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1. Introduction

What is the definition of spatial navigation, what abilities do we need to be able to navigate

in the environment? According to a straightforward answer navigation can be performed

by answering the following two questions: (1) “Where am I?” and (2) “Where are other

places relative to me?”. If an animal is able to identify the particular place in which it

is situated and has a global spatial representation, it should be able to perform complex

navigation tasks.

In the first part of the present dissertation I study place cells which are neurons giving

answer to the “Where am I?” question in the nervous system. In rodents, a place cell

fires only when the rat traverses a particular portion of the environment, the place field

of the cell. Firing activity of place cells thus show a strong correlation with the spatial

position of the animal. Furthermore, they encode the spatial position of the animal both

by their firing rate and the precise timing of their firings. Rate coding implies that during

a single traversal, firing frequency of the cell increases in the early and decreases in the

late portion of the place field. Phase coding was demonstrated as a monotonic decrease

in the phase of firings relative to the ongoing theta oscillation during a single traversal.

I analyze place cell activity and the generation of rate and phase code on a biophysical

conductance-based cell model containing a dendrite and a soma compartment. Long-

term integration of dendritic inputs is studied in detail, which might account for the firing

pattern of cells outside the hippocampus, too.

In the second part of this dissertation I study the neural representation of the “Where

are other places relative to me?” question. Indeed, this involves the representation of

two parameters, distance among places and direction from specific points in the environ-

ment. Direction might be determined based on the activity of head direction cells found

in many brain regions, but neurons representing distance from specific points have not

been described yet. However, grid cells were recently discovered in the medial entorhi-

nal cortex of rats, which were shown to be active when the animal occupies the vertices of

a triangular grid tessellating the plane. I suggest that distance information is read out from

the activity of grid cells and propose a network model for this mechanism. First I study

the effectiveness of this model by an analytical approach, then I analyze the properties

of this system by numerical simulations of the model. I study the size of the represented

distance range, the precision of distance coding and the firing pattern of the hypothesized

distance coding cells.
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2. Place representation

2.1. The problem

Previous models have shown that the doubly coded firing pattern of place cells can be

generated in a cell receiving periodic perisomatic inhibitory input and dendritic excita-

tory input. In this dissertation a biologically more realistic hippocampal pyramidal cell

model is presented which makes possible the detailed analysis of place cell activity. First,

dendritic long term integration of inputs and the mechanism of rate and phase code gen-

eration is studied. According to experimental results, the total phase shift of place cell

firings is approximately one theta cycle, after which the place cell stops firing. In con-

trast, previous models predict that the cell continues firing when the phase shift does not

precisely equal one theta cycle. What mechanism ensures that place cell activity is ended

after approximately one theta cycle phase precession? Further experiments showed that

correlation between the firing phase and the location of the animal was smaller in the sec-

ond than in the first part of the place field. What is the explanation for this phenomenon?

Dependence of different parameters of place cell activity on the animal’s running speed

was studied in experiments. The total phase shift of place cell spikes in the place field

was found to be independent of running speed, whereas there is a significant positive cor-

relation between the firing frequency and the running speed. What is the reason for this

decoupling of the rate and phase code of place cells?

2.2. Model

A two-compartmental conductance-based hippocampal pyramidal cell model is used. The

soma contains fast Na+ and delayed rectifier K+ while the dendrite containes non-

inactivating Ca2+ and Ca2+-dependent K+ current. The dendrite receives oscillating cur-

rent with a constant theta frequency that triggered dendritic spikes. The soma is excited

by a current oscillating in anti-phase with the dendritic current and a speed-dependent

current that was proportional to the speed of the rat. Dendritic spikes are able to trigger

one ore more somatic action potentials.

2.3. Results

2.1. Periodic dendritic spiking integrates inputs by shifting the phase relative to an ex-

ternal oscillation and this generates the phase code. The number of somatic ac-

tion potentials triggered by the dendritic spike depends on the instantaneous level

of somatic depolarization, which results in rate coded firing of place cells. This
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mechanism resulted in firing patterns that closely matched experimental data from

hippocampal place cells of freely behaving rats.

2.2. After the cessation of increased input in the place field, free-running phase shift

drives dendritic spiking back to the stable baseline firing at which dendritic spikes

they can not evoke somatic firing. This free-running phase shift is independent from

the running speed of the animal therefore correlation between firing phase and

position of the animal is smaller in the second half of the place field than in the first

half.

