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1. This thesis considers the possibility of investigating neuronal
information processing by making mulitisite recordings either from
individual isolated neurones or from small neuronal networks of
controlled design.

2. Isolated leech neurones were used (a) to study the effects of isolation on
electrophysiological properties (Chapter 2); (b) to provide the first
demonstration of the use of planar extracellular electrode arrays to
measure electrophysiological properties of individual isolated neurones
(Chapter 3); and (c) to investigate the use of topographical features for
controlling the outgrowth of neurones in culture (Chapters 4 & 5).

3. The study into the effects of isolation confirmed and extended previous
reports which showed that (a) the action potentials recorded from the cell
body of isolated Retzius neurones are generally similar to action potentials
recorded in vivo and (b) isolation causes an increase in input resistance.

4. The results of an experiment designed to show a correlation between
input resistance and the length of processes, suggest that the removal of
processes during extraction is not the main cause of the high input
resistance of isolated cells. One possibility is that the input resistance is a
direct result of a change in membrane properties.

5. This conclusion is supported by the demonstration in isolated neurones
of a slow inward transient (known as anomolous rectification) that occurs
shortly after the onset of large hyperpolarising current injections. This
transient was not observed in dissected ganglia and has not been
previously reported in leech neurones.

6. The electrophysiology of isolated neurones was also explored using
extracellular electrode arrays. Specifically the electrode arrays were used to
show that: (a) the conduction velocity of action potentials in P cells is
faster than that of action potentials in Retzius cells (which correlates with
the difference in rise time); (b) the action potentials of isolated neurones
propagate from the tip of the extracted process towards the cell body
(indicating that the concentration of Na* channels is greater at the tip of

Xi



the extracted process than in other regions); and (c¢) the action potential in
the extracted process may have a faster rise time than that in the cell body,
suggesting a difference in the average concentration of Na* channels.

7. The use of extracellular electrode arrays in the above experiments
demonstrates: (a) the first multisite extracellular recordings of isolated
neurones; (b) the first extracellular recordings made of the electrical
activity that results from extracellular stimulation of the same cell; and (c)
the feasibility of using these devices to investigate information processing
in single cells.

8. In order to control the morphology of single neurones, and the
connectivity of groups of neurones, the influence of the substratum in
determining the morphology of cultured neurones was investigated. The
principal result demonstrates for the first time that topography can
influence the outgrowth morphology of large identified invertebrate
neurones. The dimensions of the topographical features were similar to
those required to align the neurites of much smaller vertebrate neurones.
9. The results also show that: (a) on planar Con A-coated substrata the
outgrowth of Retzius neurones tends to be dominated by large lamellae,
whereas on leech extracellular matrix (ECM) -coated substrata cells
produced an elaborate network of neurites (confirming previous reports),
(b) interference reflection microscopy (IRM) revealled that the neurites
made a series of very close but intermittent contacts with the substratum,
whereas the lamella was characterised by a large region of uniform close
contact, and (¢) whereas neurites were strongly influenced by
topographical features the lamellar-type outgrowth was only partially
aligned.

10. Based on these results a new hypothesis (the Topographical
Modulating Hypothesis) is presented. The hypothesis proposes that the
influence of topographical discontinuities in determining the morphology
of neurones, or the orientation of migrating cells, is modulated by the
molecular nature of the substrate.

Xii



Introduction to
multisite recordings
and the leech

SUMMARY: There are several different methods of recording the electrical
activity of excitable cells (see Figure 1). Each has a different set of
advantages and disadvantages (considered in Section 1.1) and as a
consequence each is best suited to address a separate problem. This
introductory chapter considers the advantages and disadvantages of the
different methods and examines how multisite recording techniques might
best be applied to unravel problems in neuronal information processing
(Section 1.2). The leech nervous system is also introduced (Section 1.3) and
the in vivo properties of the two neuronal cell types used in vitro in this
thesis are summarised (Sections 1.4 & 1.5). Finally, the literature on leech
cell culture is briefly reviewed (Section 1.6), setting the scene for the
experiments in the following chapters.

1.1 Techniques for recording neuronal activity

1.1.1 Single site recording techniques

Since their advent in the 1940’s (Hodgkin & Huxley, 1945; Graham &
Gerard, 1946) glass microelectrodes have revolutionised neurobiology
providing an invaluable method of measuring the voltage across cell
membranes. However, they do have several disadvantages which limits their
application. For example, a susceptibility to vibration tends to limit the lifetime
of impalements. Another disadvantage is the possibility that long term activity
is modified irreversibly by the small ionic fluxes that may occur during the
process of impaling a membrane. A further disadvantage is the optical

problem of precisely locating the very fine tip of the electrode above the



1.Introduction

preparation. If incorrectly positioned, the tip of the electrode may act as a
knife, cutting the membrane of the process or cell body rather than cleanly
impaling it. Despite these disadvantages a few highly skilled workers have
used intracellular electrodes to record from axons and dendrites (e.g Cattaert
et al., 1992; Hild & Tasaki, 1962).

Intracellular electrodes are most frequently used to measure the
voltage across a membrane, but can also be used to record current fluxes. In
this mode, variable current is injected into the cell to maintain a steady
voltage across the cell membrane (a technique known as the voltage clamp).
The current injected exactly compensates for the current through the
membrane. Thus, recording the amount of injected current gives a measure

of the net current fluxes through the membrane.

As an alternative to using very sharp electrodes to impale cells, the
tips can be pulled off and fire polished so as to producing a smooth biunt
orifice with a diameter of a few microns. When lowered onto the surface of a
cell, a seal of about 50 MQ is formed between the membrane and the glass,
creating a patch. By applying gentle suction the seal resistance can be
increased to a gigaohm (forming the ‘cell attached' configuration; see Figure
1.1) which effectively eliminates current leak. Thus, the tiny currents
associated with the opening of channels in the area of the patch can be
“captured" by the recording apparatus. This can be contrasted with the
resolution of the intracellular microelectrode (when used under voltage
clamp) which records the “global” current through a relatively large area of
membrane. In addition, when the area of membrane is comparatively small
the voltage across the patch can be clamped more accurately allowing the

current which passes through single channels to be measured directly.
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Single Site RecordingTechniques

Extracellular Intracelular recordind Patch recordings

electrodes
/> Suction

Cell attached Patch

W

e.g.Platinum
wire

KCVCalcium free
Voltage pulse

Whole cell recording

v

Low Calcium
& Pull

Pull
— \
Outside-out patch Inside-out patch

Figure 1.1: Methods of single site recording. Adapted from Hamill et al. (1981).

