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1 Introduction and background

A major aim of Systems Neuroscience is to understand how the nervous system processes
sensory information and translates it into specific actions. This challenge requires the
understanding of the neural code, i.e. identifying the relevant features of the neural activity
that are reproducible from trial to trial during the execution of a repeated behavior (Bialek
and Rieke, 1992; Mainen and Sejnowski, 1995; Gerstner et al., 1997; Shadlen and
Newsome, 1998; Stevens and Zador, 1998; Lestienne, 2001). An adequate experimental
analysis of this issue requires both quantitative observation of the behavior and the
simultaneous measurement of a large fraction of its underlying neural activity. These
measurements cannot be obtained in mammalian nervous systems, where it is possible to
monitor the electrical activity of only a minimal fraction of neurons involved in any
behavior. Such an endeavor can only be obtained in simpler nervous system of
invertebrates, such as the Aplysia (Castellucci and Kandel, 1974; Tsau et al., 1994; Frost
and Kandel, 1995), the lobster (Morris and Hooper, 1997; Morris and Hooper, 1998;
Hoover et al., 2002), the cockroach (Camhi, 1988) and the leech (Nicholls and Baylor,
1968; Stuart, 1970; Stent et al., 1978; Kristan, 1982; Wittenberg and Kristan, 1992a; Arisi
et al., 2001). These nervous systems are "solvable " In the sense that it i1s possible to
quantify the behavior and at the same time to record the electrical activity of a significant
fraction of neurons involved in the behavior. Since neurons, synapses, sensory receptors in
mammalian and invertebrate preparations are rather similar, the understanding of
information and parallel processing in these simple nervous systems provides a solid basis
for unraveling how the brain of higher animals works.

In my Ph.D. project, I have used a combination of intracellular and extracellular
multielectrode recordings, videomicroscopy and computer vision methods to investigate

neural coding of sensory-motor responses in the leech Hirudo Medicinalis. Following the




direction of the information flow, I analyzed the reproducibility of local bending, a motor
response caused by mechanical stimulation of the leech skin (Kristan, 1982; Lockery and
Kristan, 1990a; Lewis and Kristan, 1998b), at different levels of processing:
mechanosensory neurons, metoneurons, muscle activation and behavior (Chapter 3). 1
previously characterized local bending from the behavioral point of view, by quantitatively
analyzing the pattern of skin deformation induced by mechanical stimulation of the skin
and by activation of single and multiple motoneurons and mechanosensory neurons
{Chapter 4). This quantitative analysis of behavior was based on the computation of the
optical flow, a method derived from computer vision, whose utility in neurobiology I have
demonstrated in the course of the present study (Chapter 3).

In this introductory chapter, I provide the rationale and the background of my thesis,
by reviewing the main contributions to the topics 1 addressed during my Ph.D. project.
Some basic information about anatomy and neurobiology of the medicinal leech is
summarized in section 1.1. In section 1.2, a quick overview of typical motor behaviors and
underlying neural circuits of the leech is provided together with a detailed description of
the neural coding of the local bending. In section 1.3, the issue of variability of neural
firing in the nervous system is reviewed. The last section of this chapter describes the aim

of my Ph.D. thesis.

1.1 The central nervous system of the leech

In the last 35 years, several fundamental issues of neuroscience have been addressed in the
leech central nervous system, in the last 35 years: action potential generation and
conduction block (Yau, 1976a; Yau, 1976b; Gu, 1991; Mar and Drapeau, 1996; Melinek
and Muller, 1996);, neuronal basis of behavior, including the study of modulation,
integration and coordination in sensory-motor responses (Lockery and Kristan, 1990a;

Lockery and Kristan, 1990b; Wittenberg and Kristan, 1992a; Wittenberg and Kristan,



1992b; Kristan et al., 1995; Lewis and Kristan, 1998a; Lewis and Kristan, 1998b);
oscillatory circuits (Pearce and Friesen, 1985b; Calabrese, 1995; Calabrese et al., 1995;
Brodfuehrer et al., 1995b); sensory cells and signal transduction (Blackshaw, 1981;
Blackshaw et al., 1982; Peterson, 1983; Peterson, 1984; Blackshaw, 1993); neural basis of
leamming (Boulis and Sahley, 1988; Sahley et al, 1994a; Sahley et al, 1994b);
development, regeneration and repair of the nervous system (Jellies et al., 1995; Jellies and
Johansen, 1995); neural network models of sensory-motor responses {(Lockery and
Sejnowski, 1992; Wittenberg and Kristan, 1992b; Lockery and Sejnowski, 1993; Lewis
and Kristan, 1998a). The reason why these topics have been investigated in the leech CNS
are both historical and related to the advantages offered by the system itself. In fact, this
preparation has a simple structure, with the possibility to investigate the role of identified
neurons in specific behaviors, easily follow the flow of information from the input (sensory
neurons) to output (motoneurons) stages of the nervous system and to meonitor the phases
of its development and repair. More in detail, the leech CNS presents the following
experimental advantages, compared to different animals preparations: high similarity
between segmental nervous ganglia; a small number of cells in each ganglion of the
nervous chain; easy parallel extracellular recordings from motoneurons and
mechanosensory neurons; high accessibility of neurons to intracellular recording; long
duration of experimental semi-intact preparations; a limited repertoire of stereotyped motor

behaviors.

1.1.1 Anatomy of the leech and structure of its central nervous system

Leeches are segmented worms belonging to the class Hirudinea, which includes
about 650 species and it is related to the class of the earthworms (Oligochaeta). The
species Hirudo medicinalis, also called European medicinal leech, on which all the
experiments explained in the present thesis have been performed and which is the most

studied leech species in neurobiology, will be described here.




