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Abstract

Considerable progress has been accomplished in the past few decades in the
development of microelectrode arrays for neurophysiological applications.
Using photolithographic patteroing of gold, platinum and indium tin oxide thin-
films, microelectrodes having precisely controlled dimensions have been
realised on various substrates (glass, plastics, silicon). Their utility for
extracellular activity recording of in wvitro cultured nerve cells was fully
demonstrated and some of them are now commercially available.

With a view to enlarging the application scope of these devices, this work
describes a new development in which the microelectrodes arrays are
embedded on a micromachined porous silicon substrate, The role of the
porosity is to improve the gas exchange and accessibility of the nutritive
solution to the cell/solution interface. All this is required to perform organotypic
cultures by interface. Using deep reactive ion etching, perforated holes of 35-40
pm in diameter have been realised through the whole thickness of a silicon
wafer resulting in a mechanically stable substrate with porosities up to 35 %.
Another aspect considered in this work is the fabrication of arrays of
protruding micro-electrodes enabling, to a certain extent, tissue slice
penetration. The expected benefit of these 3-dimensional electrodes is a better
interfacial contact between elecirode and cells. In this context, two widely
different technological approaches have been investigated. First, an
electrochemical deposition of bright platinum “hillocks” (20 pm height) and
secondly, platinum-tip microelectrodes realised using the silicon anisotropic
etching technology (47 um height).

In order to evaluate these devices, the viability of organotypic cultures has been
tested vsing hippocampus slices of rats and the extracellular recordings carried

out by means of the microelectrodes arrays.
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Chapter 1

1. Introduction

The understanding of the functioning mechanisms of the nervous system
represents one of the most challenging subject and aroused the interest of a
great number of researchers. A lot of devices and methods were developed and
they resulted in important progresses in this field. For several decades, the
microtechnology has proposed a new approach for the fabrication of these
devices, especially for the detection of the neurons’ extracellular electrical
activity. This chapter will describe the context of this present work by
presenting already developed micromachined devices as well as by describing
the classical methods of measurement and their respective advantages and
drawbacks. A book treating the microtechnology in this field [1] and some web

gites can be consulted for recent information [2, 3].

1.1. Microtechnology for neuronal applicationa

With the small size of structures, comparable to the size of the neurons, which
can be realised by microtechnology and the progress in this field, many
different devices were developed for a great variety of applications linked to

neuronal tissues. Some of them will be presented in this. paragraph.

Materials

Many of the layers commonly used in microfabrication technology are
biocompatible. This means that they show no neurotoxicity which could lead to
the death of the cells. Some of the most currently used materials are reported
here (non exhaustive list among a lot of tested materials {4, 5]):

» Substrate materials: silicon, glass, plastics

. Passivation layers: silicon nitride, silicon dioxide

- Conductor materials: platinum, gold, iridium, indium-tin oxide
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The standard integrated circuit materials such as silicon, silicon nitride, silicon
dioxide, are involved in a lot of applications because their fabrication processes
are well known. Moreover attempts with some polymers as substrate or
passivation were performed. For instance polyimide was used, but some
problems appeared on long term with moisture and ionic contaminants, allowing
only short term measurements to be performed [6, 7, 8]. A new epoxy based
photoresist called EPON SU-8 shows a better ionic stability and an accepiable
biocompatibility [9, 10]. Silicon nitride is a better insulator compared with
silicon dioxide and polyimide in order to avoid ionic migration when the device
is put in saline solution. However under small applied electric fields, silicon
nitride anodises in the solution to form a silicon dioxide layer which become
hydrated with time. This reaction can be avoided with a layer of silicon dioxide
under the silicon nitride [11]. .

The electrodes, used to record the electrical activity of the neurons or to
perform their stimulation, should avoid all chemical reactions with the tissue.
For that reason many noble metals are used. These electrodes should show
good electrical characteristics, in particular a low impedance. This impedance is
mainly linked to the surface of the metal-liquid interface like it will be described
in the chapter 4.2. In some experiments, the tissue has to be observed by using
microscope with a bottom side illumination (diascopic illumination). For that
purpose, fransparent materials were selected for these particular devices.
Usually the substrate consists of glass and the conductive material is indium
thin oxide (ITO). The main drawback of this conductive transparent material is

a higher electrical resistivity.

In vivo devices

Mainly two types of in vivo devices were developed. The first category
consisted in tools for regeneration of axons and fibres. This regeneration
occurs when the two ends of a cut nerve are placed in close proximity. If a

membrane with holes is placed in between, axons regenerate through them.
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With electrodes placed adjacent to the holes, recording and stimulation of
individual axons can be achieved [12, 13, 14]. Another category was the
micreelectrodes insertable into the tissues. They consisted in several electrodes
embedded on a probe which has a typical size in the order of millimetres in
length, several tens of micrometers large, and some micrometers thick. A single
probe can be designed [15, 16, 8] or an array of them to form 2-dimensional
device [17, 11]). Different methods can be used to make three dimensional
structures. One consisted of a microassembly of planar silicon muliishank
microprobes which are precisely positioned through a micromachined platform
[18). Another one was made by simply sawing the substrate to form vertical
column then shaped by chemical etching [19]). The main application of these
devices are the implantation in the cerebral cortex [20]. The effects of the

implantation in the tissue were also investigated [21].

I vitro devices - microelectrode array (MEA)

The in vitre devices consist in biocompatible substrate with a microclectrodes
array (MEA} embedded on it. Neural cells can be deposited on this substrate
and kept alive. The application field of these MEA is the monitoring of
extracellular neuronal activity in vitro. This follows both orientations: research
and application, The former consists of a purely scientific interest in monitoring
of spontaneons and evoked electrophysiological activity, over extended periods
of time and under different culturing conditions. The latter intends to test the
biological effect of toxicological and pharmaceutical agents on neurons.

The first reported micromachined device adapted for the culture of cells and the
monitoring of the electrical activity was fabricated around 1970 [22]. 1t
consisted of platinised gold MEA, embedded on a glass substrate and passivated
by a photoresist. The activity of a dissociated culture of chick heart cells was
detected. Following this first achievement, measurements on newrons, also in
dissoctated culture, were performed [23, 24]. Similar realisations were

successfully tested [25] based on the wse of indium-tin oxide as conductive
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material with a plated gold at the recording sites [26). The stimulation of the
cells using the microelectrodes was achieved [27], also on fresh hippocampal
slices [28). Several devices were developed to control the network formed by
the cells in dissociated cultures. To conirol the growth of the neurites,
mechanical guiding structnres were formed using photolithography technigues
[29. 30, 31]. The same guiding effect can be obtained by changing the adhesion
proprieties of the substrate. In this way, a preferred growth area can be
designed {32, 33). Wells were microfabricated on electrodes to implant the
nenrons in them. Thus the somas of the neurons are kept in a known position,
while the fibres spread to obtain interconnections [34]. Devices to move cells
by means of electrical fields were also developed [35]. Improvement was
performed in the design of culturing chambers. They include perfusion of
medium and control of the atmosphere to allow longer term survival [36]. An
original approach consists of the integration of a standard culturing substrate
with a printed circnit including electrodes. These electrodes are bigger than
those made by microfabrication but their price is lower [37]. The development
of the MEA is also enhanced by the progresses of data processing which allow
the acquisition of signals measnred on a greater number of electrodes [38].
- Commercially available devices were developed and sold in Germany [39, 40]
by Multi Channel Systems and in Japan [41] by Panasonic. The first one
consists of an array of 60 gold microelectrodes, each 10 um wide and spaced
by 100 um, covered with platinum black. This MEA is embedded on a quantz
substrate and the passivation of the gold is in silicon nitride. The second system
inclndes 64 platinized ITO microelectrodes of 50 pm wide and spaced by 150
um. In this case, the substrate is in glass and the passivation layer in polyimide.
The common characteristic of all these MEA is the non porons nature of the
substrate. Thus, for biological reasons explained in paragraph 2.1., only
dissociated cells or fresh slices were being cultured on these devices. For the

most recent ones, organotypic immersed cultures, these be performed in a
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rotating incubator and long term survival can be achieved [42, 43]. To perform
an organotypic culture by interface, the substrate has to be porous to allow a
liquid flux through it. The only realisation of snch a device, consists of a
perforated flexible membrane in polyimide. It was reported that with a porosity
of 6% with holes’ sizes ranging from 30 um by 30 um up to 30 um by 200
wm, the time of survival of a rat’s hippocampus was in an average of 12 h
compared with non-porous devices with an average of 2 h [44]). This shows
that an access of the culture medium on the one hand and a gas exchanges
through the substrate on the other hand, enhance the conditions of survival of

the neurons.

Electrodes

The size of the electrodes is a compromise regarding both biolegical and
electrical considerations. The electrode should be as small as possible and as
close as possible to the cells to obtain information from a localised point. But
this electrode should have a sufficient surface in order to detect electrical
signals with an acceptable signal to noise ratio. A good isolation between the
electrodes and the culture medium most alse be obtained. To improve the
quality of the neural signal, the electrode impedance should be reduced by, for
instance, changing the surface meorphelogy. For that reason, the electrodes
have been platinised since their first realisations, by a layer of an
electrodeposited black platinum [22]. The platinisation lowers the interface
impedance by enlarging the surface of contact, and increases therefore the level
of the recorded signal without changing the geometrical area of the electrode.
For instance the impedance of a gold electrode of 10 um i diameter is
decreased from 4 MQ to 400 k€2 at 1 kHz after platinisation [39]. For similar
reason gold plating was also performed [26]. Any process which induces
roughness on the surface reduces the impedance characteristic [45]. The
electrochemically deposited iridinm oxide coating is an emerging material to

decrease the impedance. It shows good adhesion, on platinum notably, and
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good stability properties in saline solution [12, 46, 47]. Another new electrodes
material consists of titanium nitride deposited in thin film by a sputtering
technique and showing a porous surface texture {48]). The sizes of the
microelectrodes are usually about 100 tm2, the recorded extracellular potentials
are typically about several 100 pV with a frequency bandwidth from 100 Hz to
10 kHz.

An altemnative method for the detection of exiracellular potentials consists in
using the gate oxide of a field effect transistor [49, 50]. In this case, the probe
material is silicon dioxide or silicon nitride instead of metal. Another method
uses voltage sensitive dies and optical recording [51]. An increasing interest
appears for the measurements of parameters other than the potentials. The pH
changes produced by the metabolism of the culture were measured by using
light addressable potentiometric sensor on a device called microphysiometer
[52, 53]. The cells momphology and their adhesion on the substrate can be
studied by using conductivity measurements on interdigitated array [54]. A
great variety of sensors were integrated on the same chip to obtain information
on several parameters of the physiological activity of the culture [55]. The
analyse of the perfusion’s outlet can also be performed [56]. The cultured
newrons can act as sensors by themselves. Their responses to bioactive agent
are measured and can be quantified [57, 58, 59].