The patch of membrane can be manipulated in a variety of ways to
create different configurations. To isolate the patch from the rest of the cell for
example, the patch electrode is pulled away from the cell in a solution with a
low concentration of Ca2+. This leaves the membrane of the patch with the
cytoplasmic surface exposed to the medium in the bath whilst the

extracellular surface is exposed to the solution in the pipette (known as an
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inside-out patch). An outside-out patch requires an intermediate step: the
whole cell patch configuration. In KCIl/Ca2+ free conditions, a suction or
voltage pulse is sufficient to break down the membrane in the patch. In this
whole cell recording mode the cytoplasm is in contact with the saline solution
in the patch pipette. The salt solution of intracellular electrodes also makes
direct contact with the cytoplasm, and in this respect the two approaches are
similar. Like intracellular electrodes the whole cell patch is used to measure
the voltage across, and the current through, a large area of membrane (equal
to that of the whole cell in certain cases). However, as the tip diameter of the
patch pipette is far greater than that of the intracellular electrode, the tip
resistance is minimal and therefore so is the tip potential. This alleviates the
need for a Wheatstone bridge circuit to compensate for tip potential, allowing
membrane voltage to be measured more accurately during current injection.
Unfortunately, it also means that the cytoplasm interchanges more readily
with the saline which almost certainly alters its physiological balance. To
transform the whole cell patch to an outside-out patch, the electrode is pulled
free of the cell. As the electrode is moved away, a collar of membrane
stretches from the cell to the rim of the electrode, gradually becoming
narrower and narrower as the distance increases. Eventually the membrane
on either side of the collar fuses and breaks away from the rest of the cell
membrane, leaving the extracellular surface of the membrane patch facing
outwards. The beauty of the inside-out and outside-out patches is that either
side of the membrane can be selectively exposed to pharmacological agents
or solutions with different ionic compositions whilst monitoring the effects on
the currents from individual or small numbers of channels.

Since the cell membrane is relatively flexible, it is likely to distort

somewhat to accommodate the smooth rim of the patch electrode. Thus,
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unlike an intracellular electrode, precise vertical positioning is not critical and
so it is possible to patch onto processes and even growth cones. This has
been achieved on a variety of cell types, including cultured leech neurones
(Garcia et al, 1989).

Unfortunately, patch electrodes have several disadvantages. The
contact required with the cell is rarely reversible, especially after a gigohm
seal has formed, leading to short term “one-off” recordings. A related problem
is the "hit or miss” nature of forming a good seal. Misses can result in
permanent damage to the cell, making it very difficult to use this technique for
recording simultaneously from more than one site on any one neurone. This
problem is confounded by a further disadvantage that is shared with
intracellular electrodes. The bulky micromanipulators, that are required both
to position electrodes in the desired location and to minimise vibration,
sterically limit the number of electrodes that can be used on a single

preparation.

1.1.2 Multisite recording techniques

Several additions to the electrophysiologist's arsenal promise to
circumvent the difficulties of making multisite recordings. These can be
divided into two classes: extracellular electrode arrays (used extensively in
this project, and considered in detail in Chapter 3), and optical techniques.
They differ fundamentally in that electrode arrays represent a miniaturisation
of the recording site, whereas the optical techniques increase spatial
resolution by way of image enlargement.

The optical techniques can be divided into two classes. The first
consists of methods that utilise dyes which undergo changes in fluorescence

(Grinvald & Farber, 1981), absorption (Parsons et al., 1989) or distribution
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(Brauner et al.,, 1984) as a consequence of changes in either membrane
potential or the intracellular concentration of an ion (Tsien, 1988). The
second relies on innate properties such as birifringence and light scattering,
that modulate light passing through a cell in a manner that is dependent on
membrane potential.

A number of excellent reviews describe the use of dyes to monitor the
activity of excitable membranes (e.g. Grinvald, 1985; Cohen, 1989; Ross,
1989; Salzberg, 1989). Here, the literature is summarised in terms of work

that highlights the advantages and disadvantages of this approach.

Dyes sensitive to the concentration of specific ions

Several ions participate in the fluxes that drive the activity of excitable
membranes. Dyes which undergo changes in fluorescence or absorption
-according to the concentration of one of these ions can therefore be used as
a measure of ion-specific membrane channel activity. The detection of fast
ionic fluxes that involve a relatively small number of ions are however, likely
to be damped by the binding characteristics of the dye. The calcium-sensitive
dyes for example, have a binding site similar to that of EGTA (a calcium
chelator) making them highly specific, but also good at buffering fast
transients (Tsien, 1988). The extent of this disadvantage will depend on the
ionic species involved and the speed at which its channels open. The large
signals of the calcium sensitive dyes and the slow time course of calcium

transients offset these problems, allowing unsurpassed spatial resolution.

Figure 1.2 (overleaf): Multisite recording techniques. Both optical techniques and planar
extracellular electrode arrays can be used to record neuronal excitability from multiple sites non
invasively. Although optical recordings have been made using innate properties (optical
apparatus for which is not shown), more usually a dye is employed which undergoes changes
in absorption or fluorescence according to membrane potential, or the distribution of an ion.
Each of the optical setups described can be used in either the inverted or transmitted mode.
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Thus, fura-2 has been used to measure the concentration of Ca2+ within
different cellular compartments of smooth muscle cells and also to
demonstrate the transient accumulation of calcium in hippocampal CA1
pyramidal dendrites (Williams et al, 1985; Regehr & Tank, 1990). In both
examples, the emitted light intensities at two excitation wavelengths were
used to determine the absolute [Ca2+]'. To make these “dual excitation”
measurements a shutter mechanism is required to switch excitation
wavelengths, reducing the sampling frequency (e.g. Kassotis et al., 1987;
Thayer et al.,, 1988). A different dye (Indo-1) overcomes the need for a
shutter, having a “dual emission” spectrum that has the same type of [Ca2+]
sensitivity as the excitation spectrum of fura-2 (Grynkiewicz et al.,1985).

Dyes which respond directly to membrane potential can also be used
to determine the contribution made by individual ionic species, if they are
used in combination with specific channel blockers or modified bathing
solutions. This type of approach has been applied to hippocampal slices to
show that the slow, calcium dependent component of pyramidal neurone
activity originates from an area that contains the apical dendrites (Grinvald et
al., 1982). Similarly, calcium action potentials have been found to spread
from the growth cones of cultured mouse neuroblastoma (N1E-115) cells

towards the soma (Grinvald & Farber, 1981).

TWhen excited at one wavelength, the emitted light intensity is dependent on both the
concentration of dye and the amount of Ca2* bound to the dye. The intensity of emitted light
that results from exciting at a second wavelength is virtually independent of Ca2* binding.
The ratio of these two intensity values compensates for variable cell thickness or dye uptake

allowing the absolute [Ca2*] to be determined.
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Dyes directly sensitive to membrane potential

Monitoring a single ionic species may provide important information
about neuronal information processing (Regehr & Tank, 1990). However, the
spread and modulation of electrotonic potentials may occur in regions of a
neurone where a particular species of channel is not located. Thus
information about the flux of a single ionic species maybe inadequate.

Over 1,800 dyes have been synthesized that are directly sensitive to
membrane potential (Grinvald, 1985). There are two types of potentiometric
dyes. One type diffuses through membranes and undergoes Nernstian
redistribution when a potential is applied (Brauner et al.,, 1984). The other
type is associated with the membrane itself and fluoresces according to
molecular orientation or rearrangement. This latter type is likely to respond
within 2 pus of an applied field, giving a temporal resolution that far exceeds
that of the redistributing dyes (Salzberg, 1989).

