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Abstract

Several multi-electrode array devices integrating planar metal electrodes were designed in the past 30 years for extracellular
stimulation and recording from cultured neuronal cells and organotypic brain slices. However, these devices are not well suited
for recordings from acute brain slice preparations due to a dead cell layer at the tissue slice border that appears during the cutting
procedure. To overcome this problem, we propose the use of protruding 3D electrodes, i.e. tip-shaped electrodes, allowing tissue
penetration in order to get closer to living neurons in the tissue slice. In this paper, we describe the design and fabrication of
planar and 3D protruding multi-electrode arrays. The electrical differences between planar and 3D protruding electrode
configuration were simulated and verified experimentally. Finally, a comparison between the planar and 3D protruding electrode
configuration was realized by stimulation and recording from acute rat hippocampus slices. The results show that larger signal
amplitudes in the millivolt range can be obtained with the 3D electrode devices. Spikes corresponding to single cell activity could
be monitored in the hippocampus CA3 and CA1 region using 3D electrodes. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Ever since the introduction of planar multi-electrode
arrays (MEA) to the neuroscience community by
Thomas et al. (1972) and Gross et al. (1977), network
activity of excitable cells has been studied with these
devices. The majority of the recordings were applied to
cell cultures and organotypic preparations. The advan-
tage of cells cultured on a MEA is that it allows for the
necessary time to establish a tight seal between the cell
membrane and the electrode surface. However, the
disadvantages of cell culture systems are: loss of synap-

tic arrangement, tissue modification, signal to noise is
hampered, the cost and time to prepare and maintain
the culture, the possibility of aberrant connections,
contamination, and the like.

Earlier reports by Wheeler and Novak (1986) and
Novak and Wheeler (1988, 1989) presented recordings
from acute slices on planar MEA. Evoked epileptiform
field potentials in the mV range were recorded in the rat
hippocampus slices, the slice environments being simi-
lar to that in a standard interface chamber, which
allows maximizing of the signal levels. It is well known
that the amplitude is larger for slices recorded at the
interface than those of slices recorded in immerged
conditions. Another MEA used for acute slice prepara-
tions has been only recently described (Oka et al.,
1999).

Electrode coupling, i.e. a tight seal resistance between
the tissue and the electrodes is often difficult to achieve
because of the dead cell layers present at the surface of
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the slice, which are caused by the cutting procedure.
Nevertheless, a few papers have described more or less
stable recordings of excitatory post-synaptic potentials
(EPSPs) and population spikes over several hours (No-
vak and Wheeler, 1988; Oka et al., 1999). When care-
fully looking at these data, it is observed that the
amplitudes of evoked responses are an order of magni-
tude lower than responses obtained with conventional
glass microelectrodes. Taking into account the existence
of a dead cell layer, it is evident that the site of
recording does not coincide with the site of origin of
the signal. Most likely, the active cells producing EPSPs

or spikes are at least one or two cell layers above the
measuring electrodes of a conventional planar MEA.

A first attempt to achieve higher signal amplitudes
with extracellular electrode arrays was made using a
three-dimensional electrode approach. Protruding elec-
trodes were fabricated by electrochemical deposition of
platinum (Thiébaud et al., 1997) and wet chemical
etching of bulk silicon (Thiébaud et al., 1999). How-
ever, no direct comparison between planar and tissue-
penetrating electrodes was reported so far.

We present new 3D MEA based on glass substrates
that are able to penetrate the dead cell layer(s) and
record the ongoing extracellular activity from a site
closer to its origin. We have simulated electrical charac-
teristics of planar and 3D electrodes to evaluate the
improvement of a tip-shaped 3D MEA. Finally, stimu-
lation and recordings of neuronal activity in acute rat
hippocampus slices were carried out with planar and
3D MEA. Our results show that larger amplitudes of
evoked responses can be recorded with the new 3D
MEA. Moreover, recorded signal amplitudes are in the
millivolt range rather than being only ca. 0.18 mV as
described by Oka et al. (1999), who used a conventional
planar MEA. Thus, we suggest that these 3D MEA can
serve as a new tool to more precisely unravel the neural
network properties in acute brain slices.

