Cambridge University Press

0521364817 - Neuronal Networks of the Hippocampus
Roger D. Traub and Richard Miles

Frontmatter

More information

How does a large population of neurons in the brain work? How can synchro-
nized firing be achieved? What factors regulate how many and which neurons
will fire under different conditions? These questions form the central theme of
this book. Using a combined experimental-theoretical approach that is new to
neuroscience, the authors present important new techniques for the physiologi-
cal reconstruction of a large biological neuronal network. They begin by discuss-
ing experimental studies of the CA3 hippocampal region in vitro, focusing on
single-cell and synaptic electrophysiology, particularly the effects one single neu-
ron is able to exert on its connected followers. This is followed by a description
of a computer model of the system, first for individual cells, and then for the
entire detailed network. The model behavior is compared with experiments
under a variety of conditions. The results shed significant light on the mecha-
nisms of epilepsy, EEG, and biological oscillations and provide an excellent
“test case” for theories of neural networks.

Researchers in neurophysiology and physiological psychology, physicians con-
cerned with epilepsy and related disorders, and students and researchers in
computational neuroscience will find this book an invaluable resource.
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Du siehst, mein Sohn, zum Raum wird hier die Zeit.
— Richard Wagner, Parsifal
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Prologue

Our approach to modeling the brain

What makes the brain so difficult to understand? This question has no
simple answer. Many aspects of brain structure obviously contribute to
its complexity. There are the large numbers of cells that have different
shapes and electrical properties. There are the bewildering connection
patterns within and between hundreds of nuclear regions. Dozens of
neurotransmitters and modulators exist, each with its own repertoire of
receptors and synaptic actions. Data on all of these issues are being and
will continue to be pursued with tenacity and persistence, yet, in our
opinion, there persists a nagging uncertainty as to what underlying princi-
ples, if any, are at work in the brain.

Our doubt exists because the function and behavior of the brain are
clearly dependent on the simultaneous activities of many, perhaps all, of
its elements. How can activity in so many cells be measured and under-
stood when most experimental techniques allow access to only a few?
Just as compelling, what conceptual framework is appropriate for think-
ing about the simultaneous, coupled activities of large populations of
neurons?

In this monograph we shall describe our own approach to a small part
of this imposing problem. No single aspect of our approach is mysterious
or unique, yet the different aspects may provide new insight into the
functioning of the mammalian cortex. We are interested in neuronal
population activities generated within small networks of cortical neu-
rons. We shall show how recurrent excitatory and inhibitory connections
between cells in a single region are crucial in shaping spontaneous popu-
lation activities. In our view, these intrinsically generated collective ac-
tivities of the cortex are relevant to its function. This differs from the
view that the cortex is a computational machine whose only function is
to transform afferent information into neuronal output or into percep-
tion; such a view usually assumes the unstimulated cortex to be at rest. It
is clear, however, that activity evoked by afferent stimuli must always be
superimposed on autonomous, spontaneous brain activity.
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Xii Prologue

We attempt to synthesize neuronal population activities from our best
estimates of cellular currents, unitary synaptic properties, and anatomi-
cal connectivities. We suspect that this approach will be more relevant
than reductionist attempts to explain complex attributes of the brain,
such as memory, strictly in terms of the properties of single membrane
proteins or synaptic elements.

Our general method utilizes these ideas: First, we study a small region
of brain that generates interesting collective behaviors. We study the in
vitro hippocampal CA3 region, a preparation that may contain 1,000 to
20,000 neurons (depending on how the tissue is prepared). Our prepara-
tion is small compared with an entire hippocampus (of order 1 million
neurons, see Table 1.1) and minuscule compared with an entire human
brain (estimates of 10! neurons are in vogue). Nevertheless, we shall
show that the in vitro CA3 region contains enough synaptic circuitry to
produce a challenging variety of population activities. Second, we try to
study the system at multiple levels of organization. That is, we and our
colleagues perform experiments to characterize single membrane cur-
rents in isolated neurons, the firing properties of individual neurons
within brain slices, the synaptic interactions between neurons within a
slice, and finally the responses of populations of neurons either spontane-
ously active or subjected to localized stimulation. Our ideas must span
our own data, together with those of numerous other investigators.
Third, we construct computer models using these data. Each model is an
embodiment of a set of ideas about how the CA3 region is put together.
To an extent limited by our confidence in these ideas and our technical
ability in simulation, we can perform experiments on the models. These
computational experiments test the ideas embodied into the model for
internal consistency and for another kind of consistency: The model is
defined only by what we know of hippocampal structure, including uni-
tary synaptic interactions, network topology, and single-cell physiology,
but the model’s actual behavior is not built in, nor can it often be
guessed until a simulation is indeed run on the computer. The behavior
each model generates should agree with the behavior of the real biologi-
cal system. Because a computer model allows us, in principle, to observe
the behavior of all of the thousands of cells in the model, and because
we know the model’s exact structure (e.g., precisely which cells are
connected), we hope that it will lead us to a better framework for think-
ing about how populations of real neurons work. We hope also that
simulations will generate interesting testable predictions. For those ac-
customed to thinking about idealized, abstract neural networks, several
surprises are in store.