It should be noted that none of the so far described MEAs has three
dimensional electrodes. This means that these electrodes detect the signal
emitted above the plane of the substrate only through an electrically passive
layer. Of course, the three dimensional electrodes are justified only if the device
is applied to culture with thick slice of tissue. This aspect has nevertheless been
described in a general way [60] and in in vivo implants (see above). Theoretical
analysis were also undertaken to discover the effect of the distance between the
neuron and the electrode and to demonstrate a significant attenvation of the

signal on a distance in the order of some tens of micrometers [61, 62].
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1.2. Comparison with classical microelectrodea

The classical electrodes, which are used to measure the neuron’s potentials can
be of different types. One of them is simply a fine passivated wire electrode.
Another one consists of a wire inserted in glass micro pipette filled with a saline
solution. The contact between the wire and the electrolyte can be ohmic if this
wire is in Ag/AgCl. If the inserted wire is metallic, a low impedance is obtained
due to its size. The micro pipette is also used to measure potentials by using the
patch clamp method. This method enables 10 measure current trough a small
part of the neurons’ membrane. It consists of approaching a fine glass micro
pipette with a fire polished tip to the cell membrane and to apply suction to
form a seal between the inner face of the pipette and the membrane. The paich
of the membrane can be extracted and both sides of it can be reached. Another
measurement technique has to be mentioned: the optical recording. The optical
recording uses different dyes and the changes of the light absorption can be
measured by a photodetector. This technique has the advantage to avoid
mechanical injury to the tissue.

The micro pipettes are fabricated by the expansion of a glass tube locally
heated. By this method, a very small aperture is formed, down to 30 nm for the
smallest ones, like the one shown in fig. 1.1. With its small size, the classical
microelectrode can be inserted either inside the neurons to measure the
intracellular potentials or outside for the extracellular potentials like explained in
paragraph 2.3. These microelectrodes can be used for in vivo and in vitro
applications with a minimum of damages in the tissue. They are mounted on
micro-manipulator in order to be placed with a great precision at a point of
measurement. To illustrate this set up, the fig. 1.2. shows a commercially
available equipment for elecirophysiology. This operation requires time and

ability of the experimenter, especially for not damaging the cells. The micro-
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manipulators, one for each electrode, take a lot of place and therefare, only few
electrodes can be nsed simultaneously, the maximum being four. After the
measurements, the culture has to be put back into the incubator. For each
experiment, the electrodes have to be set up again.

The microelectrodes, which have a size of typically 10 pum, are much bigger
than classical glass electrode. As a consequence, the points of measurements
are less localised. Since the MEAs are made with metal, their coupling with the
extracellular fluids is not ohmic as explained in paragraph 4.2. Nevertheless, this
contact can be improved by lowering the impedance of the electrodes. The
positions of the array of electrodes cannot be controlled with the same
accuracy than the glass pipettes. This fact is not problematic for the
measurements on dissociated culture in which the cells cover the whale
surface. For slice cultures, the adjustment is performed when the tissue is
deposited on the substrate. That is why, the microelectrodes are distributed in a
certdin area of the culture. Since they are mare numerous, same of them are in
a good position for the measurements. A sufficient density of electrodes and a
design adapted for the culture which is studied can enhance this aspect. After
that the neurons are deposited on the MEA, the disposition of the electrodes
remains the same during the whoale culturing time. The device and the tissue are
stored together in the incubator in order to keep the cells alive and this stack is
inserted in the measurement set-up only when an experiment has to be
perfon'ned.‘ So, the evolution of the tissue can be observed in an easier and a
faster way, and thus, a great number of cultures can be performed at the same
time. The advantages and drawbacks of the microelectrode arrays, compared
with the classical electrodes, are summarised as follow:

Advantages of the MEA:
permanent location
numerous electrodes

easy to handle
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Drawbacks of the MEA.:

bigger size of the electrodes

control of the placement

less efficient electrical coupling
In conclusion, the MEA represents an interesting alternative to the classical
electrodes, especially for long term investigations and for the study of the
network formed by the nevrons. It is also possible to combine both classical
and microfabricated electrodes in the same experiment, The facility of vse of
the MEA helps the neurophysiologists by increasing the number of experiments
which can be performed.

1.3. Objectives and outline

The objective of this work consists of the realisation of microelectrode arrays
suited to the cuiture of neurons and enabling to measure extracelivlarly their
activity. The basic structure of these devices consists of an array of metal
electrodes embedded on a passivated substrate. These electrodes are covered
by a top insulation layer with small open area located on each electrode and a
contact pad to connect this electrode to the measurement set-up.
Two features have to be included in this device: it should be adapted to
organotypic culture by interface and the electrical coupling with the neuroactive
cells has to be enhanced. As it will be explained in this work, these goals can be
achieved by fabricating respectively: '

a perforated substrate

three dimensional microelectrodes
The device is schematically shown in the fig. 1.3.
Chapter 2 will explain the requirements of the microfabricated device. The
specificity of the organotypic culture by interface will be exposed, together

with the conditions in which this colture can be kept alive for a long time. The

1
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morphology of the rat’s hippocampus which will be used to test the MEAs will
be described. Some explanations about the extracellular measurements will
highlight the advantages of the three dimensional electrodes.

Chapter 3 will describe the fabrication processes of the devices by using the
facilities available in the Institute of Microtechnology, University of Neuchdtel.
Explanations will be given about the technical solutions which were found to
fulfil the above requirements.

Chapter 4 will expose the electrical characterisations of the MEA. The tests of
viability for a long term organotypic culture by interface will be shown. The
integration of the device in a measurement set-up for electrophysiology will be

described as well as the results obtained with the rats® hippocampus.

Microelecirodes

Fig. 1.3. Scheme of the device.
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Chapter 2

2. Electrophysiological aspects

Some characteristics of the organotypic culture by interface for which the
devices have to be adapted will be explained. A description of the rat
hippocampus which will be cultured on these devices will be given. Aspects of
extracellular potentials measurements will be approached. The basic biological
phenomena which produce them are described in the annexe. A more detailed

analysis of these subjects is given in [1, 2, 3, 4, 5, 6].

2.1, Organotypic cuituraa

Although slightly less representative compared with i vive experiments, the
cultures represent an interesting alternative with several advantages. The
number of sacrificed animals is lowered because a single one can produce
several explants. With the in vitro method, experiments on tissues coming from
human beings can also be considered. An in vitro culture should represent the
in vivo organ as closely as possible. The degree of similarity can be very
different according to the type of culture nsed. The main aspects in order 1o
evaluate a culture consist in its cells arrangement and in the conservation of the
interactions between these cells. The experimental difficulties are increased
with the complexity of the cells structure. The choice of the culture used
should thus be adapted to the research undertaken. A description of these
cultures is given in [7]. As an example, a dissociated culture embedded on a
silicon chip with platinum microelectrode is shown in fig 2.1. 1n this case the
neurons are separated and distributed on the substrate. A culture is considered
as organotypic if the morphology, the synaptic circunitry, the neurotransmitter
receptor distribution and the electrophysiology are similar to these in vivo.
Therefore this culture consists of a slice of tissue several hundred pm thick.
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In the organotypic culture by interface, the explant is placed on a porous
membrane at the interface between air and medium, A scheme of this set up is
shown in fig. 2.2. The bottom side of the slice has a contact with the medium,
through the substrate. On the upper side, a thin film of medium covers the
slice avoiding its drying. Since the gas exchange takes place by diffusion and
mainly at the top side, this film should not be too thick. This method does not
require any adhesion layer like plasma clot, collagen, laminin or fibronectin
and avoids thus any interaction of these products with the neurons. The tissue
‘is cut in slices 400 wm thick and simply laid down on small disk of porous
Millicell-CM membrane from Millipore® and placed in a peiri dish with the
medium, This set-up is stored in an incubator with 5% CO, at 36° [11]. This
temperature can be decreased after the first week down to 33° in order to
make the tissue survive for a longer time [14].

The Stoppini method is well adapted for a substrate embedded MEA. The
signal detection for continuous recording is easier if the set up does not have to
move regularly as for the roller drum method and no isolating adhesion
material is required to fix the slice on the substrate where the electrodes are
embedded.

Petri dish :
Medium

Fig. 2.2. Scheme of the set-up of the organotypic cuiture by interface
(modified from [11}).
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Culture of cells are successful only with a young tissue. This can be understood
owing to the property of these cells which consists of adapting themselves
easily t0 a new environment. In order to study a tissue with enough maturity
and differentiation between the cells, the culture has to survive for several
weeks, 3 months of survival were obtained with the Stoppini method described
here with hippocampus of seven days old Wistar rats [12]. However a culture
of 3-5 weeks is considered as sufficiently mature for most experimental
purposes. During this time the slice recovers from the injuries made during its
preparation and a reorganisation of the comnections occurs. Electrical
stimulations enhance also new synaptic transmissions between the neurons. A
slice cut in two part and placed aside with a smail gap can be reformed by the
sprouting of the connections. This property can be used by culturing together
several tissues in a co-culture, also with tissues coming from different parts of
the brain. A lot of organotypic experiments were made with hippocampal
slices of rats. This part of the brain is described in the next paragraph. Fig 2.3,
shows a cross section of this tissue after two weeks of culture by using the
Stoppini method. The thickness of the slice is reduced down to 130 um and
three layers can be identified. The upper part is constitnted by the fibres, axons
and dendrites. In the middlé part, the somas of the neurons can be seen. The
lower part, which is in contact with the porous substrate is formed by glial
cells. These cells are involved in the ions exchanges with the medium and the
neurons and act as support. This 50 um thick layer isolates the electrodes from
the signal produced in the soma layer. The histology of the cultured slices is
different according to the method used. By the Gihwiler, a single layer of
neurons is formed in the centre of the slice. Hence, during electrophysiological
experiment, less neurons can contribute to the measured signal and the three
dimensional aspect of the network formed between the neurons is less complex.
On the other hand the observation through a microscope of a slice cultured

with this method is easier because all the neurons can be well distingnished.
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frequency stimulation. The opposite, long term depression (LTD) can also be
produced by applying an external low frequency stimulation. Linked to other
types of studies, the changes in effectiveness of synaptic transmission are

considered to be the basis processes for learning and memory.

2.3. Extracellular potentials

The methods used to measure the potential changes generated by the neuron
activity can be divided into two types: intracellular and extracellular. Both use
the classical microelectrodes described in paragraph 1.2. For the intracellular
recordings, the tip of the microelectrode is inserted inside the cell, introducing
some damages (o it. The electrical potential generated through the membrane is
recorded between the interior of the cell by the microelectrode and the
extracellular fluid by the reference electrode. The extracellular recordings are
made by measuring between the microelectrode placed close to the cell body or
the axon, and the reference electrode. Both cases are illustrated in fig 2.6. In
the case of the MEA, the extracellular potentials are measured by a metallic

electrode.

