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Substrate integrated planar microelectrode arrays is the *gold standard” method for millisecond-
resolution, long-term, large-scale, cell-noninvasive electrophysiological recordings from mammalian
neuronal networks. Nevertheless, these devices suffer from drawbacks that are solved by spike-
detecting, spike-sorting and signal-averaging techniques which rely on estimated parameters that
require user supervision to correct errors, merge clusters and remove outliers. Here we show that
primary rat hippocampal neurons grown on micrometer sized gold mushroom-shaped microelectrodes
(gMp.E) functionalized simply by poly-ethylene-imine/laminin undergo self-assembly processes to form
loose patch-like hybrid structures. More than 90% of the hybrids formed in this way record monophasic
positive action potentials (APs). Of these, 34.5% record APs with amplitudes above 300 1V and up to
5,085 V. This self-assembled neuron-gMuE configuration improves the recording quality as compared
to planar MEA. This study characterizes and analyzes the electrophysiological signaling repertoire
generated by the neurons-gMp.E configuration, and discusses prospects to further improve the
technology.

Extracellular recordings by substrate integrated planar microelectrode arrays (MEAs) are considered the “gold
standard” for millisecond-resolution, long-term, large-scale, cell- noninvasive electrophysiological recordings
and stimulation of in vitro and in vivo neuronal networks!=. Although planar MEA platforms are used exten-
sively, they suffer from a low signal to noise ratio and low source resolution. These drawbacks are solved by
tedious spike-detecting, spike-sorting and signal averaging techniques which rely on estimated parameters and
require user supervision to correct errors, merge clusters and remove outliers"*°. Averaging of recorded field
potentials (FPs) leads to loss of essential information as to the relevance of changes in FPs shapes, amplitudes
and patterns over short or long experimental sessions as well as in relation to behavioral tasks. Planar electrode
based MEA are “blind” to sub-threshold synaptic potentials generated by individual neurons. Neurons that do not
fire action potentials are thus not “visible” to the experimenter. Since in some brain areas a large fraction of the
neurons fire at very low rates or do not fire at all, their subthreshold contributions to neuronal circuit activities are
undetected or ignored®®. The neglect of silent neurons due to the technical limitations of current MEA continues
despite the clear documentation that meaningful subthreshold signaling between neighboring neurons plays a
critical role in neuronal network computations'®.

In recent years a number of laboratories have started to develop a new family of MEA technologies to over-
come these shortcomings'!. These include MEA constructed by vertical micro'? or nano-electrodes (nanowires)
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that either penetrate the plasma membrane of excitable cells like sharp electrodes”!*-!¢, or nano-transistor based
MEAs that are mechanically manipulated into the cells!®-?2. Iintracellular recordings from cultured cells by MEA
technologies of vertical nanowires (nanopillars) and nanotransistors have been conducted on cultured primary
cardiomyocytes'>720-22 cultured LH-1 cell lines'>'718, the CHO cell line’ and HEK-293 cells'#!>. Nevertheless, the
dimensions, adhesion and growth patterns of primary cultured mammalian neurons and the above-mentioned
cell types differ substantially. These differences may be the underlying reason why so far only one study has
been published using vertical nanowire-based MEA for intracellular recordings from cultured mammalian neu-
rons'. Although the technology used in this study is scalable, so far it has been used to document recordings of
spontaneous action potentials from a single neuron rather than from neuronal networks. All in all, this family
of nanotechnologies which generated promising results at the proof-of-concept level did not mature to provide
simultaneous multisite recordings from cultured neuronal networks.

In recent years our laboratory has developed a new approach in which micrometer-sized, extracellular gold
mushroom-shaped microelectrodes (gMEs) record attenuated synaptic and action potentials exhibiting the
characteristic features of intracellular recordings (the IN-CELL recording method). In these studies*-*° we
demonstrated that cultured Aplysia neurons tightly engulf the gMpEs to form a high seal resistance. This, together
with the increased conductance of the membrane patch that faces the gMpE, makes it possible to record action
potentials and subthreshold synaptic potentials with qualities and biophysics similar to those obtained by perfo-
rated patch recording electrodes®"2.