Untfortunately, most of the fast dyes are toxic (Grinvald et al,, 1981b) or
become so on exposure to the illuminating light (“phototoxicity”), probably
through the production of oxygen radicals. This can be reduced by using
deoxygenated medium and by using changes in absorption (rather than
fluorescence) to measure membrane potential (Parsons et al.,, 1989).
Absorption measurements require lower excitation intensities as the
photodetector receives a larger proportion of light which masks the "dark
noise" inherent in the detection device. Reducing the excitation intensity
minimises photobleaching, eliminating the need for correction procedures
(Grinvald et al., 1987), and increases the longevity of recordings. However,
detecting small changes in light intensities against a bright background is

more difficult than detecting the same change against a dark background.
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Thus, measuring the activity in individual, small-diameter processes (where
the area of membrane available for dye binding is small) may best be
achieved by monitoring changes in fluorescence rather than absorption
(Grinvald et al., 1981b). With time, fluorescent probes may be developed that
are non toxic, are less susceptible to photobleaching, and give larger signals.

Probably one of the most exciting applications of membrane bound
potentiometric dyes is to inject one or a few cells iontophoretically, within a
ganglion or brain slice. Using this method, it may be possible to monitor the
activity of a single cell's neurites in the web of processes that constitutes the
neuropil. In addition, dye binding to the membrane of non-neuronal cell types
is eliminated, avoiding possible signal distortion arising through the slow
excitability of glia which can be triggered by neuronal activity (Konnerth et al.,
1985). This kind of approach was used by Regehr & Tank {1990) using fura-2
to make Ca2+ recordings from dendrites in hippocampal slices. For
iontophoretically-injected potentiometric dyes, the task is made considerably
more difficult by the relatively small signal produced by these probes. This
arises owing to the small area of plasmalemma available for dye binding and
the high background caused by non-specific binding to cytoplasmic proteins
and intracellular membranes that are not part of the plasmalemma.
Potentially, the signal-to-noise may be degraded by a factor of ten (Grinvald
et al., 1987) compared to recordings of cells made in vitro.

A study which used neurones of the leech (introduced in Sections 1.3
to 1.6) has shown that these problems can be overcome (Grinvald et al.,
1987). An identifiable motor neurone (either an AE cell or an L cell) in one
ganglion was injected with dye and monitored with a single photodiode. A
second diode was used to record the background light. Following the

intracellular stimulation of one of the mechanosensory neurones (a P cell) in

10
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the adjacent ganglion, excitatory post synaptic potentials (epsp's) were
detected in the neuropil. A number of factors contributed to this incredible
resolution: high intensity light was used to maximise the fluorescent signal;
the second diode was used to subtract "background" noise from each sweep;
a sweep made just before stimulation was background-corrected, and then
subtracted from the sweep made during stimulation (also background-
corrected) reducing systematic distortion due to bleaching; 14 distortion-
corrected sweeps were averaged to increase the signal-to-noise ratio; and
finally a comparatively large area of the neuropil was monitored that included
long lengths of processes.

Synaptic potentials have been recorded without averaging from cells
grown in vitro using absorption measurements (Parsons et al., 1989). Clearly,
the main advantage of using isolated cells is that background noise can be
minimised. Unfortunately, the authors were not able to detect any activity in
the most distal processes, where the area monitored by each photodiode
contained the least amount of membrane. This may have been a result of low
dye binding in this region, rather than the electrical properties of the cells. As
Grinvald (1985) quite rightly points out, the only comparisons that shouid be
made are those between recordings made from the same site under different
conditions. It would appear that further advances in both dyes and detection
methods are required before activity can be monitored in short lengths of

individual, small-diameter processes.
The use of innate optical properties

The use of innate optical properties such as birefringence and light
scattering avoids the toxicity problem associated with the potentiometric

dyes: recordings have been made for 10 hours without any adverse
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physiological side effects (Stepnoski et al., 1990). Recordings have been
made from isolated nerves (Hill & Keynes, 1949; Cohen et al., 1968), semi
isolated neuronal tissue (Salzberg et al.,, 1985) and single cultured Aplysia
neurones (Stepnoski et al,, 1990). The literature on this promising method is
relatively small, despite the excellent signal-to-noise ratios. In the study
involving cultured neurones the signal-to-noise ratio was comparable to that
achieved using potentiometric dyes (compare Parsons et al, 1989, with
Stepnoski et al,, 1990). One explanation for why this technique has not been
used more extensively may be that success is highly preparation-dependent.
Salzberg et al. (1985) report that changes in light scattering are associated
with the secretion from the nerve terminals of the neurohypophysis in
mammals, but not in amphibia. The potentiometric dyes seem to work far
better on cultured Aplysia neurones than on neurones cultured from other
animals, such as the leech. This may be due to the highly invaginated
membrane of Aplysia neurones (Parsons et al., 1989), which in turn could
explain the excellent signal-to-noise ratios obtained using light scattering by
Stepnoski et al. (1990).

The mechanisms responsible for the change in optical properties with
membrane potential have not yet been fully characterised. A fast component
superimposed on a slower transient, that occurs only after prolonged periods
of activity, suggests that two separate mechanisms may be involved. The fast
component may be a consequence of changes in the alignment of
membrane associated molecules, or fluctuations in the width of the lipid
bilayer. Volume changes (Hill, 1950) capable of altering the refractive index
of the cytoplasm could explain the slower component (Cohen et al., 1968).
Resolving the mechanism responsible might lead to a wider use of this

technique and larger signals. For example, Cohen et al. (1968) achieved a
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ten fold improvement in their recordings of light-scattering activity in a crab
nerve by viewing the preparation between two polarising filters. The first filter
lets through light polarised in a single plane, the second filter blocks this light
unless the plane of polarisation has been modified by the (birefringence of
the) preparation. The degree of modification was found to be dependent on
the membrane potential and was reduced during stimulation. Staining a
preparation with a potentiometric probe increases birefringence and can
leading to a further ten fold improvement in the signal-to-noise ratio (Ross et
al., 1977). Synthesising new dyes designed for this task may bring further
improvements.

So far the merits of the optical techniques have been considered at the
level of the preparation. However, their usefulness is limited by the methods

of illumination and detection.

lllumination and detection devices

A number of light sources have been used for optical recordings. In
order of increasing intensity, expense, and instability, the most commonly
used have been tungsten-halogen lamps (e.g. Parsons et al., 1989), mercury
arc lamps (e.g. Grinvald et al., 1987) and He/Ne lasers (e.g. Grinvald et al,
1981b). Lasers provide narrow-band illumination of a very small area of the
preparation, reducing noise. However, this is offset by both the inherent
instability (which requires additional electronics to stabilise) and the
limitations of single site recordings. One adaptation to this method which
seems promising, is to use a confocal system in which the laser beam is used
to scan the preparation. Confocal microscopes can be used to optically
"section" a fluorescently-stained preparation, removing the effects of light

scattering and giving excellent spatial resolution. The draw back however is
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that the present rate of scanning is too slow, leading to a low sampling
frequency.

Photodiode arrays offer an alternative to the photomultiplier tube,
retaining excellent temporal resolution whilst improving the spatial resolution.
However, they too have difficulties. Precise mapping of the image onto the
diodes cannot be guaranteed (Cohen et al,1989). In addition under the
present systems each diode receives light from a relatively large area (e.g.
45 um?2 for a 40x objective; Grinvald, 1981). This is in part due to the objective
of the microscope (see below) but also relates to the size of the individual
diodes, each of which has a diameter in excess of a millimetre.

