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Communications

Multisite Recording of Extracellular Potentials Produced
by Microchannel-Confined Neurons In-Vitro

E. Claverol-Tinturé*, J. Cabestany, and X. Rosell

Abstract—Towards establishing electrical interfaces with patterned
in vitro neurons, we have previously described the fabrication of hybrid
elastomer-glass devices polymer-on-multielectrode array technology and
obtained single-electrode recordings of extracellular potentials from
confined neurons (Claverol-Tinturé et al., 2005). Here, we demonstrate the
feasibility of spatially localized multisite recordings from individual mi-
crochannel-guided neurites extending from microwell-confined somas with
good signal-to-noise ratios (20 dB) and spike magnitudes of up to 300 V.
Single-cell current source density (scCSD) analysis of the spatio-temporal
patterns of membrane currents along individual processes is illustrated.

Index Terms—Cell patterning, current source density analysis, Helix
aspersa, microfluidics, multichannel electrophysiology, neural interfaces,
neuronal culture, PDMS, snail neurons.

I. INTRODUCTION

Multisite recording of neuronal activity with substrate integrated mi-
croelectrode arrays (MEAs) [2]–[4] is a promising alternative to the
use of less scalable conventional electrophysiology [5]–[7] and pho-
tobleaching-prone voltage-sensitive dyes [8], [9]. In particular, deeper
understanding of the complex relationship between cell morphology,
active channel distribution and the associated spatio-temporal patterns
of neuronal activity [10]–[13] could be obtained by the achievement of
multisite MEA recordings from unambiguously identifiable compart-
ments of neurons cultured in isolation.

Yet, the intrinsic anatomical plasticity of unconstrained developing
cells results in continued changes in the relative position of the cellular
compartments with respect to recording sites and, as a consequence,
in unpredictable and time-changing signal-to-noise ratios. To address
this issue and ensure long-term proximity between electrodes and
neurons, efforts are focusing on the development of cell patterning
techniques such as microcontact printing of adhesion promoting
molecules [14], [15] and confinement by 3-D microstructures, e.g.,
fabricated by photo-thermal etching of wells and trenches in agarose
layers [16], [17]. Recently, soft-lithography has emerged as a low-cost
low-complexity technology [18] suitable for fabrication of polymeric
microstructures of use in cell guiding. With this approach, patterning
of mass neuronal cultures has been achieved [19]–[21] and, in conjunc-
tion with substrate integrated electrodes, single-site recordings from
individual oocytes [22] and myocytes [23] have also been realized.
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Fig. 1. Sketch of the multielectrode device, consisting of a sandwich structure
assembled by overlaying a polymer film (60–80 �m thick) including microw-
ells and microchannels on a planar multielectrode array [1]. The array was fab-
ricated by photolithographically defining a set of parallel ITO electrodes on a
glass substrate. Neurons were individually selected after tissue dissociation and
positioned within microwells in contact with the poly-L-lysine treated glass sub-
strate. As cells sproute neurites into the microchannels, the substrate embedded
electrodes record extracellular potentials generated by active neurites.

We have previously reported on hybrid polymer-MEA devices,
fabricated with a combination of soft-lithography and classic pho-
tolithography technologies, and demonstrated single-channel extracel-
lular recordings from patterned neurites of isolated neurons [1]. Here
we describe multi-point recordings from individual channel-confined
neurites in vitro and illustrate the application of this technique to
single-cell current source density analysis (scCSD).

II. METHODS

A. Device Fabrication

Fig. 1 shows a sketch of the device. A glass substrate with embedded
parallel Indium-Tin-Oxide (ITO) electrodes was sandwiched with
a PDMS film containing microwells connected by microchannels.
Fabrication procedures have been described previously [1]. Briefly,
ITO was sputtered on glass substrates to a resistivity of 80 ohm/sq or
purchased with similar resistivity (PGO, Germany). The commercial
substrates had a SiO2 barrier layer between glass and ITO. A set
of 18 parallel electrodes, 40 �m in width, were defined by standard
photolithography techniques. The substrates were sonicated in ace-
tone, isopropanol, neutral detergent and milli-Q grade water before
assembly with elastomeric overlays. The overlays consisted of PDMS
films (60–80 �m thick) with microcavities (40 �m in diameter) and
microchannels (cross section 20 � 5 �m fabricated by microhole
punching and soft-lithography from SU-8 masters [1] and laid on
substrates with only coarse alignment. The sealed-well, as opposite to
open-well, configuration was established by spreading silicone grease
(Bayer, Germany) over the microwells to electrically insulate them.

The substrate was treated with poly-L-lysine (0.1 mg/ml) for 24 hr
prior to overlaying of the PDMS films in order to promote cell adhesion
and growth.
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Fig. 2. (a) Phase-constrast image of a confined bipolar neuron after 12 days in vitro sprouting two neurites along a microchannel. (b) Extracellular potentials
associated with an action potential and recorded by the eight microelectrodes shown in (a). (c) Raster-plot showing KCl and glutamate dose responses.

