes emitted by these neurons to the ongoing theta field potential oscillation should reveal ‘phase jitter’ in the first and last but not in intermediate cycles
of continuous periods of activity. Furthermore, because this jitter was controlled
by transient behavior of intrinsic dynamics during relaxation to an attractor, its
duration was independent of the exact level of input, once input was switched
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Figure 14. A: Under theta, firing rate tuning curve of the hippocampal place
cell (solid line) was unaffected by a two- (dark grey line) or threefold (light grey

line) increase in the level of tonic somatic inhibition,   . B: When theta was
switched off, inhibition had a dramatic effect on firing activity of the example
neuron. Tuning curve for strongest inhibition is not plotted because it was constant
.
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on. Thus, as the animal traverses the place field of an entorhinal cell, jittered
spikes should appear at crossings of place field boundaries, and the number of
jittered spikes should be independent of the running speed of the animal. In turn,
spike phase should be more correlated with time spent (or left) in the place field
than position within the place field, as opposed to hippocampal phase precession,
where spike timing was found to be more correlated with position than with time
(O’Keefe and Recce, 1993). Further experiments, or finer analysis of available
data will be necessary to test this specific prediction.
The phase jitter code of EC cell spikes could only be read out by the second layer of our network, that corresponds to the hippocampus, if transmission
between the two layers was theta modulated by gating inhibition. Moreover, this
modulation was also required to have a specific timing related to the modulation of
 
EC cells so that gating inhibition ended at 
,
after the mean phase of maximal EC cell activity, and only spikes fired by EC cells after that could effectively
depolarize hippocampal cells (Fig. 12). The population activity of hippocampal
O-LM cells, known to specifically inhibit pyramidal cell dendrites in register with
perforant path synapses (Katona et al., 1999) was shown in in vivo experiments to
be theta modulated, and its peak slightly preceded maximal hippocampal pyramidal cell population activity with # 
(Csicsvári et al., 1999; Klausberger et al.,
2003), which in turn was approximately in phase with the population activity of
putative entorhinal excitatory cells (Frank et al., 2001). Inhibitory postsynaptic

potentials of O-LM neurons were found to decay within  #   (Maccaferri

et al., 2000), that is within  # 
during the theta cycle. This means that the
most active period of gating inhibition provided by these interneurons ends ap#  after the peak of EC cell population activity, which is in is
proximately
in good agreement with the phase relationship predicted by the model.

3.3.2 Implications for neural coding
The coding scheme relying on phase jitter during transients proposed in this study
is closely related to two lines of earlier theoretical work. The possibility that
spike timing within theta cycle, as determined by an interplay of subthreshold
membrane potential modulation and depolarizing input, may be exploited in use-
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ful ways for neural computations was first proposed by Hopfield (1995), and has
recently been confirmed in experiments carried out in the mammalian olfactory
bulb (Margrie and Schaefer, 2003). These works considered only steady-state
firing, and did not address the phenomenon of spike jitter during transients of activity, suggesting that such transients would be counted as ‘noise’ in that scenario.
We propose that even this noise could be exploited if synaptic transmission is also
gated rhythmically. A possible advantage of rhythmically gated synaptic transmission between an encoding and a decoding layer of neurons has been highlighted
by Jensen (2001): reading hippocampal place cell firing at different phases could
result in a tunable predictive code, as spikes fired in late phases code for upcoming
locations while spikes fired at early phases signal current locations of the behaving rat. In our scenario, tuning read-out to different phases of theta oscillation
would result in a transition from differential input to classical location-dependent
input. The difference between that model and ours stems from the difference of
the phase code used by the presynaptic layer.
Most network models of the hippocampal phase code relied on one-to-one
connections, or minimal convergence between EC and hippocampal cells (Jensen
and Lisman, 1996a; Tsodyks et al., 1996; Wallenstein and Hasselmo, 1997), although this convergence was found to be considerable in anatomical studies (Amaral et al., 1990; Lopes da Silva et al., 1990). Since in our model only a small fraction of spikes was delayed beyond the period of gating inhibition by phase jitter
even during the first and last cycles of activity (Fig. 12), a single hippocampal
pyramidal cell had to receive input from multiple EC cells to have on average a
reliable estimate of the number of place field boundaries crossed. Convergence
also promoted that the summed input impinging on a hippocampal place cell was
graded enough to convey sufficient information about the speed of the rat (signaled as the number of place field boundaries crossed within a given time). Thus,
as opposed to phase precession, where the phase of spikes emitted by a single cell
was shown to convey significant information about the location of the rat (Skaggs
et al., 1996), this rendered our system to generate a population code par excellence, feed-forward convergence being beneficial in making it robust. However,
further simulations will have to be carried out to characterize quantitatively the
effect different degrees of convergence have in the model.