2. Materials and methods

2.1. Multi-electrode arrays

Microelectronic fabrication technologies allow low-
cost fabrication of microstructures by combining a
small chip size with printed circuit boards for external
connectivity. The MEA chips are fabricated under
cleanroom conditions using standard photolithography,
wet chemical etching and thin film deposition technolo-
gies (Madou, 1997; Rai-Choudhury, 1997). They are
composed of a glass substrate, thin film platinum elec-
trodes and a 5 �m thick SU-8 (Lorenz et al., 1997,
1998) epoxy insulation layer (Fig. 1 top). The MEA
chips are then glued onto printed circuit boards by a
screen-printing technique. The recording chamber is
formed by the bottom part of a Petri dish in which a
hole was stamped for access of the electrode array.
Finally, the recording chamber is sealed with silicone to
ensure watertight connection of the MEA (Fig. 1 bot-
tom). It results in a 5×5 cm2 large device that fits into
an external data acquisition interface (Fig. 2).

An important improvement in our MEA concept is
the connection of the chips to small printed circuit
boards. In this way, the chip size is reduced, allowing
an increase in number of chips that can be processed on
one single glass substrate and thus a reduction of the
overall cost per chip. On the other hand, the obtained

Fig. 1. Top, schematic cross-section of a multi-electrode array chip
composed of a glass substrate, patterned platinum electrodes and an
SU-8 epoxy insulation layer. Bottom, scheme of multi-electrode array
(MEA) device backend assembly. The MEA chip is glued under a
printed circuit board for signal output to external signal amplification
and data acquisition. The bottom part of a Petri dish defines the
culture chamber. A silicone sealant insures that the culture chamber
remains watertight.

Fig. 2. Overview of a 60 electrode MEA device. External dimensions
are 5×5 cm2.
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Fig. 3. SEM picture of 3D MEA recording area. It is composed of 60
tip-shaped protruding platinum electrodes. The height of the glass
tips is about 60 �m, however, only 40 �m at the top of the tips form
the effective recording electrodes. A thin epoxy layer insulates the
electrode leads.

where Q is a current source, with the definition of the
electrical potential V yields the elliptic Poisson’s equa-
tion defined as:

Q= −�·(��V). (3)

The two only resulting parameters are the conductiv-
ity � and the current source Q, which is always equal to
zero in our model. Dirichlet and Neumann boundary
conditions were assigned to the model. The Dirichlet
boundary condition assigns values of the electric poten-
tial V to the boundaries. The Neumann boundary
condition requires the value of the normal component
of the current density n·(��V) to be known and is
defined by n·(��V)+qV=g, where q can be inter-
preted as the film conductance for thin plates and g is
the current (always equal to zero in our model). The
film conductance q equals to the inverse of the film
resistance, i.e. the inverse of the electrode resistance.

Two simple geometrical models were simulated to
estimate the difference between planar and 3D elec-
trodes while monitoring biological activity in tissue
slices. For computational simplicity, we have used a 2D
electrical model that reduces the element geometry but
still remains a valid model for comparison of electrical
characteristics of a planar versus a tip-shaped MEA.

2.2.1. Signal magnitude simulation in case of a locally
fixed cell

The simulation of the electrode signal magnitude for
different electrode shapes (planar and 3D electrodes
with a tip height up to 80 �m) was made assuming a
biological signal source above the recording electrode at
a fixed position (see Fig. 6 top).

A spherical cell soma with a diameter of 20 �m
(circle) and an axon (rectangle) of a diameter of 1 �m
and an infinite length model the signal source (Rall,
1962). The cell soma is located next to the planar
electrode border, 60 �m above the substrate level. The
simulated voltage at the cell surface is applied to the
border conditions of the modeled cell (−60 mV at the
soma and 40 mV at the axon). The dead cell layers in
between this active cell and the electrode, are assumed
to be a resistive homogeneous media, its conductivity
being equal to saline solution.

The planar electrodes are modeled by a square elec-
trode with dimension of 40×40 �m2 (40 �m long line
at substrate level). On the other hand, the 3D electrodes
are modeled by a conical electrode shape with a tip
height varying from 20 up to 80 �m, the top of the tip
being the effective electrode (2/3 of tip height). Neu-
mann boundary conditions were applied to the elec-
trodes: g=0, and q being the inverse of the electrode
resistance per �m2 multiplied by the geometric length of
the modeled electrode. To take into account the elec-
trode surface difference between the planar and 3D
electrodes and the resulting electrical properties, the 3D

chips have to be released by substrate dicing and to be
mounted onto a printed circuit board. However, these
supplementary fabrication steps are low-cost compared
to the chip microfabrication process. Another advan-
tage of this fabrication concept is that different device
layouts can be easily accomplished.