Improved spatial resolution can be achieved by using a Charge
Coupled Device (CCD) camera. Such a camera can have a large number of
light detecting elements (over 222 000) giving a resolution of 0.5 um, using a
40x objective. Each element converts photons into electrons which it then
stores. A bank of analogue-to-digital converters "reads” the number of stored
photons in each element within a row, producing digital signals. The rows are
read sequentially. CCD cameras have good dynamic ranges, are
geometrically accurate and have excellent spatial resolution, but are limited
by the time it takes to sequentially “read" each row. Thus, a camera with an
array of 578 X 385 elements currently operates with a maximum sampling
frequency of 100 Hz (Paul Gogan, personal communication). Again, new
technology is required to overcome this difficulty.

The spatial resolution is also limited by the choice of objective. A high
power objective is desirable because it not only produces a highly magnified
image, but is also associated with a high numerical aperture which is
essential to maximise the number of “captured" photons. However, this limits

two other parameters. The first is the depth of field. To detect optical signals
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from cells in intact ganglia, the depth of field should be maximised to allow for
the 3-dimensional structure of the neurones (Krauthamer & Ross, 1984; Ross
& Krauthamer, 1984). The second parameter is the field of view. This is
limited for high powered lenses, restricting simultaneous optical recordings to
a small area. Increasing the field of view reduces the spatial resolution and
requires an objective with a lower numerical aperture. A 25x 0.8 NA objective
is the lowest used so far to monitor the activity of single cells, yet the total field
monitored by the photodetectors in this case was less than 500 um (Parsons
et al, 1989). This field of view appears inadequate when one considers that
even small ganglia, like those of the leech, approach a millimetre in diameter.
In addition, isolated neurones can be extracted with (see Chapter 2), or can
grow, processes that extend over a millimetre. Thus, in many preparations

only a proportion of a cells activity may be monitored at any one time.

Extracellular electrode arrays

As an alternative to optical methods, multisite recordings can also be
made using extracellular electrode arrays (for a detailed consideration see
Chapter 3). Electrode arrays have a practical advantage over the optical
techniques: they avoid the extensive screening that is required to select the
most appropriate dye for a preparation (Ross & Reichardt, 1979). They
provide a technique that is truly non-invasive, allowing long term recordings.
They can be used equally well to stimulate neurones? and are non toxic. To
date, electrode arrays have three drawbacks. The first and most serious is the

extracellular nature of recordings, which are influenced by changes in

2A photosensitive probe (designated RH-500) that can be used for stimulation, has also been

developed (Faber and Grinvald, 1983).
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membrane potential rather than the membrane potential per se. A second
disadvantage, is the dependence of signal size on the distance (and
configuration of the space) between the cell and the electrode. Together,
these two factors tend to reduce the data available in most recordings to
temporal information only. The final disadvantage is the relatively poor
spatial resolution of current devices.

A co-worker at the University of Glasgow has confirmed previous
claims that when a neurone forms a high resistance seal over an
extracellular electrode the recordings take a form which approximates that of
an intracellular electrodes (L.Breckenridge; personal communication). In
addition, the problem of signal size being related to the neurone/electrode
configuration may be reduced by culturing cells on electrodes in the bottom
of deep grooves (R.Lind, also a co-worker at the University of Glasgow;
personal communication). The problem of poor spatial resolution is
addressed in Chapter 3 of this Thesis. This difficulty too can be overcome: the
first demonstration of the use of extracellular electrode arrays to stimulate

and make multisite recordings from the same cell is reported

1.2 The appeal of cell culture to electrophysiology

Several recent developments have highlighted the difficulties of
investigating neuronal information processing in intact or semi intact
preparations. This Section considers the merits of an increasingly attractive
alternative: the cell culture approach.

In the seminal review of Getting (1989) understanding neuronal
function by way of a reductionist approach was considered in terms of

network, synaptic and cellular building blocks. He concluded that:

"...to provide insight into principles of network operation...we need synthesis, not
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further reductionism."

and posed the following questions:

"Do particular combinations of building blocks underlies certain tasks? Are all
combinations of building blocks possible or only restricted subsets? What are the processing
capabilities of the various building blocks and what do they contribute to network operation?
Are there rules governing the assembly of the building blocks into networks?" Getting (1989)

Culturing isolated neurones and "synthesising" small networks in vitro,
appears a promising way of addressing these issues. Specifically, the cell
culture approach reduces the complexities, uncertainty and inaccessibility
which confronts work in vivo.

At the network level, it is has become clear that even the simplest
behaviours are mediated by a surprisingly large number of highly
interconnected neurones, in most cases without any obvious hierarchical
command structure (e.g. Burrows, 1987; Lockery & Kristan, 1990; but see
lLarimer, 1988). In the network that controls the local bending reflex in the
leech, for example, sensory information is distributed between a large
number of neurones which share the responsibility of generating an
appropriate motor response (Lockery, 1990). Intracellular recordings from
such a network reveal the activity of only a fraction of the cells that are
involved at any one time leaving the experimenter to resort to a mosaic
approach, piecing together activity that occurs at different time points.
Multisite techniques provide a method of gaining a complete snapshot, but
because of noise constraints, are best applied to neurones in culture. The
number of active neurones in a single ganglion at any one time, also
suggests simplification via cell culture. Based on multisite optical recordings
for example, it has been estimated that 300 to 400 of the 1000 or so

neurones in the abdominal ganglion of Aplysia are activated by touching the
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skin of the siphon alone (Zecevic et al, 1989). Twenty seconds worth of
recordings from a mere 128 channels (sampled at 8 bits once every 0.7 ms)
can generate over twenty million bits of information (Grinvald et al., 1981a).
Yet with such widespread activity, each channel may be monitoring the
excitability of at least 3 neurones, making the identification of active cells a
Herculean task, even before attempting to interpret the detailed interactions.
Such an analysis is further exacerbated by complications that arise as a
result of the action of neuromodulators and infringing activity from
overlapping networks, both of which may transform the activity of a circuit on
a moment to moment basis (a property called "polymorphism": for reviews
see Getting, 1989; Harris-Warrick & Marder, 1991; Meyrand et al., 1991).
Clearly, a small reconstructed network in vitro would alleviate, if not
eliminate, all these difficulties.

Kleinfeld et al. (1990) have grown the simplest of "networks" in culture
(consisting of two identified cells from Aplysia), and shown them to have
properties which resemble the electronic “flip-flop” circuit. The two cells are
mutually inhibitory, so that activity in one cell restricts activity in the other. If
the active neurone is silenced by an experimentally-imposed external
stimulus, then the dormant cell gains the upper hand and inhibits any further
activity from occurring in its previously dominant partner. In vivo, the same
two identified cells types are not connected, so the behaviour in culture
appears to be an artefact. However, mutual inhibition is believed to be an
important mechanism in vivo for generating rhythmic activity, and
confirmation that two cells in isolation can form such a relationship is an
important finding.