Intracelular Extracellular

Fig. 2.6. Schemes of imtraceliular and extracellular measurements (modified

Jrom [1]).
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Fig 2.7. Equivalent circuit of the coupling between the cell membrane and the
metal electrode (modified from {15]).

By uvsing the equivalent circuit of a membrane patch of a cell given in
paragraph A.1. and the model of a metal electrode-electrolyte interface given
in the paragraph 4.2., an equivalent circuit, shown in fig. 2.7., of the coupling
between the neuron and the electrode can be obtained. A part of the current Im
reaches the microelectrode through the resistance Rspread and another part
goes outside the measurement area through Rout. Thus, to obtain a good
coupling with the electrode, Rspread which depends mainly of the distance
electrode-neuron should be as small as possible [15].

If a microelectrode is placed sufficiently close to the cell, the activity of a
single neuron can be recorded. Another approach in electrophysiology is the
recordings of the potential differences generated by a group of neurons and
measured at some distance from them. They are called field potentials and are
generated by both the synaptic and the action potentials. This kind of potentials
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can be measured by the MEA. Depolarisation on the membrane induces
potential differences between one part of the neuron and the other and thus a
current flows through the extracellular space as illustrated on the fig 2.8. The
depolarisation takes place at a point A and is called sink because it consists in
an inward current Im. Since the current flows inside, charges must leave the
cell. One outward path is a point B called source which can be defined, among
the multitude available, as the point where the carremt flows out after
travelling through the intracellular space (Rint). The current returns to A to
close the loop through the extracellular fluid (Rext) but also to a reference
electrode locared at some distance. The fig 2.9. illustrates the electrical fields
produced by an excitatory synapse .placed on a dendrite and shows two
extracellular potential measurements: negative potential near the sink and
positive potential around the source. For an inhibitory synapse placed on a
dendrite, the current flow is inverted. During an EPSP the soma acts as a
source. An extracellular measurement in this position, which is the position of
the MEA, will show a positive recording. If an action potential is initiated, the
big surface of the soma will depolarise, letting the current go inside and results

e
1
_—t
Rint
Re Rc
tO im ——cm —Lcln
— V¢ V¢
T_j
Sink A B Source
- [ =
e
AN Rext ’d

Fig 2.8. Charges movements between two points of the membrane at a
different potential (modified from {4}).
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Fig. 2.9. electrical fields around an excitatory synapse {modified from [4]).

in a negative spike, the dendrites becoming the source. The action potential still
propagates and the soma acts as a source again, As a consequence, the
extracellular measurement near the soma is theoretically a triphasic positive -
negative - positive wave.

A measurement in the extracellular space does not measure the contribution a
single neuron but of several. The most important aspect, as far as the
amplitude of the recording is concerned, is the number and the arrangement of
the neurons around the electrode. The contribution of one neuron can be
cancelled by another one of an opposite orientation. The radial disposition of
the neurons is referred to as a closed field. Either the somas or the dendrites
are located in the centre and the other part in the periphery. If all the cells are
activated, the potential is zero outside the farmed sphere. When all neurons are
ariented in the same direction: the somas on one side, the dendrites on the
another side, they are designated as open field. The combination of both is the
open-closed field. The hippocampus cells are typically arranged as an open
field.
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The experiment commonly made on hippocampus, consists of measuring the
response in the CA1 region after a stimulation of the Schaffer collateral in the
CA3 region. The extracellular electrode will measure the EPSP's in the
dendrites of all cells around it and will be called population EPSP. If they are
sufficiently strong, the action potentials will be induced in the somas and will
be called population spike. Due to the open field arrangement, the measured
field potential corresponds to the addition of all the synchronous activity of the
group of cells near the electrode which can be interpreted as the amplified
averaged response of a single cell.

The stimulation pulse produces a big artefact in the measurements, disturbing
the cells’ signals. If the stimulation electrode is more distant, the artefact and
the population spikes are more separate because of the longer ravelling time
of the action potential in the pﬂzsynaptic axon's cells. Another difficulty of
these measurerments is the time s..calc of the recorded waves which is close to
the 50 Hz noise, requiring a good shielding.

These considerations show the importance of the geometrical arrangement
neurons-electrode and highlights the advantage of having a shorter distance

between them by using, in this work, three dimensional electrodes.
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3. Fabrication processes

Fabrication of several microelectrode arrays (MEA), suitable for
electrophysiological measurements will be described in this chapter. The choice
of the technologies, as far as the biological and the technical requirements are
concerned, will also be explained. The MEA have to fit 1o the morphology of
the slice which has, at the bottom, an electrically passive layer, and also to
ensure good sarvival conditions which are required by the organotypic cultures
by interface. The literature gives more detailed information about these

technologies [1, 2, 3, 4, 5].

3.1. Microalactroda array on a tranaparant substrate

A transparent device allows the observation of the culture during the experiment
using a microscope with a bottom side illumination. For this reason, a glass
substrate will be used. The electrodes embedded on it, will be in platinum,
forming small arcas where the tissue cannot be observed. To avoid these areas,
transparent conductive oxides like Indium Tin Oxide (ITO) can be used.
However structures with this material will be not realised because the surface
covered by the platinum tracks is sufficiently small so that the largest part of

the tissue can be observed to extrapolate the morphology of the slice.

Fabrication process

Glass wafers 500 um thick and with a diameter of 10 cm were used. Giass has
good insulation properties, and thus the elecrodes can be directly deposited on
this substrate. These electrodes were structured by lift off. First a photoresist
layer was pattemed by photolithography, then the wafer was covered by a
metal layer, and the underlying photoresist was dissolved by using acetone,

removing the metal deposited on its surface. The photoresist used for this step

35



Fabrication processes

is a positive photoresist 8 1400-27 from Shipley. The metal is deposited by
evaporation in a vacuum chamber with a source heated by e-gun. A 250 A thick
layer of tantalum was used as adhesion layer prior to the evaporation of 1250 A
of platinum during the same pump-down process. The ratio of the photoresist’s
thickness to the metal’s thickness had to be sufficient in order to enhance the
dissolution made with acetone. The main difficuity of this technology is to
avoid the formation of wing tips on the perimeter of the electrodes. These are
due to the deposition of the metal on the sidewall of the photoresist. A control
of the photoresist’s profile, related to a sufficient verticality of the deposition,
has to be performed to prevent this wing formation. An overhanging profile has
to be formed in order to protect the bottom part of the photoresist during the
deposition. One of the method commonly used to obtain this result, is to harden
the surface of the photoresist before its development by immersing the wafer in
chlorobenzene [6]. The method with chlorobenzene is considered to be less
efficient with the recent photoresists but an overhang profile can be
nevertheless built [7]. A photolithography of high quality, as far as the sidewalls
are concerned, is a prerequisite to profit from the advantage of this method.
This photolithography is obtained by using a vacuum contact mode during the
-‘eXposure consisting in realising a close contact between the mask and the
wafer, obtained by creating a vacuum in a volume whose limits are the mask
and the chuck which support the wafer. The mask is therefore pushed on the
wafer by the atmospheric pressure, without an air gap between them.

The top passivation layer consists of a 2500 A thick PECVD (plasma enhanced
chemical vapour deposition) silicon nitride layer. This layer is deposited, at a
temperature of 350 °C, in a plasma chamber. Its properties as passivation layer
are less efficient than those of the LPCVD (low pressure chemical vapour
deposition) silicon nitride. The hydration occurs more rapidly when the device
is immersed in a saline solution, and the density of pin holes is higher. But the

temperature required for a LPCVD silicon nitride, about 800 °C, is too high for
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“u

a normal glass substrate. Quartz would circumvent this limit but the quality of
PECVD silicon nitride is considered as sufficient to justify the use of a less
expensive material. The silicon nitride layer was etched in a SF¢/O; RIE
(reactive ion etching) plasma to open the active electrode areas (10 pum in
diameter) and the bonding pads defined by a photolithography. A cleaning by
using an acidic solution called pirhana was performed in order to etch the
photoresist residues after an acetone siripping as well as the redeposition
produced by the plasma. The pirhana consists of a mixture of sulfuric acid 96%
and a few drops of peroxide 30%. The fabrication process is illustrated in
fig. 3.1.

Realised structure

An electrode array is shown in fig. 3.2. and a close up of one electrode is
shown in fig. 3.3. The dimensions of the fabricated MEAs are indicated in
table 3.1,

transparent substrate -

electrodes patterning

i PECVD silicon nitride [N
platinum ]

Fig. 3.1. Fabrication process of a MEA on a glass substrate,
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Tabie 3.1, Dimensions of the planar MEA on glass.

chip dimensions 6 mm x 8 mm X 0.5 mm

microelectrode diameter 10 um

number of electrodes 30

lateral spacing 120 pum

geometry of the electrodes double elliptical

big axis of the ellipses 18mmx1.2mm/24mmx 1.8 mm

The electrodes are arranged in an elliptic geometry to match the soma of the
pyramidal ceils in hippocampal slices from six days old rats, described in
paragraph 2.2. Four on-chip reference platinum elecirodes, fabricated at the
same time as the microelectrodes, are also provided on the substrate.

This chip is fabricated by a relatively simple process: two photolithographies
and two layers depositions. As it will be explained in paragraph 4.2., if the
electrodes are improved by a surface modification in order to obtain a lower
impedance, this device is similar to those available on the market described in
paragraph 1.1. Another kind of electrode’s modification performed in this
study, will be described in paragraph 3.4. The main drawback of these MEAs
on this type of glass is the non-porous aspect of the substrate, prohibiting their

use for long term organotypic culture by interface.

3.2. Microelectrode array on a perforated membrane

A more complex structure consists of a perforated substrate allowing an access
of the nutritive solution and the gas exchanges occwTing éven on the bottom
side 1o the tissue slice. The substrate wsually used for organotypic cultures by

interface is the Millicell-CM membrane from Millipore. This porous material
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acts as a sponge, absorbing the nutritive solution. A microtechnological method

to realised a porous substrate has to be found.