Our planar and 3D MEA designs are composed of 60
electrodes arranged in an 8×8 matrix without corner
electrodes. The electrodes are 40×40 �m2 squares
spaced by 200 �m (center to center) defining a record-
ing area of about 1.4×1.4 mm2 in the center of the
microchip.

In the 3D MEA configuration, 60 �m high glass tips
are etched at the glass substrate surface. The top of
these tips is then covered with the electrodes, however,
only 40 �m at the top of the glass tips form the effective
recording area (Fig. 3)1.

2.2. Simulations

In order to simulate the electrical field between a cell
in a tissue slice and an underlying electrode, we used a
finite element model in FEMLAB® simulation program
(Comsol AB, Stockholm, Sweden). The physical model
used in FEMLAB® is a two dimensional DC conduc-
tive media model, based on a relation relating the
current density J to the electrical field E :

J=�E. (1)

Combining the continuity equation:

�·J=Q, (2)

1 To obtain the 3D MEA please contact Multi Channel Systems
(www.multichannelsystems.com).
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electrode boundary conditions were defined as g=0
and q being the inverse of the electrode resistance per
�m2 multiplied by the geometric length of the modeled
electrode and the electrode surface ratio between the
3D and the planar electrode.

The electrodes are connected by a lead to the ground.
This electrode lead is modeled between the glass sub-
strate and the insulation layer at the left side of the
electrode. Finally, the glass substrate and the insulation
layer are modeled to be high resistive material (g=0,
q=0).

2.2.2. Simulation of recorded signal �ersus the signal
source location

This simulation was achieved by modeling the mea-
surement electrode, i.e. a planar and a 60 �m high
tip-shaped 3D electrode (as described before), and a
signal source located at different heights above the
center of the electrode (see Fig. 7 top).

The signal source used in this model was modeled as
a circle (diameter of 20 �m) divided into two parts
representing an electrical dipole of 100 mV. The electri-
cal dipole was applied to the signal source border
conditions (100 mV left side, 0 V right side). The source
was located over the center of the electrode and also at
different positions beside the electrode, at a substrate
level/source height varying between 0 and 300 �m. The
space in between the dipole and the electrode was
assigned to be a resistive homogeneous media with
conductivity equal to saline solution, which simplifies
the model and can also be reproduced experimentally
with a theta glass pipette electrode.

2.3. Preparation of acute hippocampal slices

Experiments were carried out with young male rats
(ca. 3–4 weeks old, 120–150 g) of the Sprague–Dawley
strain. The animals were sacrificed by decapitation.
Anesthesia was avoided, since most anesthetics do obvi-
ously affect the brain and its efficacy depends strongly
on the weight of the animal. Animal handling and
preparation was carried out according to the animal
rights Swiss ethical rules.

The brain was quickly removed and put into ice-cold
(4 °C) artificial cerebrospinal fluid (ACSF composition
in mM: NaCl 135, KCl 5, NaHCO3 15, MgCl2 1 and
glucose 10; pH 7.4). Calcium was omitted in order to
prevent excitatory synaptic transmission during the cut-
ting procedure. Transverse hippocampal slices (350 �m
thickness) were cut with a vibrating tissue chopper. The
slices were then pre-incubated at room temperature in
ACSF containing 2 mM CaCl2, and gassed with 95%
O2/5% CO2, for at least 1 h.

To improve tissue adhesion, the electrode array was
pre-coated with 0.1% polyethylenimine (PEI) for 2 h,
extensively rinsed with distilled water and allowed to

dry. The slices were then placed onto pre-coated and
dry MEA and positioned over the electrode matrix.
After positioning of the slice, the surrounding solution
was removed with a pipette. The remaining solution
between the slice and the MEA surface was removed
with tissue paper. Fresh ACSF solution was quickly
introduced in the dish on top of the slice. The MEA
was then transferred to a MEA1060 amplifier interface
(Multi Channel Systems GmbH, Germany) and the
preparation continuously perfused (2–3 ml/min) during
the recording session.

2.4. Electrophysiological recordings

Slices were stimulated with monopolar current pulses
applied between one of the electrodes and a reference
Ag/AgCl wire, and voltage responses were monitored at
the 59 remaining electrodes. To construct an input/out-
put (I/O) curve, we used biphasic current pulses (−/+
pulses lasting 120 �s) ranging from 0 to 360 �A in 30
�A steps. Thus, 12 values were used to construct the
I/O curve. We observed that the negative flank of a
pulse yielded the smallest artifact while providing best
stimulation.

Three responses with an inter-spike interval of 2 s
were collected for each stimulation step. I/O curves
were consecutively measured at least three times every
10 min. The first 15 min were reserved for selecting a
stimulation electrode and establishing the steady-state
condition.