A three cell network, using identified cells belonging to the central

pattern generator that controls the respiration rhythm of Lymnea, has also
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been studied in vitro (Syed et al.,, 1990). Two of the cells were connected by
mutual inhibition in a similar fashion both to the interactions found between
these cells in vivo and to the cells of the previous example. The third cell was
dopaminergic and when added to the network, generated alternate bursting:
an effect that could be mimicked by the phasic application of dopamine. The
network is the most complex reconstructed so far, and is useful in explaining
the mechanism which generates breathing behaviour. It also offers insight
into the subcellular mechanisms which allow its construction. For example,
these experiments suggest that networks can operate with a fair degree of
morphological independence. Yet, theoretical predictions of an inter-
dependence between morphology and processing (Rall, 1981) have been
loosely supported by experimental observations (e.g Jansen & Nicholls,
1973; Macagno et al.,, 1987). A detailed analysis of networks in culture may
reveal morphological similarities that are essential for the function of the
three cell network. Alternatively, other cellular properties (such as synaptic
strength) may counteract the effects of differing morphology. A third
possibility, may be that morphological influences are too subtle to influence
the overall behaviour. Whatever the reason, it seems that a culture approach
may be instrumental in the elucidation of the relationship between
morphology and function.

Another notable network grown in culture was a reconstruction of an in
vivo three cell circuit found in Aplysia (Rayport & Schacher, 1986). This circuit
participates in generating and modulating gill withdrawal reflexes.
Modulation is believed to result from either synaptic depression or synaptic
facilitation between a sensory neurone and a motor neurone. In culture,
depression occurs in the amplitude of epsp’s in the motor neurone following

repeated stimulation of the sensory neurone. However, facilitation at this
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synapse requires the presence and the activity of a third neurone which is
serotoninergic. A similar effect could be induced by adding serotonin (5-HT)
to the culture medium. This modulation appears to be presynaptic, as 5-HT
increases the breadth of spikes in the sensory neurone resulting in a
consequential increase in transmitter release (Klein et al., 1980).

These basic networks illustrate how simple cell interactions can give
rise to patterned, modulated activity. The usefulness of a culture approach to
investigate more complex network properties is limited only by the difficulty of
isolating and culturing larger networks of identified neurones. Technical
improvements are eagerly awaited.

Pairs of neurones have also been cultured to investigate the formation
and function of synaptic "building blocks". The main advantages are the
accessibility of synaptic sites, the elimination of other synaptic inputs that are
not being investigated and the possibility of monitoring and manipulating
synaptogenesis. Cultured leech neurones have played an important role in
these studies (discussion of which is deferred until Section 1.6 after the leech
nervous system has been introduced), as have cultured Aplysia and
Helisoma neurones. Hadley et al. (1983) demonstrated that synchronised
neurite outgrowth was required for the formation of a novel3 electrical
synapse between two identifiable Helisoma neurones (designated B5 and
B19). In a separate study, Haydon (1988) juxtaposed the cell bodies of the
same two cell types and found that novel chemical synapses, in which B19

was postsynaptic, formed reliably after 3 days in culture. When the neurones

3A "novel" synapse refers to one which is normally not seen in vivo. B5 will however form both
chemical (Haydon, 1988) and electrical (Hadley & Kater, 1983) synapses with B19 in vivo on

regeneration after axotomy, as they do in culture.
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were maintained separately for 3 days and then juxtaposed, chemical
synapses formed as early as 10 seconds following contact, indicating that
continuous contact was not required for the development of a "transmitter
release capability" in B5. A recent study has shown that B19, when acting
presynaptically, may behave rather differently (Zoran et a/, 1991). Unlike B5,
no novel synapses have been reported with B19 as the presynaptic element.
Further, action potential-induced release of transmitter only occurs after a
long period of contact with the appropriate, postsynaptic cell (a cultured
muscle fibre). Elevating the level of intracellular calcium in B19 enhanced
transmitter release only if contact was made with the appropriate target. This
again is in contrast to B5, in which elevated Ca2+ always enhances
transmitter release. These results suggest that not only would there appear to
be rules which govern the assembly of synaptic building blocks, but the rules
restrict the possible synaptic combinations in a cell type dependent manner.

Each of these elegant experiments would be very difficult to perform in
vivo where accessibility is reduced and the possible effects of many other
factors would have to be accounted for. A large number of studies have made
use of these advantages to tackle the properties of single neurones.

A cell culture approach seems particularly suited to determine the
electrical properties of neurones. Experiments performed in situ indicate that
a single recording from the cell body may provide a sufficient record of
excitability for only a limited number of cell types (see Cohen & Wu, 1990).
Optical recordings using Ca2+ sensitive dyes injected into cerebellar Purkinje
cells have localised regions of the dendritic tree which have distinct calcium
influxes during activity (Ross et al, 1990). In other neurones processing may
occur in regions that operate in complete independence (Laurent & Burrows,

1990). A cell culture approach not only maximises the prospect of recording
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the excitability of small processes, but also allows the experimenter to
contemplate using methods capable of controlling neurite morphology (see
Chapter 5). Balanced against these advantages is the possibility that
isolating neurones seriously effects their electrophysiological properties (see
Chapters 2 & 3).

The aim of this thesis was to investigate the electrophysiological and
morphological properties of single isolated leech neurones, with a view to
explore neuronal information processing in small cultured network, of

controlled design using extracellular electrode arrays.

1.3. Introduction to the leech nervous system

The central nervous system (CNS) of the medicinal leech, Hirudo
medicinalis, is located on the ventral side of the gut and is housed within a
blood sinus. It consists of a chain of 32 ganglia which almost spans the entire
length of the animal. The ganglia communicate by way of paired connectives
and a smaller bundle (Faivre's nerve) that runs from one end of the chain to
the other. A pair of nerve roots emerge from both sides of most ganglia,
connecting the CNS with the periphery (Figure 1.3).

On anatomical grounds, an anterior grouping of four fused
ganglia can be regarded as the brain, although there is also a specialised
region at the other end of the chain where the last seven ganglia are fused.
The 5th and 6th ganglia are also different, innervating the segments that
contain the reproductive organs and each comprising over 700 neurones
(Macagno, 1980). The remaining (mid-body) ganglia are virtually identical,

each containing about 400 neurones.
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Figure 1.3: (A) Dorsal view of the medicinal leech, Hirudo medicinalis (scale
bar 1.6 cm), and (B) a ventral view of a single ganglion. The anterior half of the
ganglion is to the right; Connectives are horizontal, nerve roots are vertical
(scale bar 400 |im). ‘R’ indicates a Retzius neurone, ‘P’ indicates a P cell.

The cell bodies of the neurones in each of the segmental ganglia are
arranged into six packets, each enveloped by a single glial cell and located
next to the outer wall (or capsule) of the ganglion. Two further glial cells are
located centrally, encapsulating the labyrinth of processes that project from

the surrounding neurones.
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The margins of the packets can be used as landmarks along with the
size of the cells to identify many of the neurones, from ganglion to ganglion,
and from animal to animal. Other criteria can also be used, including the
shape of the action potential and on intracellular dye injection, the
morphology of the processes. The ability to locate the same cell from
experiment to experiment, and the relatively small number of neurones in
each ganglia, has led to a detailed structural and functional description of
several central circuits (e.g. Lockery & Kristan, 1990). In many other systems,

such a detailed study seems an impossibility.