Perforation method

The process nsed consists of a C,CIFs/SF¢ plasma applied on silicon. This
process does not allow to obtain holes with acceptable diameter to depth ratio,
together with vertical walls, and at an sufficient etch rate. As a consequence,
the snbstrate is made first thinner by anisotropic wet etching on the parts which
will support the MEAs,

Fabrication process

The silicon wafer, oriented in the <100> direction of its crystalline structure, is
first passivated by a growth of 800 A silicon oxide and by a deposition of 1800
A LPCVD silicon nitride. The combination of these two layers shows adequate
insulation properties when immersed for a long time in a saline solution like the
culture medium [8). 1500 A platinum electrodes with an adhesion layer of
tantalum were deposited on this substrate and structured by mean of a lift off
techniqne. A photolithography was performed with a 6.5 um thick AZ 4562
photoresist from Shipley which served as mask for the silicon plasma etching,
The silicon nitride was etched by a SF4/Q, plasma and the silicon dioxide in
buffered HF (BHF)} and then only the silicon was etched by a C,CIFs/SF,
plasma with the same photoresist. The time of this silicon etching was
determined when the undercutting became too important and was fixed at 50
min, resulting in 15 pm deep holes in the centre of the wafer. All plasma
processes, due to the well known border effects, etch at different rates along
the radins of the wafer, the lowest etch rate appearing in its centre. This efch
rate depends strongly on the diameter of the holes; those with a bigger diameter
are etched more rapidly. The use of the C;CIFs/SF; plasma compared with
SF,/0; plasma minimises the effects of undercutting and inhomogeneity in the
etch rate of various diameters allowing to fabricate holes with a diameter from

5 um to 40 um. The advantage of using a single but thicker photoresist layer
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for all the etchings, is that it avoids the misalignments of the successive
photolithographies. After the holes etching, a top passivation layer of 2500 A of
LPCVD silicon nitride was deposited on the wafer. This method allowed to coat
the whole surface including sidewalls and bottom parts of the holes. The top
passivation layer was etched by a SF¢/O, RIE plasma after a photolithography
in order to open the 10 wm by 10um electrodes and the contact pads. Just
before the spinning of the photoresist, all the holes were carefully filled with
photoresist to avoid uncovered areas and air bubbles. This excess of photoresist
in the holes induced small changes in the thickness of the layer, easily
compensated by sufficient exposure and development. At the same time, a
photolithography was performed on the back side of the wafer to define the
membrane. On this back side, the insulation layers were etched by SF4/0,
plasma for the silicon nitride and BHF for the silicon dioxide. The stripping of
the photoresist was made in piranha to remove the redeposition produced by the
plasma on the MEA. The formation of the membrane in the silicon was made
by wet etching in KOH 40 % at 60 °C. The particularity of this etching consists
in an anisotropy due to the differences of the etch rate according to the
crystalline plan of the silicon. The plans <100> are etched several hundred
times faster than the <111> plans, forming a typical shape of the structure with
an angle of 54.7 ° between the wafer’s surface and the sidewalls of the
membrane. The etching was stopped when the whole bottom parts of the holes,
protected by the silicon nitride, were apparent. ln this way, the inside pant of
the holes was not etched by the KOH in spite of the differences of holes depth
and the inhomogeneity of the etching. The thickness of the membrane is thus
given by the less deep holes, in this case 15 pm. Conceming the inhomogeneity
of the KOH etching, the wafer is placed horizontally, the surface to structure

above, to prevent the bubbles produced by the chemical reaction, from slowing
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Realised structure

The dimensions of the fabricated MEA’s are indicated in table 3.2, Photographs
of the top and the bottom side of the membrane of one fabricated chip is shown
in fig. 3.5. A trangverse view of a perforated structure on a thin silicon
membrane is shown in fig. 3.6. This last picture illustrates well the mechanical
fragility of the silicon membrane. 1t can easily be broken, especially during the
manipulations of the slice with the tweezers. To circumvent this difficulty, the
necessity of a more solid substrate was highlighted. Nevertheless, the tests of
cells cultures using these devices established several characteristics which will
have to be fulfilled for the next generation of MEAs:

minimum porosity: 20 %

maximum holes diameter; 40 pum

Table 3.2. Dimensions of the planar MEA on a perforated silicon membrane.

chip dimensions 10 mm x 10 mm x 0.4 mm
microelectrode diameter 10 pm x 10 um

number of electrodes 20

lateral spacing 200 um

geometry of the electrodes double elliptical

big axis of the ellipses 25 mmx 1.5 mm /3 mm x 2 mm
porous area 4 mm x 3 mm

holes’ sizes from 5 um x 5 pm to 40 pm x 40 pm
porosity from 3 % 10 20 %

membrane thickness 15 um
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3.3. Microelectrode array on a parforated aubatrate

A method has to be found to perforate a substrate thicker than a thin silicon
membrane. This method should structure the several hundred thousands of via
holes with a maximnm diameter of 40 wm at the same time on a wafer. This
requirement excludes all methods in which holes are perforated one after one
like laser drilling or electro discharge machining (EDM). To ensure a sufficient
density of holes, the underetching should be low, in order to prevent the
neighbouring holes from interconnecting during the etch of a thick substrate.
That means that the ratio of the diameter to depth has to be very low, also for a

depth of several hundreds pm.

Choice of the perforation method

1) The first option consists in the use of photostructurable glass [9, 10]. This
particular glass is structured in three steps. First the glass is exposed to a UV
light at a wave length of 312 nm. This process forms silver ions Ag' in the
exposed area on the whole thickness of the substrate. Secondly, the glass is
heated up to about 600 °C. During this thermic treatment, a nucleation occurs
around the silver ions to form a ceramic. And finally this ceramic is etched in
10% HF. The etching takes place around the grains of the ceramic, forming a
rugosity of 10 um inside the holes. In this application, the rugosity should not
affect the transport of nutritive solution. But the transparency, which represents
the main advantage for the use of glass, is lost on the etched surface because of
this rugosity. The etch rate of the glass compared with the one of the ceramic
is 1/20, forming a hole’s profile at an angle of 5° with a vertical axis. This
underetching is too important, even if the etching is performed from the back
side only. As an example, is a 400 pm thick wafer, which is the minimum to
keep a certain mechanical solidity, the hole’s diameter is increased by more than

40 pm, resulting in a back side surface nearly totally etched and non-

46



Chapter 3

transparent. Moreover the biocompatibility of this material, which contains a lot
of ions, has not yet been established

2) Silicon can be made porous by using an electrochemical process in HF
solution under illumination [11, 12, 13]. Holes are formed along the <100>
direction with diameters in the range of nm to 20 wm, according to the
conditions of the process and the conductivity of the silicon. The length of the
pores can be sufficient to go through the whole thickness of the wafer, The
porosity can be formed on the whole surface of the silicon or be controlled by a
photolithography: the holes are formed from initiation areas which are patterned
by a plasma etching or by a wet etching in KOH after a mask transfer.

3) We have selected 3 plasma based technology: the deep reactive ion etching
(DRIE} of silicon. Two approaches exist: the first one consists of a cryogenic
cooling of the substrate during the etching, used with the equipment provided
by Alcatel and the other, called inductively coupled plasma (ICP), is made by
Surface Technology System and is based-on the Robert Bosch GmbH patent
[14]. The principle consists of a plasma with two alternative steps: the first one
is an etching with SFg gas, followed by a passivating deposition film using C,Fy
gas. During this step, a teflon-like material is deposited inside the hole which is
preferentially removed at the bottom side during the etching step, forming a
sidewall protective layer [15, 16]. The masking materials which can be used for
this plasma are photoresist with an eitch rate ratio of 1/40 in comparison ‘with
that of the silicon, silicon dioxide with an etch rate ratio of 1/200, or also
aluminium which has no observable etching rate. This technology gives the
opportunity to fabricate a great variety of different structures with a great
deepness and vertical sidewalls like the array of holes required for this
application [17].

Fabrication process

The beginning of the process is similar to the technology described previously.

A 390 um thick silicon substrate is passivated by 1000 A of thermally grown
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gilican dioxidé and 2000 A of LPCVD silicon nitride. The platinum electrodes
with an adhesion layer of tantalum are structured by lift off. The top passivation
layer consists of a 2000 A thick LPCVD silicon nitride, etched by a SF¢/Q; RIE
plasma after a photolithography in order to open the active area and the contact
pads. A stripping in an O, plasma is applied to remove all the redepositions
produced by the plasma. A photolithography using a 10 pm thick AZ 4562
photoresist from Shipley is performed for the etching of via holes. To obtain
this thickness, the photoresist is spinned on the Gyrset system from Karl Siiss,
which consists of a cover plate, rotating at the same speed as the wafer. Under
this plate, a layer of an atmosphere saturated in solvent, protecting the
photoresist from frictions, allowing a greater resin thickness for a given spin
speed to be deposited. Then the silicon nitride is etched by a SF¢/0, RIE plasma
and the silicon dioxide in BHF. The perforation of the holes (35-40 pm in
diameter} is made by DRIE with the same photoresist through the whole
thickness of the wafer during typically 150 min.

The etching, first of the passivation layers and then of the holes can also be
made with two photolithographies. In this case, thinner photoresists are
spinned, respectively 2 um of AZ 1518 during the etching of the passivation
layers and 7.5 pm of AZ 4362 during the etching of the silicon, both provided
by Shipley. These photolithographies require no Gyrset option and allow a more
precise alignment with the electrodes but induce a small shifi between the
passivation layers and the silicon holes. The consequence of this shift is the
formation of an underetching at the top parts of the holes.

The etch rate differs according to different parameters. First, the borders are
etched more rapidly becanse of the border effect of the plasma. The size of the
structures also plays a great role: small patterns are etched more slowly than
bigger anes. For that reason, all the holes in this design have the same diameter.
One explanation for these differences according to the size might be the

evacuation of the elements resnlting from the chemical reactions which occur
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during the etching. The diffusion of these compounds is hindered in the bottom
part of the narrow holes with the result that the etch gas is diluted in this area.
This phenomena can also explain the parabolic-like shape of the front of the
etching. Actually, the centre of these small holes is etched more rapidly than the
borders. Another explanation of the different etch rates according to the size of
the structure, is the non-verticality of the etch ions incidence. Some of them
react with the sidewall before reaching the silicon. With all these effects, the
holes are first etched in the perimeter of the wafer and with a small aperture.
The back side silicon dioxide layer, deposited during the first step of this
process, acts as etch stop and enhances the etching of the sidewall. An
overetching is thus performed to enlarge these backside apertures. The
protecting layer of the sidewalls prevents efficiently the etching by the non-
vertical ions as well as the reflected ones. So, no observable underetching
occurs and the diameters are identical to the mask design except in the middle
part of the deep holes. This can be explained by the fact that when the etch rate
of the bottom area begins to be significantly reduced, the diameter of the holes
is enlarged by the phenomena mentioned above, in order to enhance the etching
by allowing more gas exchanges. From a certain deepness the etching
conditions are changed and some tips structures appear on the sidewalls, similar
to these formed on black silicon [18]. These poor quality sidewalls are formed
from a depth of about 200 wm. The fig. 3.7. and 3.8. show the resulting
perforated holes and illustrate the effects described above.

The end of the process consists of the efching of the back side passivation
layers which still obstruct the holes by a SF¢/O, RIE plasma for the silicon
nitride and by a BHF dip for the silicon dioxide. This BHF etching also removes,
by underetching, a thin part of the silicon dioxide deposited on the front side,
between the silicon nitride and the silicon. This is shown in fig 3.9, with the
upper patt of the holes. This underetching can be avoided, if necessary, by a
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In summary, the DRIE technology allows a suitable devices for the organotypic
culture by interface to be achieved. In the next step, the electrical

characteristics of the planar MEAs will be improved.