We stimulated Schaffer collateral axons in the CA1
region or at the CA3/CA1 border and measured the
evoked responses at the pyramidal cell layer in the CA1
region. Alternatively, we stimulated the dentate gyrus,
which generates evoked responses in CA3 region via the
mossy fiber pathway.

3. Results and discussion

3.1. Electrical characteristics of planar and 3D MEA

In order to compare planar electrodes with 3D elec-
trodes, the electrical properties of both were estimated
by measuring the impedance and phase shift versus
frequency, by sweeping the frequency from 100 Hz to
20 kHz. The electrode resistance and the electrode
capacitance were then calculated. Note that the resis-
tance is inversely proportional to the area and the
interface capacitance is directly proportional to it.

In the 3D arrays, there is a difference in electrode
impedance due to an increase of the geometrical elec-
trode surface. The effective 3D electrode area can be
approximated by the lateral surface of a cone (underes-
timation) or of a pyramid (overestimation) with a basis
of 40 �m and a height of 40 �m. This yields an
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electrode surface between 2809 and 3600 �m2, respec-
tively. Comparing this value to a planar electrode sur-
face of 1600 �m2, there is an electrode surface increase
of a factor between 1.75 and 2.25.

The measured impedance value of the planar elec-
trode is 2.08 times higher than the 3D electrode
impedance, which corresponds roughly to the electrode
area increase (Fig. 4 top). However, the phase shift
yielded similar values in both measurements (Fig. 4
bottom). The resulting value of the global electrode
resistance for the 3D MEA electrodes is 2.14 times
smaller and the global electrode capacitance is 2.08
times larger than for planar electrodes (Fig. 5).

The electrode noise is mainly due to the electrode’s
thermal noise defined by:

Uth=�4 kTRB,

where k is the Boltzmann constant, T is the tempera-
ture, R is the global resistance of the electrode and B is
the electrode bandwidth. According to this equation,

Fig. 5. Using the data from Fig. 4, the global electrode resistance
(top) and capacitance (bottom) were calculated for both the planar
and 3D electrodes versus frequency. The resistance is defined as
R=Zcos(�) and the capacitance is defined as 1/C= (2�F) Zsin(�),
where F is the frequency. Due to an increased electrode area, the 3D
electrodes show a lower resistance and a larger capacitance than
planar electrodes.

Fig. 4. Measured impedance Z (top) and phase shift � (bottom)
versus frequency for planar and 3D MEA in a 0.9% NaCl solution. A
100 mV, 100 kHz AC voltage signal was applied to the electrodes
during these measurements.

there should be a noise reduction of a factor 1.44 for
the 3D electrode due to its proportionality to the
square root of the electrode resistance. The measured
noise levels show a reduction from 20–25 �V for planar
electrodes to 14–17 �V for 3D electrodes, which corre-
sponds to a decrease of a factor between 1.17 and 1.78.
The result is that the signal-to-noise ratio is increased
for a given signal amplitude due to the electrode ge-
ometry variation (larger electrode area). However, the
signal-to-noise ratio is dependent on the signal ampli-
tude, which also varies with the electrode configuration.

The larger capacitance of the 3D electrodes results in
a higher safe-charge-injection limit. This is important
for cell or tissue stimulation through the 3D electrodes
because more electrical charge can be applied through
the electrode before irreversible electrolysis, i.e. ohmic
current flow occurs.
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Fig. 6. Top, simulation of isopotentials in the case of a single cell
signal source (−60 mV at the soma and 40 mV at the axon), for both
a planar and a 3D electrode (tip height of 60 �m, the electrode covers
about 40 �m at the top of the tip), located 60 �m above the substrate
at the electrode border. The scales represent the geometrical dimen-
sions in �m. The potential difference between two isopotentials is 4
mV. Bottom, plot of the signal amplitude versus electrode tip heights,
the 0 �m height corresponding to a planar electrode. The measurable
signal response increases with the height of the electrode due to an
electrode area increase and the lower distance between the cell and
the electrode.

3.2. Simulation of 3D �ersus planar electrode
configuration

The rationale for using tip-shaped electrodes for
acute slice recordings was to get closer to the active
cells, and thereby to improve the electrical measure-
ment and stimulation conditions. Dead cell layers al-
ways remain at the border of tissue slices when
cutting slices with a vibrating tissue chopper, and
therefore, the first layer of electrically active cells is
estimated to be at about 50 �m inside the tissue.