The leech is a segmented animal: its body is composed of a chain of highly
stereotyped units, the segments, which are linked and coordinated to one another. The adult
leech Hirudo medicinalis consists of 4 partially fused segments in the head region, 21
segments along the body and 7 modified segments in the posterior region, forming the tail
(Mutler et al., 1981); each segment consists of exactly 5 annuli, except for the head and tail
regions (see Fig. 1.1).

The structure of the CNS reflects this segmentation. As shown in Fig. 1.1A, the
feech CNS consists of a chain of segmental ganglia, linked to one another by bundles of
axons (the connectives). The 21 segmental ganglia {(G1-G21) are numbered sequentially
from the anterior to the posterior region and are aimost identical, except for G5 and G6,
which innervate the sexual organs. The first 4 ganglia in the head region (H1-H4) are fused
and modified to form the head brain, while the last 7 ganglia (T1-T7) are fused in the
specialized tail brain.

Each of the segmental ganglia innervates a well defined segment of the body wall
by two pairs of nerves (roots) arising symmetrically from the left and nght sides (Fig.
1.1B). The four roots are defined as anterior and posterior, left and right. The two posterior
roots bifurcate near the ganglion, each one originating two branches called posterior-
posterior nerves (PP) and dorsal posterior nerve (DP). Through these nerves the ganglion
innervates the whole segment. The anterior and PP nerves innervate the territory
corresponding to the lateral and ventral part of the animal, while the DP nerves innervate
the dorsal part of the animal. The leech performs its whole spectrum of behaviors, using
four types of muscles (Fig. 1.1B). From the inner to the outer part of the body walls, three
layers of muscle fibers are located: longitudinal, oblique, and circular. These muscles form
the major portion of the body wall and are distributed evenly around the perimeter of the
body. The longitudinal muscles, the thickest and deepest layer, shorten the leech in the

longitudinal direction when contracting; the oblique muscles, an outer thin layer, twist the



body; the circular muscles lie just under the skin and are able to elongate the animal.
Another class of muscles (dorso-ventral or flatteners) connects internally the dorsal and
ventral sides of the animal and is responsible for the flattening of the body, for example
during swimming. A further kind of muscles, the annulus erectors (not shown in Fig.
1.1B), are located immediately under the skin and are responsible for erecting annuli in

ridges.
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Figure 1.1 The leech central mervous system. (A): Schematic diagram of the leech showing the
segmentation and the two specialized regions of anterior and posterior suckers. The CNS consists of a
ventral nerve cord composed of a chain of 21 segmental ganglia and two more specialized head and tail
ganglia, linked to one another by bundles of axons (connectives). Segments are indicated, composed of
five annuli each. (B): Cross-section of the leech showing its anatomy. The body wall is made-up of three
layers of muscles (circular, oblique and longitudinal}, dorso-ventral muscle fibers run from the dorsal to
the ventral side of the animal. Anmifus erector muscles (not shown here), are located immediately under
the skin. The nerve cord lies in the ventral part of the body and it is surounded by the ventral blood sinus.
Ganglia innervate the body wall through the anterior and posterior roots, The posterior root bifurcates near
the ganglion and the dorsal branch crosses ventro-dorsally the body to innervate the dorsal region. The

other roots innervate lateral and ventral regions. (From: Muller et al., 1981)




1.1.2 The segmental ganglion

The leech segmental ganglion contains the cell bodies of about 400 neurons (Macagno,
1981). Its aspect and structure are conserved from segment {o segment and from animal to
animal; indeed the same neurons are recwrent in each ganglion for their positions,
dimensions and functions. All neurons in the leech ganglion are monopolar; the cell bodies
are contained in six separated regions {packets), each enveloped by a glial cell, while their
innervations take place in the central neuropil, a specialized region in which synapses are
arranged, surrounded by two giant glial cells (Muller et al., 1981); two other ghal cells
form the nuclei of the connective nerves.

The neurons in the leech CNS can be divided into three categories on the basis of
their function: interneurons, sensory neurons and motoneurons. The category of
interneurons broadly contains all neurons whose entire arborization does not exit from the
CNS, but often exits the ganglion through the connectives: they are involved in a variety of
functions such as heartbeat, motor control, reproduction, learning (Brodfuehrer and
Friesen, 1986; Lockery and Kristan, 1990a; Wittenberg and Kristan, 1992b; Sahiey et al,,
1994b; Baader and Kristan, 1993; Shaw and Kristan, 1995; Baader, 1997; Shaw and
Kristan, 1999). Sensory cells are neurons that directly translate a physical input coming
from the environment into membrane potentials, or more generally are specialized in
transforming a physical quantity like pressure, heat, light into a change of their electrical
properties (Nicholls and Baylor, 1968; Blackshaw, 1981; Blackshaw et al., 1982; Peterson,
1983; Peterson, 1984; Blackshaw, 1993). Motoneurons are responsible for the excitation or
inhibition of muscles (Stuart, 1970; Nicholls and Purves, 1970; Ort et al., 1974; Stent et al.,
1978; Mason and Kristan, 1982; Norris and Calabrese, 1987, Gu et al, 1991).
Motoneurons and sensory neurons project outside the ganglion to the periphery through the
roots; sensory neurons alse project in the connectives. The neuron cell bodies in the

ganglion are located in two layers, the dorsal and the veniral one. The cell bodies of all
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