4
Conclusions
We set out with the aim of finding a mechanism that faithfully reproduces the
doubly coded firing pattern of place cells. We found that an intrinsic membrane
potential oscillation in the dendrite being dynamically detuned from the constant
frequency somatic oscillation accounts for both the theta phase precession effect
and the unimodal firing rate curve described in these cells. For this we had to assume that place cell dendrites receive excitation that is proportional to the running
speed of the rat (’differential input’). Next, we determined the constraints under which such an input could be provided by entorhinal cells, that have coarsely
tuned place fields. We demonstrated that an interplay between shunting inhibition
impinging on entorhinal cells and gating inhibition filtering synaptic transmission
in the perforant path, with theta oscillation regulating the relative timing of both
inhibitory effects, produces postsynaptic excitation that satisfies our criteria of
differential input.
Our model involved a series of conversions between rate and temporal codes.
Rate code in net depolarization was converted to a phase jitter code in the output of EC cells. This was read-out again as a rate code by a hippocampal place
cell and used to frequency modulate its intradendritic oscillation. Intradendritic
oscillation continuously integrated frequency changes in its instantaneous phase,
which in turn, interacting with the somatic oscillation, determined both the firing
rate and phase of place cell firing. Theta frequency modulation of the activity of
every component in the model was crucial for these conversions. Switching theta
oscillation off rendered our model a simple rate-based feed-forward network.
We propose that the intricate interplay between phase and rate coding under
theta can be beneficial for a feed-forward network. The firing rate tuning curve
of a simple rate-based neuron is determined by the sum of its inputs. In a feed98
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forward network this means that it will be a rescaled version of the sum of the
tuning curves of the cell’s presynaptic partners, which easily results in coarse and
noisy tuning. Networks with lateral connections between cells are well-known to
be able to counterbalance this degradation of the tuning curve by attractor network
dynamics. The shape of the tuning curve of our place cell model is determined
ultimately by intracellular processes, namely the interference between somatic
and dendritic oscillations, thus offering a way to keep firing rate profiles welltuned even in the absence of lateral interactions.
As reviewed in Section 1.1.3, experimental evidence supports the notion that
synaptic transmission in intrahippocampal pathways is generally suppressed relative to feed-forward afferents from EC during theta oscillation, while plasticity
at the same intrinsic synapses is enhanced during this period. What is stored in
intrahippocampal synapses thus seems to critically depend on how hippocampal
cells respond to feed-forward input from EC (Remondes and Schuman, 2002).
Unimpaired hippocampal plasticity during exploration was shown to be crucial
for the memory acquisition of one-time experiences (Nakazawa et al., 2003). It
therefore seems to be essential that activity of hippocampal neurons remains appropriately well-tuned under theta. The mechanism we propose could ensure this,
thereby setting the stage for robust hippocampal memory encoding.

A
Appendix
A.1 Analytic calculations for the hippocampal single cell model
A.1.1

Definitions

The soma receives a (hyperpolarizing) sinusoid input with constant   frequency.
Let   , describing the position of the rat at time  , be relative to the entry point
of the place field and  be relative to the time of entry into the place field, thus
. Let the point of exit from the place field be EM N and the time of exit
   
be  EMN , thus  EMN  &EMN . Let then normalized position be
Differential input is defined to be
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where  is the speed of the rat,   is the constant depth of modulation of DI by
speed, and ! denotes the Heaviside function. The frequency of DMPO is
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where  is a synaptic weight constant, expressing the depth of modulation of the
frequency of DMPO by the level of DI. Levels of SHO and DMPO are
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are amplitudes of SHO and DMPO,
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Level of the composite oscillation (SMPF) is
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Let the normalized instantaneous firing rate be
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with a ramp-transfer function
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Furthermore, we want the following constraints to be satisfied:

B
A.1.2



B q

 

. B






W



B  E MN





. B

 

EMN 

(A.7)

Derivation of location-dependent (and time-independent)
firing profile and phase precession

Instantaneous phase of an oscillation is the integral of its instantaneous frequency
function over time. Therefore, the phase of SHO is
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/5  , and from Eqs. A.1, A.2 and

A.8), phase of DMPO is
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. To satisfy constraints of Equation A.7 the values of the

constants (from Eqs. A.9 and A.7) have to be
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Note that this formalism is easily extendable to describe multimodal place fields
(O’Keefe and Conway, 1978), and that  only depends on the length of the place
field that can be determined without foreseeing the trajectory through the place
field; this would not be the case if  depended, for example, on the time of exit.
Thus, the final formula for the phase of DMPO (from Eqs. A.9 and A.10) is
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With a bit of simple geometry and trigonometry (see Fig. A.1), it is easy to see
that the amplitude of the composite oscillation (SMPF) is
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and it determines the envelope oscillation, the absolute value of the maximal level
     can reach, given that
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where B is the phase of the composite oscillation. It is also provided that maximal normalized firing probability uw  
   , if defined straightforwardly
as
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Thus, maximal normalized firing probability is shown to depend explicitly only
on position and not on time (see also Fig. 5).
It is also apparent that
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thus the phase of SMPF is
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Figure A.1. Explanatory figure for Equations A.12 and A.16. Vector of the
composite oscillation ( 57698;: of ,  length at B phase and   level) is the sum of
the vector of the somatic hyperpolarizing oscillation ( 5=<?> of ,  length at B phase
and   level) and of the vector of the dendritic oscillation (@;698A> of ,  length at
B phase and   level).
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Relative phase as used in experiments measures time difference ratios between
discrete events as phases (see Methods 2.1.3). We extended that formula to describe continuous instantaneous phase functions in the following way:
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where B  is the inverse function of B , and B/M
maximal pyramidal cell activity is observed. As

#0B/M N

(A.17)

N is the phase of theta where
B M N 
(i.e. maximal unit

activity occurred at phase of the perisomatic hyperpolarizing oscillation in our
model), on the basis of Equations A.8, A.16 and A.17, the final formula for phase
precession is:
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which also depends explicitly only on position, and not on time (see also Fig. 5).

A.2 Intrinsic frequency-modulated membrane potential oscillations in a simplified biophysical dendritic compartment model
The dendritic compartment of our hippocampal single cell has been postulated to
be capable of sustaining intrinsic membrane potential oscillations which could be
frequency modulated by an external current. Here we show in a minimal biophysical model that such intrinsic oscillations may easily emerge, although the purpose
of this section is to illustrate this behavior rather than to make quantitative predictions on how it actually happens in pyramidal cell dendrites.
The dendrite was modeled as a single compartment (modified after Manor
et al., 1997) obeying the usual current-balance equation:  w      5       .

'
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is the membrane capacitance,   
#  #" are the leakage conductance and potential, respectively, and   (  N
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  E1

is a constant injected current.    is a low-threshold, inactivating Ca -current
(possibly corresponding to the T-type channel, known to have a higher density
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in distal apical dendrites of hippocampal pyramidal cells, Magee and Johnston,
1995) having the form:



  is its max         '    #    21  '     21    , where    
imal conductance,    f.  *" is its equilibrium potential, and and  are
its activating and inactivating gating variables, respectively. The time constant of
is assumed to be small enough so that it can be substituted with its steady-state
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This model is a simple two-variable dynamical system and shows different
behaviors depending on a control parameter, which is the amount of injected cur(N
rent,   , in our case (Fig. A.2). When hyperpolarized, the dendrite has a stable
fixed point, i.e., it maintains a stable resting membrane potential. Increasing depolarization shifts the resting membrane potential until it is no longer stable, i.e.
a small perturbation causes the system to quickly diverge from it, and gives way
to spontaneous membrane potential oscillations which are stable in the sense that
the system conserves its trajectory along the oscillation even in the presence of
some noise. In dynamical system terms, the fixed point became unstable, and
stable limit cycles appeared through a Hopf-bifurcation. There is a regime, in
which both stable fixed point and limit cycles coexist (hysteresis), separated by
unstable limit cycles acting as oscillation thresholds, but this regime in our case
was extremely narrow. Membrane potential oscillations in our model appear as an
interplay between the Ca -current, which tends to depolarize the membrane, and


the leakage current, which tends to repolarize it. Further depolarization increases
the frequency of the oscillation approximately linearly, until it disappears in a
similar fashion to its appearance, and again a stable resting membrane potential
exists, although at a more depolarized potential than at the beginning. Thus, we
demonstrated that intrinsic membrane potential oscillations frequency-modulated
by an external current can appear in a biophysical membrane, without the need
to assume any complicated electrophysiological mechanisms or exotic membrane
currents.



.
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Figure A.2. Intrinsic membrane potential oscillations in a biophysical dendrite
model. Top plot: Bifurcation diagram of the compartment, i.e., characteristic values of the membrane potential at different levels of externally applied current. At
low and high values of the injected current, the dendrite has a resting membrane
potential (thick grey line). At medium levels of current injection, stable intrinsic
membrane potential oscillations emerge (thick black lines show the membrane potential at the peaks and troughs of the oscillation). Unstable fixed point and limit
cycles also appear (thin grey lines and thin black lines, respectively), but they are
not directly measurable due to their instability. Bottom plot: Frequency of intrinsic membrane potential oscillations as a function of injected current amplitude in
the oscillatory regime. Note that although frequency grows logarithmically with
depolarization, this increase is nearly linear in most parts of the oscillatory regime

(>- 
W +   ). Inset: Time course of the membrane potential oscillation at
around
 (arrowhead).
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There are, however, serious limitations to this simple model. First, it is by no
means a realistic model of a pyramidal cell dendrite, thus it tells us little about how
this type of membrane potential oscillations may appear in place cells. Second,
not only the frequency but also the amplitude of the membrane potential oscillation depends on the level of depolarization in this model (Fig. A.2), as well as
the shape of the oscillation is only sinusoidal at the highest but not at lower frequencies (data not shown), which may cause unwanted side-effects in our phase
precession mechanism when interacting with the constant amplitude sinusoidal
somatic oscillation. Third, as these oscillations are subthreshold oscillations, their
amplitude may be in any case too small to have a sufficiently large influence on the
firing probability of the cell. Fourth, the electrical coupling between the dendrite
and the soma is perforce bidirectional, and we have only considered the effect of
the dendrite on the soma so far, although current entering the dendrite antidromically during firing might increase its frequency just as any injected current and
thus contaminate our phase precession mechanism.
In order to address these concerns, a more realistic two-compartmental model
of a place cell based on the ‘canonical’ model of Pinsky and Rinzel (1994) and on
Wang’s model specifically designed to reproduce in vivo experiments (Kamondi
et al., 1998) on single pyramidal cells reacting to current injection was constructed
(Zs. Huhn, M. L., unpublished observations). After a remarkably few changes in
the original models, this model also showed frequency-modulated intrinsic membrane potential oscillations in the dendrite when sufficiently depolarized, with a
frequency being an almost linear function of injected current amplitude. Unlike
in the simplified model above, these oscillations were suprathreshold, essentially
composed of rhythmic firing of intradendritic Ca -spikes as seen in experiments