Earlier attempts by our laboratory to apply the IN-CELL recording method to cultured mammalian neurons
by gMuEs-MEAs were only partially successful because they were conducted using an 8 x 8 gMpE array with
an electrode pitch of 20 pm. This high density electrode design was implemented with a correspondingly small
146 x 146 pm culturing surface area. As a result, the cultured rat hippocampal neurons did not develop typical
network behavior and only sparse neuronal activity was monitored from one or two cells at a time?s.

In the present study, for the first time we report on the significant progress in this gMpEs-MEA technology for
multisite in vitro recordings from a mammalian neuronal network. This manuscript characterizes and analyzes
the mechanisms that underlie the generation of the observed electrophysiological signaling repertoire and defines
approaches to further improve the neurons-gMuE junction.

Results

Overall characterization of spontaneous electrical activity recorded by gMpE-MEA.  The gMpE
based MEAs used in the present study were composed of 8 x 8 gMuEs with a “mushroom-cap” diameter of 1-2 pum,
a stalk diameter of 0.75-1 pum and an electrode pitch of 100 um. Altogether the array covered a recording surface
0f 0.9 x 0.9 mm. The flat surface in-between the gMpEs was made of SiO,. The gMpE-MEAs were functionalized
by poly-ethylene-imine (PEI) and laminin®. To increase the probability that the neuron’s cell bodies would be
in close physical contact with the gMuE-caps we prepared dissociated hippocampal cells from 17 day old rat
embryos® at a high density of approximately 500,000 cells/ml seeding medium. 200 pl of the cells in the seed-
ing medium were then pipetted to the center of the gMuEs-MEAs for 6 h. Thereafter 800 pl of feeding medium
was added to the devices. To prevent glial cell proliferation, 2.5 M cytosine 3-D-arabinofuranoside hydrochlo-
ride (ara-c) was added to the culture medium on the 3 DIV?*, In all experiments voltage calibration square
pulses were delivered to the bathing solution through an Ag/AgCl electrode by an isolated pulse generator?*-2°,
Recording of the activity was made with a wide band filter of 1 Hz to 10kHz from 7-25 day old cultures.

It is important to recall that the gMpE-MEA and culturing procedures used in the present study differed from
earlier studies conducted by our laboratory: (a) the spacing between the gMuE and the effective recording area
was five times larger in the present study. This enabled cultured rat hippocampal neurons to form functional
networks. (b) The use of embryonic hippocampal neurons rather than hippocampal cells derived from new-born
rats helped to lower the density of the glial cells (approximately 3%*) and thereby increase the probability that
the neurons would be in physical contact with the gMpE. (c) The high density seeding of dissociated cells also
increased the probability that individual neurons would be in direct contact with the electrodes.

The hippocampal culture grown on gMpE-MEA revealed spontaneous activity from day 7 DIV. Bursting activ-
ity was detected from day 10 onward as described in earlier studies using substrate integrated planar MEA.

The most striking difference between the recordings of action potentials by flat MEA and gMpE-MEA is
that whereas substrate integrated planar MEA record FPs dominated by negative-peak or biphasic-signals® with
amplitudes typically ranging from 40 to100 1V and have a signal to noise ratio (SNR) of <5, the gMpE-MEA
recordings were dominated by positive monophasic action potentials (Figs 1 and 2). It is important to note that
monophasic high peak amplitudes >100V are rarely obtained using planar electrodes arrays, whereas when
using the gMpE-MEA, 34.48% of the gMp.Es recorded potentials >200 .V and 10.64% recorded potentials in the
range of 500-5,085V (Figs 1 and 2, Supplementary Fig. 1).

Based on the spike amplitudes and their shapes, it was established that out of the total population of gMpEs
that recorded signals >300 .V, 36.1% (n = 56) recorded APs from a single neuron, 32.3% (n = 50) recorded fir-
ing from two neurons, 20.6% (n = 32) from three neurons and the remainder 11% (n=17) from 4-6 neurons
(Fig. 2). The fact that a fraction of the gMpEs recorded from a number of neurons can be attributed to the struc-
tural relationships formed between the neurons and the gMpE. Transmission electron microscope images of the
neuron-gMpE interfaces revealed that a single gMpE with a cap diameter of approximately 2 um can be totally
or partially engulfed by a single neuron cell body or be in contact with a cell body and a number of neurites
(Fig. 2e-h). Among other parameters, the relative contact surface area formed between a neuron and a gMuE and
the cleft width determine the electrical coupling coefficient levels between the neurons and gMEs?627:30:3436.37,