3.4. Three dimanaional microelectrode array

The structures presented above are made up of planar microelectrodes. This
paragraph will describe a post-process step which can be applied to all these
structures in order 1o give a three dimensional aspect of their electrodes. This
process is a electrochemically based growth to form platinum hillocks starting
from the planar electrodes. This electroplating principle consists in the
reduction of a dissolved platinum compound (hexahydroxy platinic acid) on the
microelectrodes, at a voltage of about -0.7 V versus a reference electrode. The
metal deposition is achieved by cyclic voltammetery, which is meore
reproducible and results in geometrically better defined three dimensional
electrodes in comparison with the more classical galvanostatic electroplating.
Due to the satisfactory achievements realised with platinum, no tests were
performed on other biocompatible metal which can also be electroplated, like

gold for example [19].

Preparation of the substrates

The platinum growth takes place on all the connected conductive material, thus
the chip is mounted on a printed circuit board (PCB), the same which will be
later used for the electrophysiological experiments. The electrical contacts
between the chip and the PCB are made by bonding and are encapsulated
manually with epoxy. Then the microelectrodes are pre-treated by cyclic
voltammetry in a 1M H,80, solution. The equipment used consists of a three
electrodes set-up controlled by an IBM Voltammetric Analyser (EC/225). The
MEA acts as working electrode and the voltage is scanned from <0.3 Vto 1.6 V
versus the reference electrode, a saturated calomel electrode (SCE), at 100
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mV/s. The counter electrode is a platinum wire. The voltammogram allows first
to verify the platinum quality as shown in paragraph 4.3. and then to perform a
cleaning and a small modification of the surface making it slightly rougher [20].
A clean surface together with this morphology change, allows a better

anchorage for the following platinum deposition to be achieve,

Platinum growth

The platinum deposition is performed by cyclic voltammetry in a commercially
available soiution: platinum solution 3745 from Enpelbard, containing
hexahydroxy platinic acid. The set-up is identical to that used for the pre-
treatment. The potential range goes from 0 V to -0.75 V versus SCE at a scan
rate of 50 mV/s, The typical measured voltammograms are shown in fig. 3.11.

-0,75 0 [¥]

Fig. 3.11. Voltammograms of the platinum deposition.
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3.5. Platinum tip microalectrode array on a perforated
aubatrate

In this process, the three dimensional ¢lectrodes will be formed in the bulk of
silicon in order to enhance their mechanical stability. The technology necessary
to achieve this result consists in silicon tips, shaped by underetching. A silicon
anisotropic wet etching was performed under a mask deposited on the surface
of the wafer, up to the etch planes met each other to form a tip, as first
presented in [22] and adapted at our institute [23]. After this tips formation,
passivated electrodes can be embedded. In this way, an amray of platinum tips
with a height of about 50 um, open only on the top, will be realised. This size,
as well as this shape, allow the electrodes to penetrate into the cultured tissue in

order to reach the layer of the neurons’ soma.

Fabrication process

The devices were fabricated on a 390 wm thick <100> silicon wafer. In the
first step, 3600 A of silicon dioxide, the etch mask for the tips, was grown by
thermal oxidation and then patterned in a BHF solution after a photolithography.
The design of this etch mask, determined by preliminary tests, consisted in an
octagon of 190 pm in diameter. The silicon tips were formed by anisotropic
etching with KOH 40% at 60 °C. The etching of 55 pm of silicon resulted in 47
um high tips as shown in fig. 3.16. A slightly rough surface is formed on the
(100) plane of the wafer with this etching. These irregularities did not affect
neither the cultures nor the following technological steps.

1000 A of silicon dioxide and 2000 A of silicon nitride layers were deposited by
thermal oxidation and LPCVD respectively to make the bottom passivation. The
metallic layers were pattemed by uvsing a lift off process. Here, a negative
photoresist (ma-N 420, Micro Resist Technology), soluble in acetone, was used

to achieve overhanging profiles favourable for the lift off [24]. Actually, by
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2£ 0 Fookukeddg i 3¢ TR S

Fig. 3.16. SEM picture of 47 um high silicon tips.

overdeveloping it, negative slopes were formed, although no vacuum contact
mode exposure was applied. In this case, a close contact between the mask and
the wafer could not be performed because of the tips. To protect them, the
mask was blocked by stoppers formed by the original surface of the wafer
remaining after the tips formation, 55 wm higher. After the photolithography, a
short O, plasma at room temperature was performed to remove the remaining
photoresist traces often present with ma-N 420. A 200 A thick adhesion layer
of tantalum and a 1300 A thick layer of platinum were evaporated showing an
adequate covering of the slopes of the tips as illustrated in fig. 3.17.

The top passivation consisting of 2000 A of LPCVD silicon nitride was
deposited and patterned by a SF¢/O, RIE plasma, by using a thick photoresist
photolithography technology developed at our institute [25]. A photoresist layer
of about 42 um high had to be spinned with the Gyrset system to protect the
bottom side of the tips. The photoresist was removed by the photolithography
on the contact pads and on the upper part of the tips at the same time. An
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was thus preferred but its known high toxicity for the neurons has to be
considered. Hence, to be sure that no aluminium traces would remain on the
surface, a 4500 A thick CVD silicon dioxide layer was deposited in-between.
After the thick pbotolithography was performed, the etching sequence in order
to reach the silicon was as follows: SiCl/N,/Cl, plasma to remove the
aluminium, BHF for the CVD silicon dioxide, SF¢/O, plasma for the LPCVD
silicon nitride, and BHF for the thermal silicon dioxide. The aluminium was
etched by a plasma instead of using a wet process because of the low
wettability of the holes in the photoresist. This effect resulted in the overetching
of the aluminium for some holes and in the non-etching for some others. This
issne was not so important during the silicon dioxide etching because the BHF
solution is more fluid. The altemation of wet and dry etching steps allows to
compensate the inhomogeneity of the plasma processes and to have a better
defined surfaces. The photoresist was then dissolved in acetone and the 335
um of silicon could be etched by the DRIE. The resulting holes are similar to
those described in paragraph 3.3. with a diameter of 40 pm. The final steps
consisted in the removal of several layers: the silicon nitride on the back side by
plasma etching, the aluminium by wet eiching and finally the CVD silicon
dioxide on the top side, at the same time as the thermal oxide on the back side,
by nsing BHF. By that mean the holes were completely open and the MEA

usable. The fabrication process is illustrated in fig. 3.19.

oxide mask for tips

anisotropic etching to form tips /\
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but unstability with the time of the characteristics of this photoresist has already
been observed, especially when exposed to different humidity levels. For that
reason, another mould material was investigated. 1t consists of an epoxy based
" negative photoresist called Epon SU-8 provided by Microlithography Chemical
Corp. [27, 28]. Very thick structures can be pattemed and their resistance to
chemical etching is excellent. However, if the electroplating could be
performed, the stripping of the monld was difficult. With the materials which
constitute the MEA device, even strong etching solutions can be used, like
sulfuric or nitric acids. The Epon stripping is in fact not really a dissolution
process but small particles are first detached, helped by the high internal stress
of this photoresist. By that mean, the monld can be removed but unfortunately
the plattrum columns are, at the same time, taken away. This experience
highlights the main problem of this three dimensional electroplated electrodes

which consists in their limited adhesion on the underlying surface.

3.6.2. Platinum tip microelectrode array with a small open area

The tip shaped microelectrodes presented in paragraph 3.5. have an exposed
platinum areca forming a cone approximately 15-20 pm high and 10-15 pm at
the base. If this surface is reduced to an open area of some pm, a more precise
location of the electrode will be achieved. This structure can be obtained with
one modification in the fabrication process of the tip MEA. First the tips have to
be formed in the silicon, and this substrate has to be passivated, then the
platinum has to be patteraed and the top passivation has to be deposited. At this
stage, a thick photoresist was spinned, but only the contact pads were exposed
and developed. The top of the tips were left just outside of the photoresist layer.
Actually, a few micrometers of the tips remains higher than the thickness of the
photoresist layer, according to the method described in paragraph 3.5. and in
[29]. The passivation layer was etched with a SF,/Q, plasma and the resulting
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Chapter 4

4. Characterisations and
measurements

The two main shapes of the three dimensional microelectrodes realised, the
hillocks and the tips, were evaluated in order to determine their characteristics.
Linked with the optical observations, elecirical and electrochemical tests were
first performed in order to have a set of criteria to predict their behaviours.
Hippocampal slices of rats were cultured on the MEAs by using the long term
organotypic culture by interface method and their histology studied. To
illustrate  the possibilities of applications of the devices, several
electrophysiological tests will be described, as well as the measurement set-up
which has to be adapied to the MEAs.

Part of the characterisations were accomplished at our institute, however the
characterisations of impedance, the histology and the electrophysiological
measurements were performed in several specialised research gronps, with
which we have closely collaborated. To begin with Dr Stoppini at University of
Geneva (Switzerland), and then with the European project “In vitro
neurctoxicology tests based on the coupling of brain slices to silicon
microelectrode arrays”, the experiments linked to the use of neurons were
undertaken. In order to show the suitability of the realised MEAs, the main

achievements obtained in these laboratories will be indicated in this chapter.

4.1. Meeseuremente of the electrodes geometry

Besides the position of the electrodes in the cultured slice, their surface area and
their morphology are another two significant characteristics. The electrodes

should be as small as possible to have a localised point of measurement or of
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stimulation on the one hand. Their size should be at least comparable to that of
the neurons. On the other hand, their surface has to be as big as possible to
guarantee a sufficient coupling between the electrode and the tissue, that means
a low impedance. A solution consists in the realisation of a rough surface, as
long as this structure remains mechanically stable. Following this idea, the
electrodeposited platinum hillocks were deposited introducing a certain surface
roughness.

The geometrical surface of the planar electrode can easily be measured since it
forms a circle with a diameter of 11 um. The surface of the hillocks shape
electrade can be approximated by a half-sphere of 40 um in diameter and 20
um in height. The platinum tips are approximated by a cone with a circular base
of 15 um in diameter and 20 wm in height. The platinum tips with only a small
area opened at the top are also approximated by a cone with a circular base of
2.5 um in diameter and 2 um in height. The calculated geometrical surface
areas of the electrodes are given in table 4.1.