B. Cell Culture

The procedures to culture Helix aspersa neurons have been described
previously [24]–[26]. Briefly, 4–6 week old snails (Cal Jep, Spain) were
kept in hibernation until wetted 1 hour before the start of the dissection.
Under anaesthesia by injection of 1 ml of 0.08 mMMgCl

2
, the circum-

oesophageal ring was removed, trimmed free of surrounding tissue, cut
in 8 pieces with fine scissors and transferred to culture medium (40%
L15 Leibovitz medium supplemented to the following concentrations:
62 mM NaCl, 5 mM KCl, 7 mMCaCl2, 5 mMMgCl

2
, 20 mM HEPES,

10 mM D-glucose, Peniciline 100 units/ml, Streptomycine 100 mg/l,
Fungizone 2.5 mg/l, adjusted to pH 7.6 with NaOH). The ganglia were
then torn with hypodermic needles to free them from the surrounding
sheath and to extract individual neurons from the neuropiles.

After a 20 minute settling period, neurons with a diameter of 20 to 50
�m that had survived the procedure were identified under the dissection
microscope, sucked with blunt-opening capillaries (0.58 mm ID, WPI,
USA) and expelled into the wells.

As neurites extended beyond 100 �m inside a microchannel (typi-
cally after several days in vitro), recordings were attempted. On occa-
sions, spontaneous firing could be observed. When necessary, stimula-
tion was usually realized by raising the extracellular concentration of
KCl from 5 mM to 25 mM. For Fig. 2, application of glutamate to the
bath at concentrations ranging from 50 �M up to 1 mM was also used.

C. Data Acquisition and Analysis

A custom 16 channel amplifier (gain � 1300, bandwidth 3.4 KHz)
and a 12 bits ADC (6804E, National Instruments, 10 Ksamples/s per
channel) were used for amplification and data acquisition. Of the 18

electrodes present in the device, numbers 1 and 18 were connected
to the ground of the circuit. Electrode impedances at 1 KHz were in
the range 1.5–3 M
, yielding recordings with noise levels below 10
�Vrms.

Offline filtering of line interference at 50 Hz and harmonics up to 350
Hz was implemented using Matlab (Mathworks, USA). However, good
shielding often sufficed and software filters resulted in only minor im-
provements (10% decrease in noise standard deviation). Accordingly,
data were routinely used in raw format. To generate raster plots (Fig. 2),
a threshold at �100 �V was used for spike detection.

To perform 1-D scCSD, the classical CSD formulation by Nicholson
and Freeman [27] was adapted to microchannel-confined neurites. The
membrane current per unit length above electrode n, Im(n), was cal-
culated as

Im(n) =
Ve(n+ 1)� 2Ve(n) + Ve(n� 1)

reaL2

where Ve(n) is the intrachannel potential at electrode n; L is the
center-to-center interelectrode distance (80 �m), and rea the intra-
channel resistance per unit length. Single trial unaveraged raw data
was used to generate scCSD profiles. To calculate Im(1) and Im(8) in
Fig. 4, the intrachannel space located beyond the image was assumed
grounded, i.e., Ve(0) = 0 and Ve(9) = 0, due to open wells present
beyond the limits of the field of view.

III. RESULTS

Of the 35 neurons plated in microwells, 21 survived the procedure
and attached to the poly-L-lysine coated substrate. Pharmacological
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Fig. 3. (a) Phase-contrast image of a confined monopolar neuron with a short neurite outgrowth into the microchannel. The image (top) shows silicone covering
the microwells and a close-up of the cell before sealing (bottom). (b) Extracellular potentials recorded by 18 electrodes, both local (7 and 8) and distal (2–6 and
9–17) with respect to ground (electrodes 1 and 18). (c) Spike magnitude versus electrode number at times t and t .

stimulation was attempted on the 10 cells which grew microchannel-
confined neurites of at least 100 �m in length. Spikes were recorded
from 9 neurons with magnitudes varying across cells and recordings
sites and ranging from 30 �V (barely detectable above noise levels) up
to 300 �V.

Fig. 2(a) shows a microwell-confined neuron (after 12 days in cul-
ture) extending two neurites in opposite directions, each in excess of
200 �m in length. Pharmacological stimulation with KCl (25 mM)
and glutamate (200 �M–1 mM) were performed to elicit action po-
tentials [Fig. 2(b)]. The largest spikes were recorded on electrode 2,
with a mean peak of �234:5 � 10:8 �V and half-height width of
783:3�75:3�s. Note that electrode 5, although partially covered by the
soma, remains electrically silent because the measurement was done in
open-well configuration, effectively grounding the electrode. Fig. 2(c)
shows the responses to increasing concentrations of KCl and glutamate
as a test for the neuronal origin of the extracellular signals.