Consistent with the above, for gMpEs that recorded from two neurons (evaluated by the spike shapes and
amplitudes) the relative average amplitude of the smaller spike amplitude was 28.9 £ 16.4% of the largest spike.
In gME that recorded from three neurons (or three compartments of the same neuron) the average amplitude
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Figure 1. Spontaneous activity recorded by gMpE-MEA from cultured hippocampal neurons 17 DIV. Each
box represents 30s of recording from a single gMpE. Note that the majority of the gMpEs recorded monophasic
positive action potentials.

of the third spike was found to be 15.5 4 12.8% of the largest one and the fourth to be 14.2 & 9.8% of the largest
signal (Fig. 2i). Since the large and small action potentials recorded by a single gMpE are not always time-locked
and bursts of small and large action potentials may appear independently of each other (Supplementary Fig. 2), it
is reasonable to assume that in these cases the activity is generated by different neurons that make different levels
of physical contact with a single gME rather than by different compartments of the same neuron (Fig. 2e-h).
Computer simulations of the neuron-gME junction by Ojovan ef al.* revealed that it is possible to record APs
from neurons that only partially engulf a single gMpE.

Examination of the changes in the shapes and amplitudes of spikes recorded by individual gMpE over time
in culture revealed that as in planar sensor MEAs, the FP shape and amplitude change over days in culture®.
Whereas the amplitude of a spike recorded by a gMpE may gradually increase, decrease or abruptly disappear
over consecutive days, the overall positive monophasic shape is maintained (Fig. 3). The changes in AP shapes
and amplitudes may reflect changes in the engulfment level and/or the cleft width formed between the neuron
and the gMpE due to changes in the neuron’s shape, the macro or micro-neuron’s movement with respect to the
electrode, and neuronal death. It is also conceivable that alterations in ionic channel expression, distribution and
density within the junctional membrane may underlie some of these changes (see below for further discussion).

The repertoire of electrophysiological signals recorded by individual gMpEs. At first glance,
the monophasic, positive peak that dominated the spontaneous action potential recordings by the gMpE-MEA
resemble the IN-CELL recordings of attenuated action potentials obtained from cultured Aplysia neurons®?’.
Nevertheless, the recorded APs differed from IN-CELL recordings in their time course. At 50% AP peak height
the average duration of APs with amplitudes >300.V was 0.47 £ 0.28 ms (n = 154). Sample recordings of intra-
cellular action potentials by patch electrodes from a 14 day old culture revealed that at 50% peak height the spike
duration was longer in the range of 1-4 ms®*. The amplitudes and characteristic short duration of the recorded
potentials by the gMpE (Figs 2 and 3) led us to surmise that under the culture condition used in the present study
the engulfment of the gMUE formed a loose seal-like (juxtacellular) configuration®* rather than an IN-CELL
recording configuration (for a biophysical explanation of the differences between juxtacellular and IN-CELL
recording see next paragraph). A loose seal/juxtacellular recording configuration is often used under in vivo
conditions to improve the recorded spike amplitudes and source separation by single patch electrodes. In these
conditions the juxtacellular recording is generated by micromanipulation of a patch electrode against the neuron’s
plasma membrane and/or by suctioning the membrane into it.

To examine whether the above hypothesis could account for the shape, amplitudes and duration of the
recorded APs, we next simulated the hippocampal neuron-gMpE configuration.