These electrodes are observed by using the optical microscope and the
scanning electron microscopy (SEM). This last method of observation does not
ensure that the observed surface is platinum or if a remaining passivation layer
covers it. The platinum can be easily determined, in the case of a flat structure,
by an optical microscope or a conductivity measurement on a test structure by

using needles probes. As for the tips, another test to determine the opening of

Table 4.1. Geometrical areas of the electrodes.

electrodes surface
planar 95 um”
hitlock 3770 pm?
tip 505 um’

tip small 10 pm?
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The poor adhesion of such a platinum layer is a certain limitation to the use of
these electroplated tips for electrophysiological measurements. however, this
process allows, to increase the roughness of the electrodes and thus to

decrease their impedance while maintaining the shape of a 50 pm high tip.

4.2, Impedance measurements

The impedance of the electrode interface during an electrophysiological
measnrements, can be assumed to be the one obtained with an impedance
measurement in an electrolytic solution with an adequate composition [1]. For a
classical electrode, as presented in paragraph 1.2., ended by a fine opening of a
glass capillary and filled with a saline solution, the coupling with the
extracellular fluid results in a liquid - liquid interface. That is why the impedance
can be ohmic with a resistance of about 100 MQ for an aperture of 30 nm like
shown in fig. 1.1. In the case of a metallic electrode, another mode of coupling
occurs. At the interface, an electrical double layer is formed by the electrons in
the metal and by the ions close to its surface, resulting in a capacitive
component, To represent that, the impedance of a platinum electrode is
modellised by a resistance Re in parallel with a capacity Ce with changing
values with the frequency. A high impedance value of the electrode causes an
attenuation and the complex aspect of these electrodes results in a filtering
effect on the measured signal. Thus the impedance values have to be known to
evaluate their effect on the measurements; in particular, a sufficient signal to
noise ratio should be obtained to analyse the data. Another important point is
that the characteristics have to be the same for all the electrodes embedded on
the chip, to allow the comparison of their results. For the electrical stimulation
of the cultured nenrons, a low impedance allows a better charge delivery for a

given excitation voltage.
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To measure these impedances, the MEAs were immersed in a physiological

solution (NaCl 135 mM)} with a reference electrode. The resistance of this
| electrode, of the metal tracks, and of the electrolyte is considered as negligible.
These experiments, performed by the Prof. Grattarola’s group, Depaitment of
Biophysical and Electronic Engineering, University of Genoa (Italy), were based
on a lock-in amplifier (EG and G instruments 5110} connected to an external
function generator (HP 8116A) and to a low-noise switching matnx system
(Keithley 7074) which allowed an easy multiplexing of the output signals, All
the instruments were controlled by a personal computer via a standard IFEE
488 interface. The measurements were performed by exciting each platinum
electrode with small sinusoidal waves (20-200 mV in amplitude) and by
sweeping the frequency from 200 Hz to 5 kHz. Output values from lock-in
amplifier were the module and the phase respectively. They were translated into
the module and the phase of the electrode impedance by compensating the
capacitance of cables and connectors which was, in this case, of about 500 pF.
Fig. 4.4. shows the impedance measurement for hillock shaped electrode. The
plotted results indicate the average value of the 30 microelectrodes of a given
array, the error bars representing the differences between the electrodes.

- Module

201 1.l kHz —~ 195 Kt 740"
1.8 4 e
ot L1 kg~ -67° 15
1.4 4 l
. 1.2 4 ﬁ - 50
—
g 1.0 4 ..I-'-I"E‘}:-I
2 0.6 E____ﬂ,:n—{ i -

9.6 -
0.4

- I . .
0.2 \I\i"‘f‘{{—;{% *

oD

"Qon
1000

Freq [Hz)

Fig. 4.4. Impedance as a function of the frequency of hillock electrodes

(courtesy of Prof. Grattarola's group).
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The electrodes show a decrease of impedance with frequency, but a relatively
constant phase angle. Thus, at low frequency the impedance is higher resulting
in a instability for DC measurements, In the literature, the values at a frequency
of about 1 kHz corresponding to the time scale of an action potential are usnally
given. Therefore, the measured impedance of all the electrode shapes: tip, tip
with a smaller area, planar, and hillocks is also given for about the same
frequency on fig. 4.5. As expected, the impedance is linked to the surface area
and the surface morphology of the electrodes. The hillock shaped elecirode
deposited by electroplating, with its large surface and its roughness, presents
the best characteristics for signal transmission with the lowest impedance
module. The lower value of the phase can be explained by the roughness like
already described in the literature [2, 3]. The small surface and low roughness
of the tip shaped electrodes results in a higher impedance value. This value is
considered as too high for the tips with a small open area. The open area of the
electrode is very similar, in particular among the electrodes of one chip. This is
demonsirated by the homogeneity of the impedance values for these electrodes.
The same is observed with the hillock shaped elecirodes when the platinum is
deposited at the same time on all the electrodes. This characteristic allows the
evaluation of the activity of the measured neurons by ensuring similar

experimental conditions for each signal.
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Fig. 4.5, Impedance at a frequency of 1.1 kHz of the different shapes of

electrodes (courtesy of Prof. Grattarola’s group).
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Unfortunately, daring the cuoituring of slice, the microelectrodes are affected by
a dirtying of the surface and by the reaction of the tissue against the metal [2].
This results in an increase of the impedance such as for instance measured on
the hillock electrodes and illustrated in fig. 4.6. Before the measurement the
electrodes were cleaned accordingly the following procedure: rinsed with
distilled and deionized water, then with NaOH 0.1 M, finally again with distilled

and deionized water.

4.3. Electrochemical meagurements

The quality surface of the microfabricated platinum electrodes can be verified
by using electrochemical tests. During the fabrication process, the steps
following the platinum deposition can deteriorate its surface. Interdiffusion of
the atoms, from the tantalum adhesion layer to the electrodes surface, can

occur during the high temperature process of the LPCVD silicon nitride top
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Fig. 4.6. Impedance before and after electrophysiological experiments on

hillock shaped platimnn electrodes {(courtesy of Prof. Grattarola's group).
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passivation deposition. Also the redeposition during the plasma etching of this
passivation layer, or an insufficient cleaning of the photoresist can result in
covering of the electrodes.

Cyclic voltammetry in H,S0,

The quality of the thin-film platinum can be analysed by observing the signal of
a cyclic voltammetry, and compare it with the voltammogram of a bulk
platinum electrode. This signal is linked to the number of reaction sites on the
surface for each crystalline plans of the platinum [4]. The performed
experiment is identical to the one presented in paragraph 3.4. as the pre-
treatment of the platinum electrodes before platinum plating. It consists in a
cyclic voltammetry in a |M H,S0, solution with a voltage scan from -0.25 V to
about 1.5 V versus SCE, at 100 mV/s. The voltammograms of two types of
platinum, namely the evaporated thin film electrodes and the eleciroplated
hillocks are shown in fig 4.7. The electroplated platinum has better
characteristics because no more technological operations were performed on
the platinum surface. On planar electrodes, an improvement of the signal is
observed after each voltage scan showing thus a cleaning process of the
platinum surface. The real surface of platinum can be obtained from the
voltammogram and can be compared to the geometrical surface measured in
paragraph 4.1. The ratio of the real surface to the geometrical surface defines
the roughness factor f;. The method used to evaluate the real surface is based
on the measurement of the charge associated with the desorption of a
monolayer of hydrogen on the microelectrode [5]. This value is obtained by
integrating the voltammogram curve in the hydrogen desorption part. The real
surface is then calculated considering that the charge per surface area
associated with the desorption of a monolayer of hydrogen corresponds to 210
uC/ecm?. For the hillock shaped electrodes, the integral (measured from -225
mV to 200 mV at a scan rate of 100 mV/s) gives a charge of 0.11 uC for each
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electrode and thus their roughness factor f; is about 14. For the evaporated

platinum f; is between 2-3 [5). These results are summarised in table 4.2,

025V N 15V

0.5 pA

Fig. 4.7. Voltammogram of ithe evaporated platinum measured on 30 planar
electrodes (above} and 30 electroplated platinum (bottom) in a non

deoxygenated 1M H.50, solution.

Table 4.2. Roughness facior of the electroplated and evaporated platinum.

platinum f,
electroplated 14
evaporated 2-3
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Cyelic voliammetry in KCl/ferro-CN

The electrochemical behaviour of the different microelectrodes was examined
for the oxidation of ferrocyanide (ferro-CN). These tests are made by cyclic
voltammetry in a 1M KCl solution containing 10 mM ferro-CN with a voliage
scan from 0.1 V to 0.9 V versus SCE, at 50 mV/s. The three electrode types
were measured and the results are shown in fig. 4.8. A quasi-steady-state
currents were obtained for all the elecirodes. The planar electrodes show a
slightly higher resistive aspect because of their high impedance. The
electroplated platinam behaves in a similar way to a macro electrode. The
resulting current values after deduction of the background current measured
before the ferro-CN addition are indicated in table 4.3.

planar tip hilleek

: !
- I

7 W

Fig. 4.8. Voltammograms of 30 electrodes of each type in 1M KCI solution
containing 10mM ferro-CN at 50 mV/s (dashed line 100 mVis).

Table 4.3. Currents for one electrode in IM KCl solution containing 10mM
Jerro-CN after deduction of the background current.

electrode current
planar 11 nA
tip 48 nA
hillock 140 nA
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4.4. Culturea on silicon perforated aubstrate

The perforated substrate was designed to be biocompatible and adapted for the
otganotypic culture by interface, like described in paragraph 2.1. A survival of
several weeks has to be obfained in order that the young tissue becomes
mature. A culture is considered as organotypic if the morphology, the synaptic
circuitty, the neurotransmitter receptor distribution and the electrophysiology
are similar to these in vivo. It has been established that the hippocampus slices
of rats keep these properties in conventional organotypic culture by interface
[6. 7, 8]. The electrophysiology will be described in the next paragraph. The
other aspects are analysed by the histology of a cultured slice and the use of
several markers. To ensure the survival of a slice on the MEA, several tests
were performed, first in the group 6f Dr. Stoppini, in the Department of
Pharmacology, University of Geneva (Switzerland), and then in the group of
Prof. Zimmer, in the Department of Anatomy and Cell Biology, University of
Odense (Denmark). The observations of Dr. Stoppini established that the
minimum porosity required is 13 % and that the holes diameter has to be
smaller than 40 um. Actually, if the holes are too big, a large amount of tissue
slides inside them. Prof. Zimmer performed a comparative experiment,
described in detail in [9], by culturing slices on the microfabricated device and
at the same time on the regular substrates of a Millicell-CM membrane from
Miltipore. Thus, the tissues cultured on both substrates were exposed to the
same experimental conditions. The histological organisation can be verified by
using a microscope during all the time of culturing and afterwards. The fig. 4.9.
shows a photograph of a slice after 2 weeks of culturing, sectioned in three

parts, to illustrate how the tissue adapted itself to the perforated substrate.
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Chapter 4

This fact can be explained by the difference of thickness of the tissue. Actually,
the slice cultured ou the microfabricated chip tends to flatten slightly more
rapidly, decreasing the distance for the gas exchanges. Another aspects
conceming some specific elements of the cultured celis were analysed by using
corresponding staining methods: the general cytological organisation, the fibres
connections, the dendritic parts of the neurons and the glial cells. The
caonclusion is that the organotypic organisation is verified and that except for
the thickness, the cultures on Millicell membrane and on MEA show identical
characteristics.