Our main goal was to record the electrical activity
in the vicinity of active neurons by penetrating the
slice. By changing the electrode geometry, the mea-
surement condition improvement is due to the shorter
distance between the electrodes and the active cells in
the slice. The electrical field generated by the de- or
hyperpolarization of the cell membrane is sensed with
the extracellular measuring electrodes. The strength of
the electrical field decreases with the square of the
distance, and hence, the measured signal amplitude
should increase when 3D electrodes are used. In addi-
tion, 3D electrodes should improve electrical stimula-
tion by shifting the input/output relation (I/O-curve)
to lower stimulation currents. Indeed, a more local
stimulation due to the tip geometry and a shorter
distance between the electrodes and the cells should
improve the stimulation of the cells. Thus a distinct
response level should be reached with less current
than in a planar electrode configuration. This will
also lead to a longer lifetime of the 3D MEA, since
degradation of the active tip electrode depends on the
overall current strength used for stimulation.

3.2.1. Signal magnitude simulation in the case of a
locally fixed cell

The simulation results shown in Fig. 6 indicate that
larger recorded signal amplitudes should be achieved
with 3D electrodes. However, the measurable signal
amplitudes are due to a combination of two effects in
this simulation: the increase of the electrode surface
with the increase of the electrode height, and the ef-
fect of the 3D electrode geometry getting closer to
the cell. When comparing the signal amplitude of a
planar and a 3D electrode with a tip height of 60
�m, the amplitude rises with a factor close to 5.8.
While this simulation model does not take into ac-
count a displacement of the cell when using a 3D
electrode (ideal tissue penetration), this would cer-
tainly not be achieved in real experiments. Experi-
mental measurements using acute hippocampal slices
in both these configurations will be described below.
Furthermore, the results suggest that higher electrodes
should enhance the signal.
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Fig. 7. Top, simulation of isopotentials in the case of both a planar and a 3D
(tip height of 60 �m, the electrode covers about 40 �m at the top of the tip) electrode
configuration for an electrical dipole of 100 mV located above the center of the
electrode moving along the z-axis. The dipole is modeled by a circle, the left side
being at 100 mV and the right side being at 0 V. The scales represent the geometrical
dimensions in �m. Bottom, plot of the resulting electrode potential in both cases
versus the distance between the electrode and the dipole. The shift between both
traces is due to the electrode surface increase of the 3D electrode. The geometry
of the electrode does not play a role in this configuration.

3.2.2. Simulation of recorded signal �ersus the signal
source location

The simulation results in Fig. 7 show that the signal
amplitude decreases with the square of the distance
between the electrode and the signal source, when the
source is located above the center of the electrode. In
this configuration, there is no geometrical advantage
when using 3D electrodes, but rather an advantage for
the planar electrodes when the electrode/signal source
distance is small. The shape of the traces obtained by
this simulation is almost the same. The only observable
difference of these simulation results is a shift to larger
amplitudes for the 3D electrodes, which is due to the
different electrode characteristics. To control this as-
sumption, the electrode characteristics of the planar
electrode model were modified to be equivalent to the
3D electrode characteristics, and the resulting simula-
tion trace roughly superimpose the 3D electrode trace
(data not shown).

However, geometrical effects can be simulated when
moving the position of the signal source beside the
recording electrode. It was chosen to locate the signal
source center at 40, 65, 90, and 140 �m beside the
electrode center (x-axis) at heights between 5 and 300
�m above the substrate level (z-axis). The resulting
simulations in Fig. 8 show that the 3D electrode
configuration provides a larger signal due to a shorter
distance between the electrode and the source when the
signal source is close to the electrode location (small x
value). This is especially the case when the source lies
between 20 and 80 �m above the substrate, which
corresponds to the first active cell layer(s) in an acute
tissue slice.

As the real experimental case was simulated, the
traces of the planar electrode configuration are shifted
to lower amplitudes due to the electrode surface differ-
ence between the two electrodes. When using the same
electrode characteristics in both cases, the planar elec-
trode traces are superimposed at large electrode/signal
source distances, especially for z values larger than 200
�m (data not shown).

3.3. Verification of the simulations

To experimentally verify the potential variation mea-
sured by the electrode in the presence of a source
simulating a cell located at different heights over or
next to the electrode for both planar and 3D electrodes,
an experiment using a theta glass pipette electrode was
employed. This experiment was designed to measure the
potential detected by a planar and a 3D electrode when
a dipole was located and moved above the substrate
beside or above the center of the electrodes.