Why the hippocampus? We have studied the hippocampal slice because
of the anatomical simplicity and technical advantages of this system.!
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Prologue xiii

There are two criteria to use in selecting a portion of the brain for
modeling. One criterion is that a so-called computational model can be
established. The behavior of the model should illuminate a transforma-
tion carried out between one set of neurons that encodes a char-
acterizable “input” and another set (or perhaps the same set) that en-
codes an output. Such models have been proposed for aspects of visual
function (Zipser and Andersen, 1988), for more general memorylike
properties of networks of neuronlike elements (Carpenter and Gross-
berg, 1987; Hopfield and Tank, 1986), and for schemes of development
or plasticity in networks that learn to discriminate form (Lehky and
Sejnowski, 1988; Linsker, 1988). Although the physical/computational
features of such models may be analyzable, and may perhaps have practi-
cal engineering applications, they are not intended to represent in detail
actual networks of neurons within the brain, but rather to shed light on
general principles.

A second criterion one might use in selecting a brain portion is that
experiments be feasible. Can data be obtained for single-cell properties,
characteristics of single synapses and network connectivity, that are criti-
cal for building a detailed model of the system? Such experimental data
are readily obtained from the hippocampal slice and more recently are
being obtained from neocortical slices as well (Mason et al., 1989).

Only for invertebrate networks (Getting and Dekin, 1985a,b; Heinzel,
1988a,b; Heinzel and Selverston, 1988) has it proved possible to recon-
struct from first principles a neuronal network of known function. For
the mammalian brain, it is not easy to find a region that can be studied
both as a network and as a computational system. That is, it is difficult to
find a brain region of known and relatively straightforward function
where one can also determine the cellular properties and unitary synap-
tic interactions.? In this book we shall emphasize network aspects of the
hippocampus and present a model of a hippocampal subregion that is
based on first principles and that reproduces numerous observable ex-
perimental phenomena. This still does not tell us what “computation”
the hippocampus performs. It will not tell us why the hippocampus is
important for the formation of long-term memories, why there are place-
responsive cells in it, or what biological role theta rhythm (rhythmic slow
activity) plays or why sniffing in rats is phase-locked to theta (Komi-
saruk, 1970). Nevertheless, our model may be useful for those interested
in larger questions of nervous system function, but who are not necessar-
ily interested in the structural details of the hippocampus, in providing a
set of constraints on any “computational theory” for the hippocampus.
We know, with reasonable accuracy, the pattern of the synaptic connec-
tions and many of the synaptic actions in the hippocampus. We know the
types of collective behaviors this system can generate, and we can predict
how these behaviors will change after the synapses have been modified in
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Xiv Prologue

specified ways. This model could thus serve as a basis for more theoreti-
cal and abstract models of the hippocampus (and perhaps of cortex in
general) and could help to generate a set of rules to limit how such
abstract models can be constructed.

How a model of cortex differs from models of invertebrate systems. There
are crucial differences between the hippocampus and invertebrate
pattern-generating neural systems. It is well to address these differences
at the outset. Many of the neurons in invertebrates possess individual
identities and distinctive physiological properties. The neurons can be
studied in relative isolation from each other, and a/l pairwise interactions
can, in principle, be described. In a model of the invertebrate network,
each neuron in the network can correspond to a particular neuron in the
animal, and each synapse in the model to a particular synapse in the
animal.? Such a model has a satisfying, tangible quality to it, even if the
behaviors generated by the model are exceedingly complicated.

In cortex, such an approach must be modified. There are far too many
neurons to study each one as an individual. It does not appear likely that
individual neurons have an identity across different members of the
species in a manner analogous, say, to cell R2 of Aplysia. Nor is it likely
that the precise details of connections between cells are the same across
different members of the species. Thus, the properties of hippocampal
pyramidal cells are properties of a “generic” pyramidal cell. The brain
seems to consist of a number of distinct neuronal classes. Until we know
better, it is possible to assume that two neurons from the same class have
similar physiological properties. Similarly, we cannot expect to recon-
struct a complete “wiring diagram” of all the connections in a given slice.
Rather, from many experiments we hope to arrive at a statistical descrip-
tion of the connectivity patterns and the synaptic actions. Although our
model of a hippocampal network has as many cells in it (to within an
order of magnitude) as the actual experimental system, there is no well-
defined isomorphism between the cells and synapses in the model and
the cells and synapses in a particular slice. We are thus looking at “aver-
age” properties of the network, even though we do not model popula-
tions of cells by lumping the cells together, as discussed later. Here,
“average” should be taken to mean “typical” or “generic,” rather than
“arithmetical average.”

It follows that the network properties that we can legitimately analyze
are only those properties that do not depend on a precise network
connectivity. This is true even if, in a particular computer simulation,
the details of the simulation depend on the connectivity pattern of the
model network as it exists in the computer! Thus, we can analyze, for
example, the number of cells firing bursts after one cell is stimulated and
how this number is influenced by the efficacy of the inhibitory synapses.
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