1.4 The Retzius neurone

When viewed from the ventral side, the central packet of a mid-body
segment ganglion is dominated by two large cells, the Retzius neurones (see
Figure 1.3). Typically the neurones have a diameter of between 60-80 pum
and originally were known as the "Kolossal" cells (Retzius, 1891). The ease
with which Retzius neurones can be identified, allows theirs properties to be
thoroughly investigated.

Retzius neurones fire spontaneously with overshooting action
potentials recorded in the cell body (Nicholls & Baylor, 1968). These action
potentials have an amplitude of around 50 mV and have durations of 2-5 ms
(Kerkut et al., 1967). There is now abundant evidence (e.g Kerkut et al., 1967;
Stuart et al,, 1974, Lent et al., 1979) that the Retzius neurone contains
serotonin, or 5-Hydroxytryptamine (5-HT), localised in dense-core vesicles
(Yaksta-Sauerland and Coggeshall, 1973). The activity of cells in both the
periphery and the central nervous system is affected by the experimental
application of 5-HT (described below). It is assumed that these effects mimic

the release of 5-HT by Retzius neurones, although there are at least 5 other
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cells per ganglion that are also likely to contain 5-HT (Marsden & Kerkut,
1969).

In the periphery, application of 5-HT to body wall muscle causes an
increase in CI- conductance, resulting in hyperpolarisation of muscle
membrane (Walker et al., 1968; Mason et al.,, 1979). This has two effects: it
causes a decrease in the longitudinal muscle tension and accelerates the
rate of relaxation following contraction (Schain, 1961). Retzius neurones are
the only 5-HT containing cell in any one ganglion to innervate the periphery
of the same segment. (If other 5-HT containing cells do not innervate the
periphery of neighbouring segments via the interganglionic connectives then
the Retzius ceil may well be the only 5-HT containing cell to innervate the
periphery; Lent, 1981.) In addition, dense-core vesicles of the type seen in
Retzius cells are present in terminals that are closely apposed to the body
wall muscle cells (Yaksta-Sauerland and Coggeshall, 1973).

Taken together, this evidence implies a role as an inhibitory neurone.
A study by Lent (1973) however, failed to correlate the activity of Retzius
neurones with the occurrence of either inhibitory post synaptic potentials
(ipsp's) or increased rates of relaxation of muscle in the body wall (Lent,
1973). These results conflict with a later study which showed that a volley of
action potentials in a Retzius neurone can reduce tension and increase the
rate of relaxation, but only 5-25 s after the onset of the burst (Mason et al.,
1979). The recovery time was also long, lasting up to 15 min. A slow ramping
hyperpolarisation lasting many seconds with a long recovery period would
be more difficult to detect than fast ipsp's, and therefore may have gone
unnoticed by Lent (1973). With these time periods, the role of the Retzius cell
on the muscle would best be described as neuromoduiatory.

Not only do Retzius cells influence the state of muscles but they also
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appear to cause the secretion of mucus from large unicellular glands in the
body wall (Lent, 1973). Mucus release was assayed by adding carmine red
to the medium bathing the body wall. After fifteen minutes the bathing
solution was replaced and the mucus, which apparently adsorbs carmine
red, was collected. The amount of carmine red absorbed was measured
colorimetrically, and taken to be proportional to the amount of mucus
released. Using this assay Lent (1973) claimed that the activity of Retzius
neurones, or the direct application of 5-HT to the body wall, caused an
increase in the amount of mucus released. Increasing the Mg2+ in the bathing
medium eliminated the effect of activity in the Retzius cell but not the effect of
directly applying 5-HT. This evidence implies that secretion is mediated by
the Ca2+ dependent release of 5-HT from the nerve terminals of Retzius
neurones located close to the mucus glands.The relationship between this
neurosecretory function and the putative role as a muscle tone
neuromodulator has not yet been clarified. Further clues to the function of the
Retzius neurone come from the CNS studies described below.

A striking feature of a Retzius neurone's central connections, is the
strong non-rectifying4 electrical synapse made with the other Retzius
neurone in the same ganglion (Hagiwara & Morita, 1962; Eckert , 1963). The
degree of coupling varies from ganglion to ganglion, but is frequently
sufficient to allow an action potential in one cell to initiate an action potential
in its neighbour. This was one of the phenomena that led Eckert (1963) to put
his head above the parapet and state that:

"...[the] one-to-one transmission suggests that these [Retzius] cells may be

concerned with bilateral coordination of an effector system having a rapid action"

4Non rectifying electrical synapses allow current to flow equally in both directions.
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A tight bilateral coordination of mucus secretion seems unnecessary
whereas the bilateral coordination of body muscle could be achieved more
rapidly by entraining motor neurones in the CNS. Indeed, a central circuit
may well be the effector system that requires such strong, yet variable
coupling.

Noxious stimuli {of either a pinch with forceps or salt) applied to the
skin at the anterior end of the animal initiates a burst of action potentials in
the Retzius neurones along the entire length of the CNS (Eckert, 1963).
Mucus secretion may help a leech to escape from, or at least alleviate, the
effects of such a stimuli. Swimming away would also be a good strategy.
Interestingly, the level of 5-HT in the blood seems to be correlated with the
likelihood of and time spent swimming. In addition, 5-HT perfusion greatly
increases the likelihood of activating the swim motor program in the isolated
nerve cord (Willard, 1981), an effect mirrored by the direct stimulation of a
Retzius neurone. The cellular basis of this response may involve a large
number of pathways leading to a general increase in the synaptic inputs onto
the two interneurones (called 204 and 205) that initiate swimming. It would
seem then, that the firing of Retzius neurones following noxious stimuli could
be a primary step in eliciting an escape response, perhaps overriding other
motor programs by modulating the activity of a large number of neurones
through the non specific release of 5-HT.

The only central synapse in which the presynaptic element appears to
be serotoninergic, having 50-60 nm granular vesicles and exhibiting
glycoxylic acid-induced histofluorescence, is located within the connectives
(Muller, 1981). Retzius neurones are known to have projections in the
connectives (Mason & Leake, 1978) and may be the presynaptic cells,

although Muller (1981) has issued the warning that the cell involved has not
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yet been identified. However, the relevance of this connection to the function
of Retzius cells remains: Retzius neurones are electrically coupled to all the
other homoganglionic 5-HT-containing cells (Lent & Fraser, 1977). Therefore,
if the Retzius cell is not the presynaptic cell it may be connected indirectly via
another 5-HT containing cell. Since the post synaptic cell (called the S-cell)
innervates cell 205 (capable of initiating and changing the phase of the swim
program) it is likely that a multi-synaptic pathway between the Retzius cell

and the swim initiating neurone does exist. Thus, the activity of Retzius cells
| may produce highly specific alterations to the motor program, as well as
having the more general effect associated with the release of endogenous 5-
HT.

The Retzius neurones would appear to be self modulating. Consider
the following two observations. Firstly, the coupling between Retzius
neurones decreases on application of 5-HT (and dopamine), apparently by
directly reducing junctional conductance (Columbaioni & Bruneliil, 1988).
The second observation involves the spontaneous firing frequency of these
cells which also decreases with 5-HT application (Kerkut et al., 1967). In situ,
both forms of negative feedback are likely to stabilise the activity of Retzius
neurones, having the knock-on effect of controlling the amount of 5-HT
released. The endogenous supply of 5-HT and the widespread, probably
extrasynaptic, distribution of its receptor (Wallace, 1981) suggests that the
electrical synapse may provide a mechanism of adjusting the amount of 5-HT

released, rather than the distribution.