Simulations of single action potentials. The simulation was conducted using the SPICE simulation
system (Tanner EDA v.15) of passive analog electrical circuits of the junction formed between a neuron and a
gMLE (Fig. 4a,b)?¢-234+41 The circuits illustrate two operational modes of the membrane facing the gMp.E (the
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Figure 2. Recordings of action potentials by gMpEs. As assessed by the amplitude and shape, a gME can
record action potentials generated by a single neuron (a,b) or a number of neurons or neurites (c,d). i, ii and iii
depict the same recordings at different time scales. Multiple neurons recordings by a single gMpE may be the
outcome of the structural configurations depicted in the TEM images of (e-h). Cell body profiles are shown

in gray, different neurites are labeled in different colors. The cell bodies and neurites were identified using low
magnification images (not shown). Because of the limited surface area of a gMpE the relative amplitude of the
2nd, 3144t 5t and 6™ neuron or neurites recorded by a single gMpE are relatively smaller with respect to the
largest amplitude (i).
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Figure 3. Changes in the shape and amplitudes of spontaneous action potentials recorded by one gMp.E
over a period of 10 days. Note that the amplitude and shape of the calibration pulses did not change, indicating
that the electrode properties remained unaltered during the experiment.

junctional membranes). In Fig. 4a, we assumed that the junctional membrane resistance (R;,) was very large
(>100 GQ)?*7*; thus the resistive component of the junctional membrane could be neglected and the mem-
brane represented by a capacitor (C;,) with a value that corresponded to its surface area times 1 pF/cm?. This
together with the seal resistance formed by the cleft between the plasma membrane and the gMpE (R,) config-
ured a passive electrical differentiator that generated an output potential proportional to the time derivative of
the input*2. By contrast, the circuit shown in Fig. 4b assumed that R;,, was low (~1 GQ)*?, As aresult, the circuit
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Figure 4. The analog electrical circuit of a neuron-gMp.E junction, and an estimate of the impact of the
junctional membrane properties on the input/output relationship of the junction. The neuron’s (pink) plasma
membrane is subdivided into a non-junctional membrane (njm, red) that faces the culture medium, and a
junctional membrane (jm, blue) that faces the electrode. Both the njm and the jm are represented by a resistor and
capacitor in parallel R,;,,, C,,,» R;,, and C;,, respectively. The cleft formed between the plasma membrane and the
gMpE (white) is represented by a resistor (R,). The gMUE is represented by a constant phase element (CPE) and
aresistor in parallel (R,,)*. (c-g) Simulation of the shape, amplitude, AP width, and AP peak time as a function
of the junctional membrane resistance. The normalized input AP (black), its calculated time derivative (blue)

and the simulated output (red) for the indicated R;,, values 80-1GQ. The shape of the output APs (red) changes
(red arrow) from being similar to the time derivative of the input AP (c), to an intracellular recording (f,g).

Aside from the dependence of the simulated output shape, the increase in R;, value is associated with a decrease
in the amplitude of the simulated output AP (h and i-dashed line), a change in the simulated AP duration (h,
-black line), and a shift in the AP peak time with respect to the input AP (i, black line). The expected amplitude,
duration and peak time of the simulated APs in the range of R;,, 1-40 GQ are shaded yellow.

properties were transformed from a differentiator (Fig. 4a) to an element that did not distort the shape of the wave
form (Fig. 4b). The change in the electrical properties of the analog electrical circuit (Fig. 4a,b) corresponded to
the transition between a loose seal/juxtacellular recording configuration and an IN-CELL recording. In fact, a
gradual change in the relationships between the junctional membrane resistance (R;,,) and capacitance (C;,,) is
expected to generate a spectrum of outputs ranging from the juxtacellular to the IN-CELL recording modes. This
spectrum of outputs is illustrated in the simulations shown in Fig. 4c-i.

The simulations in Fig. 4 were conducted using the following parameters: (i) The neuron’s input resistance from
which the junctional membrane resistance was derived was set at 100 MQ*. (ii) a membrane capacitance of 1 pF/cm?,
(iii) a seal resistance (R;) 50 MQ?"%3, (iv) an electrode CPE at 1 KHz, an electrode parallel resistance (25 MQ and
10 MQ respectively for details see Supplemental Material) and (v) an amplifier impedance of 20 MQ at 1 kHz. Based
on the above parameters, Fig. 4c-g illustrates the effect of changing the relationships between R;, and C,,, in terms
of the shape, amplitude and duration of the simulated APs. In the figure we superimposed the normalized peak
amplitudes of the input potential (black traces), the calculated time derivative of the input AP (blue traces) and the
simulated output AP (red traces). Clearly, as the R;,, values decreased, the shape of the output AP transforms from
a potential that resembles the time derivative of the input AP (Fig. 4c compare the red and blue traces) to a mono-
phasic shaped output AP that more closely resembles the input AP (Fig. 4g, compare the red and black traces). The

SCIENTIFICREPORTS | 6:27110 | DOI: 10.1038/srep27110 5



www.nature.com/scientificreports/

transformation of the shape of the AP is associated with an increase in the AP duration (Fig. 4c-h, black line) and
the shift in the AP peak time with respect to the peak of the input AP (Fig. 4c-g,i, black line).