by Kamondi et al. (1998). The amplitude of dendritic spikes did not decrease
significantly in the relevant frequency regime, they had a conservative shape independent of oscillation frequency, and a sufficiently strong impact on the firing
probability of the cell. A detailed analysis of the interactions between the two
compartments also revealed that the axial current entering the dendrite was 4-5
times smaller than the physiologically plausible levels of external current necessary to maintain dendritic spiking. These effects all contributed to that firing in
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this two-compartmental model showed phase precession and firing rate modulation as predicted by our more abstract models.
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Summary
Firing of place cells in the exploring rat convey doubly coded spatial information:
both the rate of spikes and their timing relative to the phase of the ongoing field
theta oscillation are correlated with the location of the animal. We propose a
mechanism for the generation of this firing pattern.
First, a single pyramidal cell was modeled in which somatic and dendritic
membrane potential oscillations were dynamically detuned as speed-dependent
input depolarized the dendrite. Second, the role of theta oscillation was investigated in a feed-forward network model of the entorhino-hippocampal system.
Theta played a threefold role in our model: (1) rhythmically inhibited somata
of entorhinal and hippocampal principal cells, (2) depolarized dendrites of hippocampal pyramidal cells to a membrane potential regime in which they sustained intrinsic membrane potential oscillations frequency modulated by the level
of injected current, (3) periodically disinhibited entorhinal cortex-hippocampus
synaptic transmission by the inhibition of perforant path-specific hippocampal interneurons. Under theta, weakly tuned place-specific activity in the entorhinal
cortex was transformed so that our hippocampal single cell model received appropriate speed-dependent excitation. Switching theta off in the system diminished
temporal coding and rendered place-specific activity less robust to noise, while
place cells still preserved their rate coded receptive fields.
We hypothesize that theta oscillations enable hippocampal cells to maintain
well-tuned receptive fields even in the absence of attractor network dynamics provided by lateral connections, which may be a prerequisite for reliable synaptic
plasticity between these cells, and thus an important step in the formation of hippocampal memory traces.

A THETA KAPCSOLÓ: FREKVENCIA- ÉS FÁZISKÓDOLÁS AZ
ENTORHINO-HIPPOKAMPÁLIS RENDSZERBEN
LENGYEL MÁTÉ
Doktori értekezés, 2003
MTA KFKI Részecske- és Magfizikai Kutatóintézete, Biofizika Osztály
Eötvös Loránd Tudományegyetem, Természettudományi Kar
Összefoglaló
A patkány helysejtjeinek tüzelése kétszeresen kódolt térbeli információt hordoz:
mind a sejtek tüzelési frekvenciája, mind az egyes tüzeléseknek a theta mez őpotenciál-oszcillációhoz képest mért időzítése korrelál az állat helyével. Munkánk
során ennek a tüzelési mintázatnak a generálási mechanizmusát vizsgáltuk.
Először egyetlen piramissejtet modelleztünk, amiben a sejttest és a dendrit
membránpotenciál-oszcillációi dinamikusan elhangolódtak egymástól a dendrit
sebességfüggő depolarizációjának függvényében. Másodszor a theta oszcilláció szerepét vizsgáltuk az entorhino-hippokampális rendszer el őrecsatolt hálózati
modelljében. A theta oszcilláció három ponton befolyásolta a modell működését:
(1) fázikusan gátolta az entorhinális és hippokampális principális sejtek sejttesteit,
(2) oly módon depolarizálta a hippokampális piramissejtek dendritjeit, hogy azok
önálló membránpotenciál-oszcilláció fenntartására váltak képessé, mely oszcillációt a külsőleg adott áram frekvencia-modulált, (3) periodikus diszinhibícióval
szabályozta a szinaptikus transzmissziót az entorhinális kéreg és a hippokampusz között. Ezek által a theta oszcilláció úgy módosította az entorhinális kéreg
gyengén helyfüggő aktivitását, hogy a hippokampális egysejt modellünk megfelel ő
sebességfüggő serkentést kapott. A theta kikapcsolása a rendszerben megszüntette az időbeli kódolás lehetőségét, és bár a hippokampális helysejtek továbbra is
megőrizték frekvencia kódjukat, helymezőik zajérzékenyebbé váltak.
Feltételezzük, hogy a theta oszcilláció lehetővé teszi a hippokampális sejteknek,
hogy fenntartsák megfelelően hangolt receptív mezőiket akár a laterális kapcsolatok által biztosított attraktor hálózati dinamika hiányában is, ami a megbízható
szinaptikus plaszticitás előfeltétele lehet, és ezáltal fontos lépést biztosíthat a hippokampális memórianyomok elraktározásában.