Fig. 3(a) shows a monopolar neuron within a device in sealed-well
configuration (note silicone spread over the microwells). Its 100-�m
-long neurite generates 80 �Vpeak�to�peak biphasic spikes [Fig. 3(b)]
recordable along the entire channel. Fig. 3(c) shows the spatial profile
of the instantaneous potential at the two peaks, t1 and t2. Minima in
the figure, i.e., zeros of the first spatial derivative, identify sinks and,
conversely, maxima correspond to current sources. At time t1, a fast

inward cation flow, is located on electrode 7, i.e., at or near the soma,
concomitantly with a current source on electrode 8, along the neurite
and/or at the growth cone. At time t2, the distribution of ion flows
reverse, with a repolarizing outward source at the soma or hillock and
a sink along the neurite and/or over the growth cone. Note that sealing
the wells results in signals recorded at local as well as distal electrodes,
decaying towards the (grounded) electrodes (numbers 1 and 18).

Intrachannel currents were calculated as In;n+1 = (Vn �

Vn+1)=RL where R is the channel resistance per unit length (10.5
Kohm=�m), L is the separation between electrodes, and Vn and
Vn+1 are the potentials at two adjacent electrodes n and n + 1.
Measured values were in the range 100–300 pA (n = 9).

Neurons that extend neurites over at least 3 adjacent electrodes are
suitable for scCSD. Fig. 4 shows CSD data corresponding to a spike
generated by the cell shown in Fig. 2 (a single trial is shown without
averaging). The maximum sink and source current densities were 3.7
pA=�m and 2.78 pA=�m. The earliest sink associated with the action
potential appears in the proximity of electrode 7, 150 �m from the
soma with a magnitude of 2 pA=�m.

IV. DISCUSSION AND CONCLUSION

We have described a technique for multisite recording of extra-
cellular potentials from unequivocally identified neurite segments by
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Fig. 4. scCSD corresponding to a spike produced by the neuron in Fig. 2.

means of hybrid polymer-multielectrode array devices. Embedded
microwells and microchannels afford confinement of cells and en-
sure a known geometrical relationship between soma, neurites and
electrodes. This is a promising strategy to increase the electrical
stability of the electrode-neuron interface compared to conventional
planar multielectrode arrays when used as substrates for culture of
unrestrained neurons.

Physical confinement of and recording from somas has been pre-
viously achieved by others. For example, microfabricated polyimide
pillars [28] can confine the cell body on a substrate embedded elec-
trode to establish an electrical interface functionally similar to the
loose cell-attached configuration [6]. Similarly, conic pores have been
employed successfully to attain G
 seals for somatic patch-clamp
recordings [22]. Here we have demonstrated neurite patterning, mul-
tisite recording and scCSD in addition to soma confinement while
making use of the low-complexity PoM approach to fabrication of 3-D
microstructured devices.

The PoM technology, in its current state, can be of use in the context
of neuronal biophysics research and drug screening. Further, minor re-
finements can enable it to support recordings from patterned networks
in vitro.
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Design of Surface Electrode Array for Measuring
Conduction Velocity in the Human Genioglossus Muscle

Ciara M. O’Connor*, Lize der van Merwe, Simon Langran,
Michael O’Sullivan, Philip Nolan, Christopher L. Vaughan, and

Mark J. O’Malley

Abstract—A new appliance, incorporating linear arrays of pin electrodes
for genioglossus (GG) surface electromyography measurement, is pre-
sented. This design enables the estimation of GG muscle fiber conduction
velocity, which decreases with fatigue. The performance of the device
was evaluated for ten healthy human subjects during fatiguing and force
varying contractions.

Index Terms—Conduction velocity estimation, electromyography, genio-
glossus muscles, linear electrode array, obstructive sleep apnea syndrome.

I. INTRODUCTION

THE genioglossus (GG) muscles are the primary protrudors of the
tongue and play a vital role in maintaining the patency of the upper
airway, particularly during sleep. In patients with obstructive sleep
apnea syndrome (OSAS), a common and serious medical disorder [1],
the upper airway collapses repeatedly during sleep causing a cessation
of airflow terminated only by an arousal from sleep. Abnormalities in
GG activation, function and structure have been reported for OSAS
patients [2] and the complex pathogenesis of OSAS, in particular the
role of fatigue, is still incompletely understood [3].

Information on the state of a muscle can be gleaned using surface
electromyography (SEMG) to track the muscle fiber conduction ve-
locity (CV). The use of a linear electrode array facilitates CV esti-
mation as well as the determination of anatomical properties such as
the locations of innervation zones of muscles and optimal locations for
SEMG electrode placement [4]. CV tends to decrease with fatigue, and
indirect myoelectrical manifestations of fatigue include a shift towards
lower frequency in power spectrum of the signal and an increase in the
amplitude of the signal, which are attributed in part to the change in
CV, as well as other factors [5]. The most widely used electrode con-
figuration for GG SEMG recording was introduced by Doble et al. [6].
This electrode configuration records the differential signal between the
two GG muscles, using two bar electrodes, located one on either side
of the midline of the mouth. While this configuration would be suitable
for recording muscle activation times, it could not be used to measure
CV. Our research has previously indicated that an adaptation of this
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