The picture in Fig. 9a shows the employed glass
pipette with an aperture of 20 �m over planar MEA
electrodes. When biphasic potential pulses (−/+ ) of
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100 mV, 2 ms were applied, a signal could be mea-
sured on all electrodes of the MEA as shown in Fig.
9b. This experiment illustrates the decrease of the elec-
trical field generated by the glass pipette in the solu-
tion as a function of distance in the x- and y-axes.
Fig. 9c shows a plot of the recorded potentials ob-
tained along the x-axis during this experiment as a
function of the distance between the stimulation and
the recording electrodes, whereby the stimulation elec-
trode was located above one electrode at the border of
the electrode array. The recordings show a good corre-
lation with the simulation results shown in Fig. 7c,
demonstrating that the simulations illustrate well the
reality.

Measurements obtained with both planar and 3D
electrodes versus the electrode/signal source distance
(z-axis) above the center of the electrode were plotted
in Fig. 9d. When comparing the experimental results
with the simulations shown in Fig. 7c, it seems that
the experimental results correspond to simulated val-
ues shifted to larger values in the z-axis (about 20–30
�m). This can be explained by the difficulty to evalu-
ate exactly the distance between the electrode and the
theta microelectrode during the experiment. Note also
the amplitude difference between the two electrode
configurations due to the electrode surface difference.

Experiments with the signal source close beside the
electrodes were more difficult to realize, especially
when using 3D electrodes due to the shape of the

bottom part of the electrodes. Fig. 9e shows the advan-
tage of the 3D electrode’s geometry. The position of
the signal source centered on the x-axis was about 60
�m for both electrode configurations. The results ob-
tained using the planar electrode arrays correspond
roughly to the simulations shown in Fig. 8. On the
other hand, the amplitude obtained using the 3D elec-
trodes was lower than in the simulations. The height of
the electrode array glass tips used for these simulation
verifications was 60 �m, however, only 30 �m at the
top of the tip corresponded to the effective electrode,
which also explains lower amplitude responses due to
smaller electrodes used in experiment than in the simu-
lations.

3.4. Single unit recordings of spontaneous acti�ity

Recordings using the planar and 3D electrodes were
made on acute rat hippocampal slices. One possible
solution to maintain the slice in a steady position is to
use a nylon mesh (Fig. 10 top). Improvement of cell
contact with the MEA was observed by recording of
spontaneous activity that closely resembles that of a
single cell. Under these conditions, spontaneous single
action potentials could be recorded from electrodes
located under pyramidal neurons of CA3 and CA1
region, especially when a nylon line lay directly next to
or above the electrode. Signal amplitudes up to 80 �V

Fig. 8. Electrode potential simulations in the case of both a planar and a 3D (tip height of 60 �m) electrode configuration for an electrical dipole
of 100 mV moving along the z-axis above the substrate at different x-axis locations. The dipole is modeled by a circle, the left side being at 100
mV and the right side being at 0 V. Results show the advantage of the 3D electrode geometry against the planar electrode when a cell is located
close to an electrode site. The amplitude shift between the two traces is mainly due to the different electrode characteristics due to the 3D electrode
surface increase.
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Fig. 9. (a) Picture of a theta glass pipette electrode used as a potential dipole source shown above planar MEA electrodes. (b) Plot of the MEA
response to a 100 mV pulse applied above one planar electrode (black dot). Each square represents the signal from one electrode. The measured
signal amplitude decreases with the distance (200 �m between two electrodes). (c) Plot of the potential versus electrode/source distance in a similar
configuration than shown in (b). (d) Resulting plot of potential measurement for both planar and 3D electrodes versus location of the dipole
located above the electrode center. It appears that the obtained results are shifted in the z-axis when compared to the simulation results obtained
in Fig. 7, which can be explained by the bad theta glass electrode height control during experiments. (e) Resulting plot of potential measurement
for both planar and 3D electrodes versus location of the dipole located beside the electrode. The obtained results correspond roughly to the
simulation shown in Fig. 8 (see text).
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could be obtained using 3D electrode arrays (Fig. 10
bottom).