Comparing the actual AP recorded in the experiments to the simulations suggests that the experimentally
recorded APs with amplitudes in the range of 300-1000 1V and a duration of 0.44 £ 0.1 ms (at 50% height) cor-
respond to the simulated action potentials generated by neurons with an R;,, value in the range of 20 GQ when R,
is set to be 50 MQ.

It should be noted that the amplitude of the output AP can be improved by increasing the seal resistance
(not shown). Theoretically, an increase in the gMpE surface area is also expected to increase the AP amplitude.
Nevertheless, as shown by Ojovan et al.*, the innate cell biology of rat hippocampal neurons limit the engulfment
of gME to a cap diameter of 2-2.5 pm.

Simulation of the characteristic decline of action potential amplitudes within bursts and the
potential to record synaptic activity. Recordings of trains of APs by gMpE are characterized by con-
secutive or abrupt drops in the AP amplitudes by up to ~35% (for example, Fig. 2a,b). Moderate decreases in AP
amplitudes within a burst were also observed by intracellular recordings. The differences in the rate and extent
of the AP amplitude decline when recorded by a patch electrode and a gMpE (compare Fig. 5a,f,g) can be attrib-
uted to the fact that under the current experimental conditions, the shapes of the APs are altered by the passive
electrical differentiator properties of the neuron-gMpE junction (as discussed above, Fig. 4). It should be noted
that the rise and decay times of the APs within bursts are slowed down (see AP i and ii in Fig. 5a). As a result, the
time derivative of this burst yields a pronounced diminution in the AP amplitude (Fig. 5b). The effect of R, on
the shape and amplitude of the output APs are illustrated in Fig. 5 for R, of 80, 20 and 10 GQ (Fig. 5c-e, respec-
tively). For comparison purposes, Fig. 5f,g depicts actual recordings of short AP bursts from gMuE. Comparison
of these APs to the calculated time derivative of the input AP (Fig. 5b, blue trace) and the simulations (Fig. 5c-e,
red traces) suggests that these APs were experimentally recorded through 80-100 GQ high R,,,.

Note that in the simulation in Fig. 5 the integrated envelope of postsynaptic potentials that are fed into
the analog electrical circuit (Fig. 5a, black trace) are hardly detected in the time derivative traces of the input
(Fig. 5b, blue). This PSP activity is nevertheless detected in the simulations when the value of R,,, is in the range of
10-20 GQ as shown in Fig. 5d,e, respectively. Although we noted a “rippling in the traces” in a number of record-
ings prior or between bursts of APs we cannot unequivocally ascribe these to the recordings of synaptic activity,
as discussed below.

Recordings of synaptic potentials? In a small number of experiments we observed the presence of low
amplitude (~100 wV) negative or positive potentials with slower rise and decay times (ripples). Given the recent
finding that field potentials generated by single neurons decay to a third of their amplitude within a distance of
approximately 100 um®, it is possible that these potentials could reflect the pickup of FPs generated by neuronal
clusters within ~300 pm from the recording gMpE (Fig. 6 and Supplementary Fig. 2). Alternatively, these poten-
tials could reflect a barrage of high amplitude postsynaptic potentials (Fig. 5). Currently we cannot differentiate
between these possibilities by rigid biophysical criteria such as by shifting the membrane potentials of the cells
that generate these signals in an attempt to reverse the potential. In this respect, it is interesting to note that bath
application of the GABAergic postsynaptic blocking reagent GABAzine (1-10 pM, Sigma Aldrich) to cultures
resulted in (a) the transformation of the firing pattern into discrete regular bursts (Fig. 6a,b, respectively ) and (b),
the disappearance of the slow negative potentials. It is conceivable that if the slow low amplitude potentials had
been generated by synchronized bursts of APs generated by remote neuronal clusters, the frequency and ampli-
tude of the negative potentials could have increased rather than disappeared.