Conceming the maximum time of survival, in these experimental
circumstances, slices were kept in good biological conditions up to 8 weeks.
The possibility of cleaning the devices, based on the use of soluene (an
enzymatic solution) and concentrated acetic acid, were also develaped in order
to allaw the re-use of the structures. Unfortunately this method cannot be
applied when the chip is encapsulated because the support does not bear this
treatment. In summary, all these results have demonstrated the biocompatibility
of the MEA and its svitability for lang term organotypic culture by interface.

4.5. Electrophysiologles! messuremsnts

In order to test the possibility to stimulate and to record the electrical activity of
the cultured neurons by the different electrode shapes, a series of
electrophysiological measurements was performed. These tests focused mainly
on the results obtained with the hillock shaped and tip shaped electrode. Due to
the law interest in planar electrodes, only a few experiments were undertaken.
Some results on the same type of electrode, also fabricated in our laboratory,
are presented for the same conditions of the culture in [10]. The phenomena
involved in the electrophysiological measurements are explained in chapter 2

and in the annexe.
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Set-up

Before these measurements, an adapted set-up for the MEA has to be realised
and is approximately the same for all the tests. In order to make the electrical
connections, the silicon chip is glued on a printed circuit board (PCB), bonded,
and encapsulated with epoxy (Araldite AY105/HY991, from Ciba). The
dimensions of this support are 5.4 ¢cm x 7.5 cm. A bottom chamber containing '
the nutritive solution, acts as a microperfusion chamber. The medium reaches
the culture through a hele in the PCB, and through the perforated array. A
perfusion connected to this chamber refreshes the solution. An upper chamber
is placed on the PCB to prevent the slice from drying. This chamber is closed
by a transparent cover plate to allow the observation of the tissue. A scheme of
this set-up is shown in fig. 4.11. The bottom chamber can be laid on a heater to
maintain a temperature of 37 *C in the system. A 100 % humidity warm air,
extracted from this heater, can also be connected to the upper chamber. These
temperature and humidity control enhanced the viability of the slice during the
measurement. Between the measurements sessions the system is stored in an
incubator with the micro perfusion chamber in a 5% CO, atmosphere. The

nutritive solution supply has to be carefully adjusted to guarantee a sufficient

Transpareni cover plate

3.D Pt electrodes
Z

PCB Nutritive solution

Fig. 4.11. Schematic view of the measurement set-up (from [11]).
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influx to the tissue. Bubbles of air which can block some of the holes have also
to be prevented. The handling of the fluidic part represents an important part of
the experimental set-up and must be carefully adjusied. So far, a long term
viability was not yet achieved in these experiments, even though this objective
was achieved on a single chip in an incubation chamber, as described in the

previous paragraph.

Hillock shaped microelectrodes.

The tests on these electrodes were performed by the group of Dr. Stoppini, in
the Department of Pharmacology, University of Geneva (Switzerland) and are
described in [11]. Prior to use, the chip and the set-up were sterilised with
ethylene oxide. The tissue consists of hippocampus slices dissected out from
seven days old Wistar rats. After 10-15 days of normal culturing in a petri dish,
the slices were transferred onto the perforated MEA. In some experiments the
tissue was resting on a Millicell-CM supporting membrane disk, while in others,
the tissne was directly in contact with the substrate. Slice cultures were
positioned so that two microelectrodes, located in the CA3 region, could be
wsed for stimulation, and six electrodes, located in the CA3-CAl area, for
recording. Fig. 4.12. shows a photograph of the MEA with a so placed
hippocampal slice. All the signals were amplified by an electronic circuit under
computer control. The stimnlation pulses of 0.8-1.2 V (of about | pA) and of a
duration of 1 ms were delivered at 30-60 s intervals. Representative evoked
potentials of six electrodes located in the CA1-CA3 area are shown in fig. 4.13.
The part (A) shows the results obtained when the slice culture was resting on
the supporting membrane while in part (B} the culture was in direct contact
with the array. It should be noticed that in both cases large signal amplitdes
and a good signal to noise tatio were obtained. The possibility 10 record field
potentials with a signal to noise ratio between 6:1 and 10:1 when the culture is

resting on the supporting membrane is particularly interesting. It opens the
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opportunities to manipulate the tissue slice for precise positioning or to remove
it without tissue injuries with the tweezers and without breaking the fragile
hillocks electrodes. Field potentials could be detected for three days at reom
temperature with a continuous stimulation at 1/60 Hz like shown in fig 4.14. but
up to eight days of recording was achieved when the set-up was placed in the
incubator between the recording sessions. This survival time was limited by the
non optimised conditions for the medium supply, resulting in a drying of the
slices.

In order to confirm the viability and functionality of the slice culture,
experiments with a neuroactive molecule has been performed. By the perfusion,
Picrotoxin 10 uM was injected during 10 minutes. Synchronous neural activity
lasting for less than 1 minute could be observed in fig. 4.15.(B) and 4.15.(C)
then replaced with characteristic arrhythmic bursts in fig 4.15.(D) which have
disappeared after one hour wash.

These measurements demonstrate that the hillock shaped microelectrodes, due
to their shape and low impedance, allow good electrical connections with the

nervous tissue to be achieved.

Day 1 Day 2 Day 3

112 1]

Fig. 4.14. Represemtative vesponses on hillock shaped MEA recorded during
three days (from [11]}.
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Fig. 4.15. Spontaneous field potentials recorded on hillock shaped MEA before
(4) and after (B) perfusion of Picroioxin. A stimulation paradigm (riggers
rhytinnic field potentials (channel | and 2 in (C)} then rep!dced by arrhythmic
bursts (D) (from {11}).

Tip shaped microelectrodes.

Several research groups were involved in the tests on these electrodes. The
group of Dr. Jahnsen, in the Department of Medical Physiology, University of
Copenhagen (Denrmark) in collaboration with the group of Prof. Zimmer, in the
Department of Anatomy and Cell Biology, University of Odense (Denmark) and
the group of Dr. Balestrino, in the Department of Neurology, University of
Genoa (ltaly), in collaboration with the group of Prof. Grattarola in the
Department of Biophysical and Electronic Engineering, University of Genoa

(Italy). This evaluation is now in progress but some preliminary results could
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already be obtained [12]. Afier the MEAs integration in the microperfusion
chamber, electrophysiological measurements have been performed on
hippocampal slices of rats. A representative example of recordings after 17
days in culture is shown in fig. 4.16. A tungsten external electrode was used to
stimulate in the CA3 region and the summed action potentials were recorded in
the CA1, CA3 and dentate gyrus region. A measurement on a conventional glass
electrode was also performed to allow the comparison with the
microelectrodes.

The capability of the platinum tip to record anoxic depolarisation was also
investigated. This is a slow spreading depression-like potential that has been
linked to hypoxic irreversible damage [13}. For this aim, the extracellular
potentials during hypoxia of the slice were recorded. The hypoxia was cobtained

Vmax > 0.6 mv
Vmax < 0.5 my
Vmax < 0.1 mv
Stmulus: 2V

Fig. 4.16. Representative responses on tip shaped MEA and on a classical glass
electrode. The four electrodes without signal are not connected (courtesy of

Dr. Jahnsen's group).
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by completely replacing the oxygen with nitrogen in the gas phase. After the
start of hypoxia, a voltage deflection is detected that could be identified, based
on its latency and shape as anoxic depolarisation. Although electrical noise and
drift of the baseline were present, the sudden depolarisation of anoxic
depolarisation can be seen in fig. 4.17.

This experiment illustrates the difficulty to measwre a DC signal with a high
impedance metallic electrode. The capacitive aspect of these electrodes induces
an instability of the baseline. A lower impedance value, like that of the
electroplated microelectrodes, or a pure resistive contact like with the classical
glass electrodes, should improve this type of measurements.

Despite this high impedance, faster biological events than anoxic depolarisation,
such as presented in fig. 4.16., can be detected by the tip shaped
microelectrodes. Moreover these electrodes present interesting additional
advantages compared to the hillocks: their mechanical solidity and their
penetration into the tissue allowing more localised measurements to be
achieved.
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Fig. 4.17. Anoxic depolarisation measured on tip shaped MEA (from [12}).
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Chapter 5

5. Conclusions

In the course of this work, several microelectrode arrays were fabricated in
order to be used for monitoring of the electrical activity of the neurons in
organotypic slice culture by interface. One aspect which was developed, was
the perforation method to obtain a mechanically stable porons substrate required
for this kind of culture. The viability tests with brain slices have demonstrated
that the selected design and technology, as well as the materials, were
appropriate to perform long term cultures om these devices. The second
research aspect consisted of the improvement of the coupling of the electrodes
with the neurons cultured in thick slice, in particnlar the organotypic cultures.
To achieve this, three dimensional electrodes were build in order to decrease
their impedance valne and to allow a better location in the tissue. Two platinum
three dimensional electrodes were fabricated: electroplated hillocks and tips. For
thick tissues, the tip shape electrodes represent an interesting tool compared
with the planar electrode now commercially available because they are localised
inside the tissue, close to the soma of the cultured neurones. If a lower
impedance electrodes are needed, the hillocks can be used.

From a technological point of view, the originality of these devices consists of
the combination of high aspect ratio structures both throngh the substrate and
above the snrface. Silicon deep reactive ion etching together with silicon
anisotropic wet etching associated to thick photolithography were used in order
to fabricate these microelectrodes arrays.

The development of these devices has involved a lot of interactions between
very different fields and this aspect was a critical point for the success of this
research. The coordination and the exchanges with several laboratories have
resulted in a very efficient collaboration allowing these devices to be realised

and evalnated.
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Annexe: Principles of neural
communication

The potential changes measured by the microelectrode arrays are caused by
ions” exchanges produced by the neurons during either their normal activity or
artificially evoked. This chapter will first shortly define the morphology and
explain the bases of signals transmissions between neurons, espectally from an
electrical point of view, More extended information can be found in the related
literature [, 2, 3, 4, 5].