2.3. Somatic input is proportional to the running speed of the animal and modulates the

firing rate of the cell while leaving firing phases relatively unaffected. Therefore,

faster runs through the same place field are associated with higher firing rates

while the firing phase–position relationship do not show any systematic changes.

This results in a specific decoupling of the rate and phase code of place cells.

2.4. Conclusions

By numerical simulations of the place cell model I show that periodic dendritic spiking in-

tegrates inputs by shifting the phase relative to an external oscillation. The time-constant

of this integration process is practically infinite for input intensities above a threshold

and can be still several hundred milliseconds long below this threshold. Due to the free-

running phase shift of dendritic spikes the cell can show firing activity for several hundred

milliseconds after the stimulation. This is a potential single cell mechanism for the gener-

ation of persistent activity that is a long-lasting change in neural firing rates after transient

stimulation. Inputs to the dendrite shift the phase of spiking, while somatic input modu-

lates the firing rate of the cell. This endows the cell with the capability to code for two

different variables, the position and the speed of the animal, at the same time.

3. Distance representation

3.1. Problem

Three models are proposed for distance representation in the nervous system: the first

two models execute distance estimation without the grid cell system while in the third

model distance information is extracted from the activity of grid cells. How many cells

are necessary for exact distance representation and what is the average firing activity in

case of the three distance estimating models? Which one is the most economical and

efficient system in terms of cell numbers and firing activity? In the suggested grid model
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a hypothesized distance cell population represents the distance information. How can this

information be extracted by a biologically realistic mechanism from the activity of grid

cells. What kind of activity pattern do the hypothesized distance cells show and in which

part of the brain might they be located?

3.2. Model

In the grid model grid cells innervate both distance cells and inhibitory neurons projecting

to distance cells. Each distance cell and feed-forward inhibitory neuron is innervated by

grid cells that share a common spacing but have different orientation and phase parame-

ters. Two variants of this model are studied: in ’model A’ the effect of the feed-forward

inhibitory cells on distance cells is assumed to be negligible while ’model B’ assumes that

distance cell activity is principally determined by the indirect effect through the inhibitory

cells and direct excitation from the grid cells is practically constant. Synaptic weights are

set by a presynaptic one shot learning rule: when the animal occupies a significant place,

synapses between active grid cells and their postsynaptic cells get long-term potentiated,

and synaptic weights become proportional to the actual firing frequency of the presynaptic

grid cell. Distance cells innervate feed-back inhibitory neurons that realize a competition

among distance cells resulting that only the distance cell receiving the highest net excita-

tion remains active in every spatial location.

3.3. Results

3.1. The grid model needs remarkably less neurons than the two other models func-

tioning without grid cells. While the number of necessary neurons in these models

increases exponentially with the size of the environment the rising rate in the grid

model is logarithmic. Similarly, the number of active neurons in a certain position

is the lowest in case of the grid model. Thus, the system using grid cells realizes

the most effective distance coding in terms of both cell numbers and average firing

activity.

3.2. Storing the momentary activity pattern of the grid cell system in a freely chosen

position by one-shot learning and comparing it to the actual grid activity at other

positions results in a distance dependent activity of distance cells. The distance be-

tween the two places is represented by the active distance cell at the actual position

of the animal.

3.3. By direct decoding (model A) the largest representable distance equals to the largest

grid spacing but the system fails to encode smaller distances (up to the quarter of
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the maximal spacing). By indirect decoding (model B) the system provides precise

distance determination up to the half of the largest grid spacing.

3.4. The precision of distance representation depends on the divergence of the connec-

tivity between grid cells and distance cells: distance estimation is more precise if

the same postsynaptic cell is innervated by grid cells of different similar spacings.

3.5. The simulated distance cells have a multi-peaked, patchy spatial activity pattern

where the distances of receptive fields from the significant position are equal.

3.4. Conclusions

Analytical results suggests that the grid model implements an appropriate process for dis-

tance representation even in large environments. The analytical calculations show that,

within the known anatomical limits on the cell numbers, the grid model is capable to real-

ize distance estimation in a large distance range (0-10 m) by which real-world navigation

tasks can be performed. According to the architecture of the suggested model, the hy-

pothesized distance cells have to be located down-stream of the entorhinal cortex. As grid

cells in the entorhinal cortex projects directly to the dentate gyrus of the hippocampus, I

propose that distance cells can be identified with the granule cells of dentate gyrus. This

is further supported by the simulation results showing that distance cells have an activity

pattern consistent with the experimentally observed behavior of granule cells.
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