1.5 The P cell

The amplitude of the action potentials from the mechanosensory

neurones that respond to touch (the T cells), pressure (the P cells) and
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noxious stimuli (the N cells) applied to the body wall, are the largest to be
found in the leech, being of at least 60 mV (Nicholls & Baylor, 1968). They
overshoot by more than 15 mV, and the N and P cells have prominent
undershoots. A further electrophysiological characteristic shared by these
three cell types is the long-lasting hyperpolarisation that follows trains of
impulses. An electrogenic Na+/K+ pump and a prolonged Ca2+ dependent
increase in K+ conductance have been implicated (Jansen & Nicholls, 1973).
The three cells differ in their dependence on these two mechanisms, the
hyperpolarisation in the P cells for example is a product of both components,
whereas in the T cell the electrogenic pump alone is responsible. Although
these properties could be used to identify the cells, in practise more
discernible criteria are available. The P cells can be distinguished
electrophysiologically from the other mechanosensory neurones, as they
have larger and broader (4 ms compared to 2 ms) action potentials than the T
cells, do not burst during sustained depolarisation like the T cells, show no
signs of spontaneous activity and have smaller action potentials than the N
cells (i.e. less than 100 mV).

There are four P cells in each segmental ganglion, two on either side,
with both pairs located in the posterior half. The most lateral cell on either
side innervates the dorsal body wall by way of the dorsal branch of the
ipsilateral posterior nerve root. The medial P cells sends projections through
both ipsilateral nerve roots innervating the ventral body wall. This innervation
pattern has been confirmed electrophysiologically, each cell having a
receptive field centred in a different quadrant with little overlap (Nicholls &
Baylor, 1968).

As well as being stimulated by pressure applied to the skin, P cells

receive inputs from other neurones. Serial sectioning techniques reveal that
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at certain sites within the neuropil, the P cell appears postsynaptic (Muller &
McMahan, 1976). In addition, the soma is also sensitive to neurotransmitters
when applied by iontophoresis: acetylcholine and 5-HT depolarise the P cell
whereas dopamine causes hyperpolarisation (Sargent et al., 1977).
Axosomatic contacts have been observed in vivo and synaptic interaction
has been shown electrophysiologically, although no conventional synapses
have been observed with the electron microscope (French & Muller, 1986).

P cells synapse onto a large number of neurones both within the
ganglia in which they are located (see Lockery et al.,, 1990) and in adjacent
ganglia. Two connections that have received particular attention are the
mixed electrical and chemical synaptic inputs onto L motor neurones which
innervate the longitudinal musculature that mediates shortening {Nicholis
and Purves, 1972) and onto AE motor neurones (responsible for causing
erection of annuli). The synapses made by a single P cell onto these two
motor neurones are distinct both in strength and dynamics. Thus, the
synapse onto the AE neurone is weaker, but shows the strongest facilitation
and unlike the synapse with the L neurone, reducing temperature does not
cause depression. In addition, an AE cell may occasionally have small
inhibitory potentials when a P cell is active (Muller & Nicholls, 1974).

By making use of the fact that P cells also innervate the AE and L
neurones in neighbouring ganglia, the P cell has been used as a model to
study the specificity of neuronal regeneration in vivo. If the axon of the P cell
in the ipsilateral connective is severed, it will reinnervate the adjacent
ganglion and there re-establish inputs onto the AE and L neurones.
However, the amplitude of the inputs failed to return to the previous level
(after 4 weeks) and occasionally, novel synaptic connections were formed

with cells that are not usually innervated by the P cells (Jansen et al., 1974).
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1.6 Leech neurones in culture

Cultured leech neurones have been used in a variety of studies to
investigate the properties of single neurones. The properties investigated
include: the influence of substrate molecules in determining neurite
outgrowth (e.g. Grumbacher-Reinert, 1989), intrinsic properties that influence
morphology (Acklin & Nicholls, 1990), the characteristics of membrane
channels (Stewart et al., 1989), their distribution (Garcia et al., 1989) and the
distribution of receptors (Pellegrino & Simonneau, 1984). Another use of

cultured leech neurones has been in the investigation of synaptogenesis.

1.6.1 Synaptic interactions between Leech neurones in culture
The type of synapse formed between two identified neurones depends
on the type of cell used (Arechiga et al, 1986). For example, Retzius
neurones will form non-rectifying electrical synapses with other Retzius
neurones, but not with P cells. P cells do not form electrical synapses with
each other, but will make rectifying electrical synapses with Anterior Pagoda
(AP) neurones (Davis, 1989). Similarly, a Retzius cell will chemically synapse
onto a P cell in vitro but not vice versa. However P cells do form chemically
synapse onto Retzius cells in vivo . P cells also fail to synapse onto L. motor
neurones in culture, whereas a strong chemical synapse occurs in vivo. The
reason for these differences is likely to be a result of a compliex interaction
between cells. For example, isolated P cells do not lose the ability to form the
presynaptic element of chemical synapses. This is demonstrated by a
chemical component which is superimposed on the rectifying electrical
synapse formed with an AP cell (Nicholls et al,, 1990). Synapses also occur
in culture that are not seen in vivo. Thus, the Retzius cell forms strong

electrical synapses with L and AE cells in culture but not in situ (Arechiga et
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al., 1986).

The chemical synapse that forms between the Retzius neurone and
the P cell in culture has been thoroughly investigated (e.g Henderson, 1983;.
Drapeau & Sanchez-Armass, 1988; Drapeau et al,, 1989). Both cells have
two types of receptors that respond to 5-HT. They function by increasing
either Cl- conductance causing hyperpolarisation or by a monovalent cation
conductance giving rise to depolarisation (Drapeau & Sanchez-Armass,
1988). When a synapse is formed between a Retzius and a P cell, the Retzius
neurone releases 5-HT and the P cell (but not the Retzius cell) loses the 5-HT
dependent monovalent cation conductance. Surface contact is sufficient to
induce this disappearance (Drapeau et al, 1989). Taken together these
observations suggest that surface contact, and not transmitter type, is the
chief component in determining synaptic specificity (Nicholls et al., 1990).

The importance of the site of synaptic interaction has also been
investigated (Liu & Nicholls, 1989). The sequence of synapse formation is
dependent on the configuration in which the cells are juxtaposed. Thus,
electrical synapses precede the appearance of chemical synapses for both
axon to axon and cell body to cell body pairs, whereas the opposite is true for
stump to stump and stump to cell body configurations. A second effect which
is dependent on the site of contact is the rate of synpase formation. Electrical
synapses form between cell bodies only after a lag of a few days, whereas
electrical synapses between the tips of axons occur after only a short delay of
several hours indicating that the tips of the processes represent preferred
sites for synapse formation (Liu & Nicholls, 1989). This conclusion is
supported by studies of single isolated cells in which receptor concentration
was charted, the highest values being located at the tips of the processes

(Pellegrino & Simonneau, 1984). Electrophysiological data obtained using
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extracellular electrode arrays (reported in Chapter 3) suggests that action
potentials in vitro originate from this region, and the photographs presented
in Chapters 2, 4 & 5 show that this region is also specialised in terms of its

ability to generate new outgrowth.