3.5. Recording of e�oked field excitatory post-synaptic
potentials and population spikes

The simulation of the effect of 3D protruding elec-
trodes versus planar electrodes was verified in physio-
logical recordings from acute hippocampal slices.
Schaffer collateral axons were stimulated in the CA3/
CA1 or CA1 region, and evoked field excitatory post-
synaptic potentials (fEPSP) and large population
spike responses were measured in the CA1 region, in
the dendritic and pyramidal cell layer, respectively.
The amplitudes of measured extracellular responses
fluctuate from a few hundreds �V to more than one
mV. Fig. 11 shows an acute hippocampal slice on a
3D MEA and the responses evoked by stimulation of
Schaffer collateral fibers. Stimulation of Schaffer col-
lateral axons at the CA3/CA1 border or in the CA1
region evoked large responses in the pyramidal cell
layer of the CA1 region. On the other hand, stimula-
tion of the dentate gyrus generated generally smaller
responses in the CA3 region via the mossy fiber path-
way (data not shown here).

3.6. 3D �ersus planar electrode arrays

I/O curves of evoked responses were used to com-
pare planar and 3D electrodes. The I/O curves were
established by stimulating acute hippocampal slices
with a current of increasing intensity (30–360 �A
with 30 �A steps, see Section 2). Fig. 11 shows a
typical I/O curve experiment. Three recordings of the
same stimulation protocol were made with a delay of
10 min between the measurements. No important
variations of the signal shape and amplitude occurred
during the three I/O curve measurements. Experimen-
tal results obtained with planar (n=10) and 3D (n=
10) MEA demonstrate that the amplitudes of evoked
responses obtained with 3D MEA are larger than
those obtained with planar MEA (Fig. 12a). A gain
in amplitude of evoked population spikes between a
factor 2.2 and 2.4 was achieved during these experi-
ments. However, this gain is mainly due to the in-
creased electrode area when using 3D electrodes. The
advantage of the electrode geometry can be seen
when normalizing the same data against 100% of the
signal amplitude (Fig. 12b). In this case, a shift to
lower stimulation currents of the input/output relation
for the 3D electrodes can be seen. About 25% less
current was necessary to obtain 50% of the maximum
signal amplitude when using 3D instead of planar
stimulation and recording electrodes. One possible ex-
planation of this result is that a more local stimula-
tion occurred due to the tip geometry and that there

is a shorter distance between the cells and the elec-
trodes. In addition, the distribution of the largest
peak-to-peak signal amplitudes (n=190, corresponds
approximately to 10 electrodes taken into account for
each experiment) of planar (n=10) and 3D (n=10)
experiments shows a shift to larger amplitudes (Fig.
12c), suggesting a global effect due to the different
electrical and geometrical characteristics of the planar
and 3D electrodes.

Although this approach is very useful in real exper-
iments, it mixes the effects of the different surface
areas of the stimulation electrodes with that of the
recording efficacy of the electrodes. If a 3D electrode
would recruit effectively all available fibers close to
the electrode at low stimulus strengths, due to an
increased stimulation efficacy, increasing the stimulus
current would lead to a faster saturation than for
planar electrodes. This could also be an explanation
of the results shown in Fig. 12b. To access the differ-

Fig. 10. Top, picture of an acute rat hippocampus slice on a 3D MEA
held in place using a nylon mesh. The white lines represent schemat-
ically the CA1/CA3 region (upper line) and the dentate gyrus (lower
lines). Bottom, an example of single-unit extracellular action potential
recorded from a pyramidal neuron lying above one electrode located
in the CA3 region (white dot). Under such conditions, it is possible to
record spontaneous single extracellular action potentials from pyra-
midal neurons in both the CA3 and CA1 region (not shown here).
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Fig. 11. Recording of field potentials in an acute hippocampal slice. A slice was placed onto the electrodes (no nylon mesh was necessary to hold
the slice in place) and current pulses were applied through one MEA electrode to locally stimulate the slice. The other electrodes were used for
extracellular recording of electrical activity in the slice. (a) Picture of a hippocampal slice on a 3D MEA. The stimulation electrode is shown in
white. (b) Responses evoked in the shown hippocampal slice by −/+ 360 �A, 120 �s lasting stimulation pulse on Schaffer collateral fibers in
the CA1 region (black dot). In each case, the signal collected at the corresponding electrode is represented. (c) Evoked responses obtained at the
electrode above the stimulation electrode (case no. 27) located in CA1 region, 200 �m away stimulation electrode, when applying −/+ current
pulses having amplitudes of 90, 180 and 360 �A, respectively, and lasting 120 �s. Note that the evoked population spike was multiple.