The simulations in Fig. 5 suggested that it is physically possible to record postsynaptic potentials given that the
junctional membrane resistance is in the range of 10-20 GQ and R; = 50 MQ. Because of the biological nature
of the seal and junctional membrane resistances, both parameters can vary and are not precisely known?$34,
Therefore, to better assess the physical limits of the neuron-gMpE junction to transfer detectable synaptic poten-
tials we extended (supplemental Fig. 3) the range of the simulated R, and R;,,. These simulations suggest that R,
values in the range of <10 G(, and seal resistances >50 M) suffice to permit recordings of synaptic potentials
with a source amplitude of 10mV. Ry, > 10 GQ, and R,< 50 MQ, would not permit recording of a 10mV PSPs. For
a Ry, of 100 GQ even Rs of >100 MQ would be insufficient to permit recordings of a 10mV PSP.

In summary, although far from being conclusive, taken together the results (electrophysiological, pharma-
cological and simulations) are consistent with the possibility that the relatively slow low amplitude potentials
recorded by the gMpE could represent large (10 mV) synaptic potentials.

Discussion

gMpE-MEA functionalized by a conventional PEI and laminin is sufficient to promote a “self-assembly” pro-
cess that leads to the formation of a neuron/gMuE loose patch-like configuration. The engulfment of the gMp.
E by the neurons enables multisite, high quality recordings of monophasic positive APs from many cultured
mammalian neurons comprising a functional network. Simulations of neuron-gMpE models (Fig. 4) suggest
that the loose patch recording configuration can be transformed into an IN-CELL recording by decreasing R,
This could theoretically be done by: (a) using gMpE with a larger cap-diameter. In these conditions the engulf-
ment of gMpE with a larger surface area would be associated with a larger junctional membrane surface and
decreased R;,,. Unfortunately, the innate cell biological properties of cultured rat hippocampal neurons limit
the ability of the neurons to engulf gMuE-cap with a diameter of 2-2.5 um?*. Therefore, this solution cannot be
applied for practical purposes. Increasing the roughness (surface area) of the gMpE surface without increasing
the size of the electrode could also lead to a small increase in the effective surface area of the junctional membrane
and improve the recording quality. (b) An alternative mechanism would be to directly modulate the junctional
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Figure 5. Simulation of the characteristic decline in AP amplitude within a burst and the potential

to record a barrage of post synaptic potentials by the gMpE-MEA. For the simulation a trace of patch
electrode recording of APs and a barrage of synaptic potential (a) were fed into a simulation circuit. The circuit
parameters were set to be: R, - 50 MQ, R,,- 10MQ, CPE 25 MQ at 1 KHz and the amplifiers’ impedance —20 MQ
at 1 KHz. (b) The calculated time derivative of the bursts (blue). Simulations of the output at R;,, values of

(c) 80GQ, (d) 20GQ, (e) 10GQ (red). (f-g) Two examples of actual AP bursts recorded by a gMuE-MEA
(green). The time scale of the APs labeled by i and ii within the trains is enlarged on the right hand side showing
the corresponding i and ii APs. Note that the accentuated declines in AP amplitude in the calculated time
derivative (b) and in the simulation model (c-e) are related to the slowdown of the AP rise time recorded by the
patch electrode in (a). The shape (duration and amplitude) of the recorded action potentials in (f,g) are similar
to the recordings in (b,c). It is worth noting that in the simulations synaptic potentials are detected when R;,, is
set at 20 and 10 GQ. The very small ripples in the actual recordings (f,g) might also be synaptic potentials.