A.1. Neuron dsscription

Fig. A.1. Scheme of a neuron (modified from [6]).
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Principles of neural communication

Like alt the cells of the organism, neurons consist of the following elements,
The membrane separate the inside and the outside and enclose several
structures like the nucleus, which contains the chromosomes, in a fluid called
the cytosol. The neuron has specialised parts shown in figure A.1. The region
around the nucleus is catled cell body or soma. From the soma the dendrites
and the axon radiate away. There is nonmally a single axon which extend much
further than dendrites. 1f the axon divides itself in different directions these are
called axons collateral. The axon splits at its extremity in many branches and
comes in contact with other neurons on places named synapses. The neuron
normally receives signals on its dendrites or on its soma. These inputs are
integrated, a response is generated, conducted through the axon to the synapses
and finally transmitted to others neurons by using chemical messengers, the
neurotransmitters. The cytosol and the extracellular fluid contain ions in a very
different concentration, The most important ones are potassium (K'), sodium
(Na"), calcium (Ca®"), and chloride (CI'). Their concentrations are indicated in
the table 1. Ion channels are distributed through the membrane. They are
selectively permeable to ions and are gated by voltage and chemical
components, Through these channels the diffusion produced by the
concentration gradient results in a net movement of charges. An electrical field

is then produced and compensate the diffusion force in order to reach the

Table 1. Ionic concentrations (from [4}).

extracellular fluid cytosol Ratio
ions outside inside outside/inside
K SmM 100 mM 1:20
Na" 150 mM 15 mM 10:1
Ca™ 2 mM 0.0002 mM 100001
cr 150 mM 13 mM | 11.5:1
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equilibrium and finally a doubie layer of ions is formed. The resulting potential

Eion for one particular ion is described by Nemst equation [7]:

o RT ion
Eion = 2.303 2F lOg _iOl'].l.n

where:
R: gas constant
T: absolute temperature
z: charge of the ion
F: Faraday’s constant

10Muia: 10NIC Concentration ovtside/inside the cell

The membrane is essentially permeable to potassium (Ex+ = -80 mV}) and
sodium (Ens* = -62 mV) but the conductivity of K™ channels is 40 times higher
than Na* channels The resulting membrane equilibrium potential V., is -65 mV
with respect to the extracellular fluid and can be calculated by the Goldman
equation modified by Hodgkin and Katz [1]:

Pk K* + Pm Na*
Vg = 2‘303%1% o o

Pk K; + Pua Nafl';‘
where:

P! relative permeabilities of one ion

The membrane voltage remains so long as the channels have the same
conductivity and the ions” gradients are stable. A depolarisation takes place if a
perturbation modifies this equilibrium and the membrane becomes less negative;
an hyperpolarisation if more negative.

The difference of ions’ density is maintained by the active action of a

membrane-associated protein: the sodiwm-potassivm pump which moves these
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ions against their concentrations’ gradients. During this process, the amount of
charges remains the same inside and outside the cell. The sodium-potassium
pumps consumes energy by the transformation of adrenosine triphosphate
{ATP) into adrenosine diphosphate (ADP}. The ATP is produced inside the cell
by using oxygen and food derivatives [8)]. If there is a lack of oxygen in the
tissue, the ATP is no more fabricated. As a consequence the sodium-potassium
pump cannot regulate the ratio of potassivm concentration between the
extracellular fluid and the cytosol. Thus, a diminution of the value of the
membrane voltage is observed during this process which is called anoxic
depolarisation. An example of this phenomena is given in paragraph 4.5,

The electrical properties of the membrane can be modelised by an electrical
circuit shown in fig A2, In this scheme, Rc represents the resistance through
the membrane (via the channeis) under the voitage V¢, Cm the capacitance of
the double layer and Ri the longitudinal resistance inside the cell. During a
depolarisation or an hyperpolarisation, an ionic flux is added., Thus, a net
current Im is induced through the membrane, and can be put on the equivalent
circuit,

Around the neurons, glia cells play different roles. For instance in the central
nervous system (CNS), astrocytes act as support and they regulate the
extracellular fluid composition. Another type is the oligodendroglia which
produce a myelin sheath wrapped around some axon to isolate it. The

uncovered places in between the myelined parts are called node of Ravier,

1 | —
| S | I ——
Rif2 Rif2
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C) Im —_Cm
c
T

Fig. A.2. Equivalent circuit of the newrons’ membrane (modified from {3]).
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A.2, The action potential

The axon transports information by means of action potential which consists of
puises of the membrane potential going over the axoﬁ axis. This potential which
is at rest -65 mV increases up to about +40 mV, then decreases up beyond the
initiat value before to stabilising. Thus, an action potential can be divided into
three phases as shown in the figure A.3. These modifications are caused by
changes in the conductivity of K* and Na’ channels which are voltage-
dependant:

1)} Farst the raising phase: the pulse is trigged when the membrane potential
reaches a threshold of about -40 mV. At that potential the Na* channels
open, and pushed by a important voltage, sodivm rushes inside the cells
causing a depolarisation.

2} Then, two factors contribute to the falling phase: the Na® channels
hermetically close until the membrane voltage returns to threshold, and the
K*channels, trigged at the same time than Na* channels, open with about |

ms delay allowing potassium to rush outside the cell.

40
20
Y 2 .
om Rising Falling
.20 phase phase
-40
-60 Undershoot
Resting N
-80 potential

Fig A.3. Scheme of an action potential (modified from [4]).
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3) So long as the K* channels do not recover their normal conductivity, about 2
ms after the beginning of the action potential, the membrane is

hyperpolarised, forming the undershoot.

When the membrane is depolarised at one point, the threshold is reached at the
next position just ahead, starting another action potential. By that mean the
action potential propagates in the axon like illustrate in fig. A.4. The inactivation
of Na* channels after the depolarisation avoids that the propagation goes back to
the soma. The propagation velocity depends on how far the incoming sodium
ions can provoke a new action potential. The membrane has many open pores
throngh which the ions can flow out, introducing a competition between the
ions progression and this leakage. To circumvent that, the axon should either be
larger in diameter or have & myelin sheath, the actions potentials jumping from
one node of Ranvier to the next one. A typical value of the velocity can be
assumed at 10 m/s, since the duration of an action potential is about 2 ms, a
size in the order of 2 cm can be calculated. The aspect of an action potential
remains the same, only the time and the rate when it occurs contain
informations. After having travelled through the whole axon the action potential

arrives at the synapses.

lons sodium
e o e . e e e e ke e e
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Fig A 4. Movements of the ions during the propagation of an action potential
(modified from [6]).
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A.3. Synaptic transmisaion

The chemical synapses which are the most widely distributed, transmit
informations from a neuron to the other one by means of a neurotransmitter.
The nenrotransmitiers can be divided into three classes: the amino acids, the
amines and the peptides. The two firsts are small molecules like for instance
glutamate or GABA (gamma-amino butyric acid) for the amino acid or
noradrenalin or acetylcholine for the amine. The last class, the peptides, is a
chain of amino acids and differs in several ways from the other transmitters.
The synapses are constituted of the presynaptic membrane separated by the
synaptic cleft (20-50 nm wide) to the postsynaptic membrane. The presynaptic
area in the intracellular side of the membrane contains synaptic vesicles, which
stare the neurotransmitter, and pyramidal structures, called active zone, aronnd
which the neurotransmitter is released. Many synapses have also bigger vesicles
called secretory granules located a little farther of the synaptic cleft and
containing the peptide. These parts are schematised on fig. A.5. When the
action potential arrives in a synapse, a voltage gated channel is opened near the
active zone: the Ca** channel. According to the table 1, calcinm ions enter into
the cell and induce the emission of the neurotransmitter by a process called
exocytosis. The membrane of vesicles fuses with the presynaptic membrane
and their content spreads out inside the synaptic cleft. The peptides are emitted
in the same way but a high frequency train of action potential is required and
the exocytosis needs more time. Each neuron releases one amino acid or one
amine and eventually one peptide. Receptors are distributed in the postsynaptic
membrane and their activation by the nenrotransmitter induces several effects.
The first kind of receptors is transmitter gated ion channel: when the
nenrotransmitter, either an amino acid or an amine, activates it, the channet

opens allowing ions to pass through. According to the ions which can go
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Fig A.5. Scheme of a synapse (from [4]}).

through the postsynaptic membrane, two effects are observed. If for instance
Na" can enter, as for a glutamate gated ion channel, the membrane will cause a
depolarisation called excitatory postsynapitc potential (EPSP). If ClI” can enter,
as for the GABA gated ion channel, the membrane will cause an
hyperpolarisation called inhibitory postsynapitc potential (IPSP). The second
kind of receptor are the G-protein coupled receptors. First the neurotransmitter
binds on this receptor, then the G-proteins which move freely in the inner side
of the membrane, are activated. These G-proteins can now activate at they turn
effector proteins which can be either G-protein gated channel or enzyme which
will synthesise molecules called second messenger. Each time that an
intermediate is invelved, an amplification takes place by activating several
elements. These G-protein coupled receptors could induce a lot of metabolic

effects as well as change the proprietics of some channels.
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There are typically several thousands receptors on a neuron and these receptors
are sensible to different neurotransmitters. The action of a neurotransmitter
depends on the receptor: for instance a satne neurotransmitter can have an
excitatory effect on one type of receptors and an inhibitory effect on another
one. The coordinated influence of all these inputs induces a resulting action
potential if the depolarisation is sufficient. If an action potential has the same
shape during all its course, an EPSP is attenwated in reason of the membrane
leakage. That is why the position of the synapse, the morphological shape of
the postsynaptic neuron and the properties of the membrane have to be taken
into account. A synapse can be placed anywhere on the neuron, either on 2
dendrite or on the soma or also on the axon, changing its efficiency. For
nstance, a unique EPSP located at the extremity of a long thin dendrite has few
chances to induce an action potential. With the coordinated influence of the
synapses, voltage summation of two types can take place; spatial summation: if
several excitatory input occur together, and temporal snmmation if a succession
of action potentials arrive in the same axon in a short time, In both cases, the
resulting depolarisation will be increased. The IPSP’s use CI' channels for
which the equilibrium potential is Eg- = -65 mV. If the membrane potential is
depolarised at one place, the IPSP will decrease its value toward the resting
membrane potential. These kind of synapses can compensate the positive
charge in the inner side of the membrane by a negative charge, in a process
called shunting inhibition. Moreover these inhibitory synapses are often placed
on the soma where their efficiency is enhanced. The G - protein coupled
receptors which are not always connected to the opening of channels, can
change some of their proprieties by the means of second messengers. As a
consequence the efficiency of the other synapses is changed. This effect,
referred to as modulation, can also be either excitatory or inhibitory and makes
that the previous events change the proprieties of the neuron. Some receptors

are also located in the axon terminal of the presynaptic nemron. These
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receptors, called autoreceptors, can regulate the release of neurotransmitters if
required. The binding of the neurotransmitter on a receptor, like all the other
chemical steps involved in synaptic transmission, can be affected by drugs. The
molecules which prevent the normal function ef a receptor are called receptor
antagonists. On the opposite, those imitating the neurotransmitter effect are
called receptors agonists. For instance, the receptor type GABA, can be
blocked by the receptor antagonist Picrotoxin, avoiding the inhibition which
should take place when GABA is released on this receptor [2]. As a

consequence, the neuron enters in epilepsy, as shown in paragraph 4.5,
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