ence attributable to the stimulation versus recording
conditions, a supplementary experiment using an exter-
nal stimulation electrode was done. A glass theta mi-
croelectrode was used to stimulate acute slices from the
top when recordings were made either with planar or
3D MEA. To minimize experimental variation, the
same slice was used first on a planar electrode array
and then onto a 3D MEA. Positioning of the slice was
made as accurately as possible on the two arrays in
order to insure the most comparable conditions. The
obtained maximum peak-to-peak amplitudes at satura-
tion from six experiments in which the slice has been
placed onto a 3D electrode with a precision of �30 �m
are shown in Fig. 13. It appears that the amplitude
increase shown in Fig. 12a was not verified. However, it

turned out to be not significant under these experimen-
tal conditions, since the obtained amplitudes variation
varied between a factor of 0.97 and a factor of 1.99
with a mean value of 1.29 over the six experiments.
Given that the slice may have suffered from being
transferred to a different MEA this could be the reason
for not having a significant advantage of the 3D MEA
in this situation. Nevertheless, the responses obtained
with the 3D MEA appeared to be larger. However,
when the I/O curves were plotted against 100% of the
signal amplitude, there remained no clear advantage of
the 3D electrodes as shown in Fig. 12b (not shown
here). This suggests that with the current size of the 3D
electrodes, the main advantage might reside in the
stimulation efficacy.
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Fig. 12.

under standard experimental conditions (see Section 2).
Stimulation was carried out every 30 s with biphasic
current pulses (−/+ 200 �A amplitudes, lasting 120
�s). The population spike peak-to-peak amplitudes
were calculated for each stimulation pulse on several
electrodes. As shown in Fig. 14, the signals from long-
term experiments with planar and 3D MEA did not
vary in shape or in amplitude. The variation over time
of population spike peak-to-peak amplitude was less
than 20% of the amplitude mean value. These results
demonstrate that persistent stable conditions remained
during the experiments.

Fig. 12. (a) Mean values of the largest population spike amplitude
responses obtained with planar (n=10) and 3D (n=10) MEA as a
function of current stimulation amplitudes. For the largest stimula-
tion amplitude, a gain of 2.27 is obtained with the 3D electrode
compared to planar electrode recordings. This gain can be explained
by the increase of the 3D-electrode surface. (b) Same results as in (a)
but plotted against the normalized signal amplitude. The results
obtained with 3D MEA show a shift to the left compared to planar
electrodes. One possible explanation is that the active cells are closer
to the 3D electrodes than in a planar electrode configuration. (c)
Distribution of signals showing the largest peak-to-peak signal ampli-
tudes (n=190, corresponds approximately to 10 electrodes taken into
account for each experiment) of planar (n=10) and 3D (n=10)
MEA as a function of the signal amplitude. Signals obtained with 3D
MEA show a shift to the right, i.e. to larger response amplitudes with
a gain between 2 and 2.3.

Fig. 13. Results of a control experiment using the extremity of a theta
glass electrode for stimulation (diameter of 50 �m). Largest signal
amplitudes obtained in six different experiments, in which a slice was
first placed onto a planar MEA and then placed under the same
conditions (placement error about �30 �m) onto a 3D MEA. The
recorded signal amplitudes at saturation show no significant advan-
tage of the 3D electrodes in this case, even when the normalized
signal amplitude is plotted (not shown here). Note, however, that
signals obtained using the 3D MEA appear to be larger.

3.7. Stability of e�oked responses

Stability of evoked population spike responses was
tested on planar and 3D MEA over time periods of 1 h
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Fig. 14. Long-term signal stability experiment. Top, illustration of the
stability of the response amplitude measured in the CA1 region over
a time period of more than 1 h for a (−/+ ) 200 �A, 120 �s current
pulse delivered every 30 s for both a planar and a 3D MEA. Bottom,
superposition of all population spikes obtained at the electrode
showing the largest signal amplitude in this experiment. The popula-
tion spikes obtained with the 3D MEA show a steeper signal slope,
indicating that in this case the active neurons are closer to the
recording electrodes.

neuronal network investigation. Organotypic tissue cul-
tures are widely used to get an insight into neural
networks. However, the natural connectivity between
the neurons may be lost after a few days in culture due
to a different cell-to-cell connectivity. On the other
hand, the use of acute tissue slices allows to obtain an
insight into a reduced natural network. The dead cell
layers at the tissue slice border reduces the measurable
signal amplitudes and limits the signal. In this paper,
we propose the use of 3D electrode arrays to allow
better monitoring conditions due to an increase of the
electrode area, reducing the overall electrode
impedance, and due to the tissue penetration allowing
to be closer to the active cells in the preparation.

Further, the development of this 3D MEA as a
single-use low-cost item is in progress, making this new
tool accessible to the basic researcher and the pharma-
ceutical industry.
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