membrane properties. It is generally believed that the specific capacitance of a biological membrane (1 pF/cm?)
cannot be practically modulated. However, the junctional membrane resistance can be reduced by localizing volt-
age independent ion channels into it??7* by electroporation'®~!® or by insertion of exogenous nanopores®-3#,
For example, we estimated that the insertion of 10 voltage independent potassium channels with a conductance of
10-100 pS would be sufficient to reduce the resistance of a 10 pm? junctional membrane from 100 GQ to 10-1 GQ.
This modification could be sufficient to enable intracellular recordings of minimally filtered APs and synap-
tic potentials (Fig. 5f,g). We believe that the results presented in this study already demonstrate the advantages
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Figure 6. The effect of GABAzine on spontaneous spike patterns and the recorded electrophysiological
signaling repertoire. (a) spontaneous firing as recorded by 4 gMpE from neurons at 19 DIV. (b) Recording from
the same electrodes 10 min after the application of 10 M GABAzine to the culture medium. (c,d) Enlargements
of the bursts indicated by arrows from electrode E75 in (a,b) respectively. Note that electrode E75 recorded
large and small spikes (a). (e,f) Enlargements of the potentials enclosed by red boxes in (c,d) respectively. Note
that GABAzine application changed the firing pattern to bursts in which the large and small spikes are more
synchronized. (e) Low amplitude, long duration negative potentials recorded before GABAzine application.
These potentials disappear after GABAzine application, and positive, low amplitude, long duration potentials
appear (f).

of gMuE-MEA over planar-MEA and provide the foundation to further develop the gMpE methodology for
IN-CELL recordings from mammalian neurons.

Materials and Methods

Fabrication of the gold mushroom shaped microelectrode array. gMpE were prepared on 300 um
thick glass wafers (AF45 Schott Glass) by means of photolithography and electroplating techniques. Briefly, the
wafers were coated with a Ti (10 nm)/Au layer (100 nm) by way of thermal evaporation, spin-coated with pho-
toresist AZ-1505 (4,000 RPM) and hard baked for 2 min (120 °C). Thereafter a first photolithographic process to
define the conducting lines was performed by wet etching of the Ti/Au in between the conducting lines. Next, a
second lithographic step using Shipley S-1813G2 photoresist (4,000 RPM) hard baked for 10 min (120 °C) was
performed to open up 0.9 um holes for the electro deposition of the gMpE-stalks. A similar procedure was used to
open up the contact pads. Then, the gMuEs were formed by gold electroplating at a current density of 0.2 mA/cm?
for 3h. The photoresist layer was stripped off and a layer of silicon nitride (150 A)/silicon oxide (3,000 A) was
deposited by chemical vapor deposition. This layer serves as an encapsulation layer for the conducting electrode
lines. A third layer of photoresist was then photolithgraphically patterned, followed by wet silicon nitride and
silicon oxide etching to selectively remove the silicon nitride and silicone oxide from the contact pads and the
mushroom caps. The photoresist layer was then stripped using acetone and isopropanol. The wafers were then
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diced and underwent manual bonding to 60 pad printed circuit boards to which a glass ring with a diameter of
20mm was attached to create a cell culture chamber.

Surface functionalization. Fabricated gMuE-MEAs were washed and sterilized by incubation in 70% etha-
nol for 2h. Then, the ethanol was rinsed with double distilled water and functionalized by 0.1 mg/ml PEI (Sigma-
Aldrich) and 25 pg/ml laminin (Sigma-Aldrich) in 0.1 M sodium borate, 10 mM HEPES solution (pH = 8.2) for
12h prior to cell seeding.

Cell culture.  Primary rat hippocampal neurons were obtained from 17 d old embryos, as described by Kaech
and Banker®?. Briefly, a pregnant WT (Sprague Dawley) female rat was deeply anesthetized with isoflurane, the
embryos removed and decapitated. The embryonic hippocampi were dissected out and treated with papain
solution (1.5mM CaCl,, 0.5 mM EDTA and 18 ul/ml papain (16-40 units/mg protein), 20 mM HEPES (Sigma-
Aldrich) in Hanks Balanced Salt Solution (HBSS- Biological industries) at 7.4 pH) for 45 min., and were serially
and gently triturated once every 10 min. The papain solution was washed away by a seeding medium (Neurobasal
with 5% FBS, 2% B27, 1% GlutaMAX (Life technologies), 1% Penicillin-Streptomycin Amphotericin B Solution
(Biological Industries)). The neurons were then triturated again in the seeding medium and concentrated to
approximately 500,000 cells/ml. 200 ul of the cell-seeding medium containing the neurons was then placed in
the center of PEI-laminin functionalized gMpEs-MEAs for 12 h. Thereafter, 800 pl of serum-free maintenance/
feeding medium (Neurobasal electro medium, 2% B27 electro, 1% GlutaMAX, 1% Penicillin-Streptomycin
Amphotericin B Solution) was added. Three days after seeding 2.5 uM ara-c (Sigma-Aldrich) was added to
prevent glial cell proliferation. Half of the maintenance medium was replaced every 3-5 days by new feeding
medium. Hippocampal cultured cells were kept at 37 °C in a humidified atmosphere of 5% CO,. Cultures were
kept up to 25 DIV. All procedures were approved by the Committee for Animal Experimentation at the Institute
of Life Sciences of the Hebrew University of Jerusalem. All procedures (methods) were carried out in accordance
with the approved guidelines.