1.7 The scope of this Thesis

This thesis considers the electrophysiological and morphological
properties of single isolated leech neurones using both conventional
techniques and microfabricated devices. The purpose of this study was to
assess the prospect of using planar extracellular electrode arrays to
investigate information processing in small cultured networks of identified
neurones of controlled design. Specifically, Chapter 2 describes some of the
electrophysiological properties of isolated Retzius neurones that can be
determined from the cell body using intracellular electrodes. This is a
necessary “first-step” before more complex properties can be fully
investigation. The use of extracellular electrode arrays to determine the
direction of propagation and the conduction velocity of cultured leech
neurones is reported in Chapter 3. These properties are likely to be
fundamental to the information processing of even the simplest of networks.
Thus, the first half of this Thesis leads the way to the next electrophysioclogical
step: that of recording from two or more identified neurones using
extracellularly electrode arrays.

The use of extracellular electrode arrays to investigate information
processing would be enhanced if the morphology of cultured networks could
be controlled. One approach to this problem is to use properties of the
substratum to guide regenerating processes. A better understanding of how

the substratum influences morphology will no doubt lead to improved
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methods of controlling the morphology of outgrowth in vitro. Thus, in
Chapters 4 and 5 the effects of the substratum topography and the
substratum coating (i.e. the substrate) on the morphology of single cultured

neurones is examined.
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The isolation of leech
neurones and the effects on
electrical properties

SUMMARY: The conventional method of culturing leech neurones is
described, along with two modifications which allow neurones to be
extracted with very long processes. The modifications had no apparent
effect on the morphology of new outgrowth generated by Retzius
neurones cultured on Concanavalin A (see Chapter 4). Characteristic
electrical properties were also preserved, as assessed by the shape of the
action potential recorded intracellularly from the cell body. However, as a
result of isolation, input resistance increases and an abnormal voltage
response is observed during the application of hyperpolarising currents.

The average length constant of extracted processes was estimated from the
specific membrane resistance (Ry,) calculated from measurements made
with intracellular electrodes. Two techniques were used. One derived Ry
by used the average membrane time constant measured from cell bodies
along with a value for the specific membrane capacitance. The other
technique uses the assumption that input resistance decreases as surface
area increases. Ry was determined by making a comparison between the
input resistance and the surface area of cells with different lengths of
process. Although the relationship between surface area and input
resistance was found to be weak, the value determined for Rp is
comparable to a previously published estimate.

1 Introduction

2.1.1 Methods of isolating leech neurones

The technique for isolating and culturing leech neurones has been

steadily evolving for over 15 years. The removal of identified neurones was
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first performed by Sargent (1977) in order to determine the activity of choline
acetyltransferase in different cell types. Cells were isolated by using a loop
of thin copper wire to lasso the initial axonal segment and pull the cell body
free. This technique was used to good effect in the pioneering work of Ready
and Nicholls (1979) who grew leech neurones in culture for the first time
(nylon thread was used instead of copper wire). An enzyme treatment (using
a mixture of collagenase and dispase) was later introduced by Dietzel et al.
(1986) to reduce the mechanical force required to extract neurones. Others
have used collagenase alone (e.g. Drapeau et al, 1990). Enzymatically
treated cells can be aspirated using a fire-polished pipette and have greater
viability. Once a neurone has been extracted it is then transferred into
medium containing 2% foetal calf serum (FCS), primarily to remove the
encapsulating glia which would otherwise reduce adhesion during plating.
Cells extracted by these methods can be voltage clamped more readily due
to a large increase in input resistance, believed to be caused by the removal
of processes during dissection (Dietzel et al, 1986). Cells extracted without
processes have also been used to determine the structure of synapses
which form between cultured neurones. With just the cell bodies juxtaposed,
the number of serial sections required to locate synapses is greatly reduced
(Henderson et al, 1983).

A further adaptation to the method which delivers neurones with
longer processes has been reported. The enzyme treatment was facilitated
by swirling, which probably improved the digestion of the connective tissue
that holds the processes in place. Cells extracted by this method have been
studied using the patch clamp technique to explore membrane channel
distribution (Garcia et al., 1989).

Here, the viability and outgrowth of Retzius neurones dissected using

36



2.lsolated leech neurones

collagenase/dispase was found to be highly variable (the method used was
identical to that of Dietzel et a/, 1986). Work was undertaken to reduce this
variability, resulting in a modified enzymatic procedure for the extraction of

leech neurones with very long processes (see Section 2.2.2).

2.1.2 Electrical properties of single isolated neurones

Balanced against the huge advantages of culturing neurones is the
possibility that the properties of the cells are either irreversible altered by the
extraction process, or undergo modification owing to the different
environment. Most leech neurones retain their distinctive shaped action
potentials when extracted using collagenase/dispase and grown in culture.
Here, the modified enzyme treatment is assessed for an effect on the shape
of the action potential of Retzius neurones. The rising phase was chosen as
the criterion for analysis, as it is likely to be one of the most important
components in dictating the conduction velocity of action potentials
(measured for cuitured neurones in Chapter 3).

Another set of parameters that can be measured from the cell body
using intracellular microelectrodes are those that relate to passive electrical
properties, namely the input resistance (RN) and the membrane time
constant (tm). Fuchs et al. (1981) have measured the input resistance of
Retzius neurones before and after isolation. It was reported that immediately
after isolation the normal input resistance of Retzius neurones (given as 22
MQ in vivo) fell by more than 50% but soon recovered to over 70 MQ. In their
study, four neurones had an average input resistance of 129 MQ after three
days in culture. High input resistance was attributed to removing all the
processes, and severing the electrical synapse that links a Retzius cell to its

contralateral neighbour. However, these effects may be partly offset by the
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removal of any closely associated glial membrane which would contribute to
a higher input resistance in vivo. The possibility that isolation results in an
increase in membrane resistance per unit area (Rm) was not ruled out
(Fuchs et al., 1981).

In order to facilitate the comparison with cells in vitro, measurements
were made of the input resistance of cells in acutely dissected ganglia (from
which the nerve roots and connectives had been removed). In the ensuing
comparison, this should have minimised any error attributable to the length

of the processes of the cells in dissected ganglia.

2.2 Material and Methods

The advances presented in this thesis come in part from the method
of extracting cells with very long processes. This Section is highly detailed in
order that the technique may be readily copied. See Figure 2.1 for a
diagrammatical summary.

2.2.1 Dissecting the segmental Ganglia

Medicinal leeches, Hirudo medicinalis, were obtained from Biopharm
(UK) Ltd. (Dyfed, UK) and Ricarimpex (Audenge, France), maintained in
copper-free water at room temperature and fed when necessary on pig’s
blood!.

Leeches were anaesthetised with 10% ethanol! in copper-free water

at 4°C for 10 min, before being washed in autoclaved leech Ringer (see

1The author would like to express immense gratitude to Scott Arkison, for

cleaning and feeding the leeches
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