Electrophysiology. gMpE-MEA devices were amplified by an AC, 60-channel amplifier (MEA-
1060-Inv-BC, MCS) with frequency limits of 1-10,000 Hz. and a sampling rate of 10kHz. Recordings were carried
out at 37°C in the culturing medium. The number of spikes recorded by a single gMpE was determined man-
ually. Measurements of spike amplitudes and durations were done using Clampfit software (version 10.4.0.36).
To examine for possible crosstalk between gMpE-MEA channels we averaged the voltage amplitude of (5-10)
synchronized individual channels in the vicinity of a channel from which a large spike was read (100-200 um)
(supplemental Fig. 4). A sampling of 70 clusters revealed no detectable crosstalk.

Electron microscopy. For TEM analysis, cells cultured on matrices of gold mushroom microprotrusions
were fixed, dehydrated and embedded in Agar 100 within culture dishes constructed of matrices of protruding
gold mushroom shaped protrusions as previously described®**.

Computer simulation. Computer simulations were conducted using SPICE (Tanner EDA v.15), as well as
the passive analog electrical circuit depicting a gMpE interfaced with a neuron as shown in Fig. 4 and detailed by
Ojovan et al.*. Calculations and graph presentations were made using MATLAB (20014A). For the simulations
the mushroom shaped protruding structure was constructed of an ellipsoid-shaped cap with a height of 0.5pm, a
diameter of 2pum and 1 pm-high cylindrical stalks with a diameter of 1 um. The total surface area of the electrode
was calculated to be 9.8 um?. For the simulations we rounded off the number to 10 pm? . The detailed calculations
of the gMpE surface area are given in Ojovan ef al.>*.

Seal resistance (R,). 'The simulations conducted in the present study used seal resistances of 1-200 M. In the
simulation in Fig. 5 we used a seal resistance of 50 M), a value that was estimated in an earlier study by Fendyur
et al.®,

Junctional membrane resistance (R;,,). ~Using the calculated surface area of the gMUE, the corresponding surface
area of the junctional membrane and the junctional membrane resistance and capacitance were estimated. A
non-junctional membrane resistance of 100-250 MQ (R,;,,) has been experimentally measured***. Assuming
that the surface area of a cultured hippocampal neuron is approximately 6 x 10*m?, the resistance of a 10
m? junctional membrane patch is >100 GQ?*?’. In earlier studies it was argued that the actual resistance of the
junctional membrane is significantly smaller?®?”. Because of the small surface area of the junctional membrane,
R;,, can vary substantially by the recruitment or depletion of single ion channels or by the formation of nanopores
due to mechanical tension generated at the neuron-electrode interface. In the simulations in the present study we
examined R, values ranging from a single MQ to a hundred GQ.

The junctional membrane capacitance (C;,,) was calculated for a given contact surface area (between the sim-
ulated cells and the simulated gMpE) by multiplying the universal value of the specific membrane capacitance
(1 pF/cm?) and the surface area.

gMULE resistance and capacitance.  For the simulations we used gME depicted by two elements: a constant phase
element (CPE) and a parallel resistor (R,,) (Fig. 4). The value of the CPE impedance was 25 MQ at 1 KHz, and that
of the R, 10 MQ (for details see Supplemental text and Supplemental Fig. 5).

An amplifier input capacitance of 8 pF and a parallel resistance of 100 GQ were used in all simulations.

Simulation of synaptic- and action-potentials. Voltage pulses were delivered to the simulated neurons between
the junctional (jm) and non-junctional membranes (njm).
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