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Abstract Neuroscientists have long been using microelectrodes to record and 
stimulate neural activity—both in vitro and in vivo. On one end of the spectrum of 
electrode-based techniques are the sharp-glass and patch micropipette electrodes; 
on the other end are dense arrays of metal-based microelectrodes. Glass micropi-
pette electrodes enable intracellular recording of action potentials and synaptic 
potentials with excellent signal-to-noise ratio, but because of their bulkiness, they 
allow for the recording and stimulation of only several neurons at a time. In addi-
tion, the injury inflicted on the cell plasma membrane during electrode entry and 
recording limits the duration of the recording session, usually to a small number of 
hours at most. By contrast, multielectrode devices are able to record and stimulate 
much larger populations of neurons for durations of weeks and even months. This is 
made possible due to fabrication technologies that allow for a scalable design of 
hundreds or even thousands of electrodes. These devices, however, have been able 
to provide only extracellular recording and stimulation with limited signal-to-noise 
ratio due to the extracellular positioning of the electrode in respect to the neuron’s 
plasma membrane. The inability to record intracellular signals from many neurons 
and for long periods of time has thus far prevented neuroscience from answering the 
most basic and interesting questions regarding learning and memory in large popu-
lations of neurons. This is because the vast majority of neurons in complex nervous 
systems are usually “silent” and will generate an action potential only when their 
complex synaptic inputs integrate appropriately. We are therefore blind to the rich 
milieu of synaptic interactions, synaptic plasticity, and subthreshold network oscil-
lations that reflect the state of the studied nervous system. This chapter describes a 
recently developed technique termed in-cell recording. This technique yielded for 
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the first time simultaneous, multisite, long-term recordings of action potentials and 
subthreshold synaptic potentials with matching quality and signal-to-noise ratio of 
conventional intracellular glass electrodes and the scalability of fabricated multi-
electrode devices. The in-cell recording and stimulation technique makes use of an 
array of cell-noninvasive micrometer-size protruding gold mushroom-shaped 
microelectrodes (gMμEs). The key to the multielectrode in-cell recording approach 
is the outcome of three converging cell-biological principles: (a) the activation of 
endocytotic-like mechanisms in which the cultured cells are induced to actively 
engulf gMμEs that protrude from the substrate, (b) the generation of high seal resis-
tance between the cell’s membrane and the engulfed gMμE, and (c) the localization 
of ionic channels (ohmic conductance) in the plasma membrane that faces the 
gMμE. We will describe the electrical, ultrastructural, and cell-biological properties 
of the interface between the cells and the gMμEs and provide the reader with a 
digest of the published studies carried out for the development of this technique.

3.1  Introduction

The emergence of modern neuroscience began when it was first realized that neurons 
communicate by generating electrical signals that can be amplified and monitored 
[1–5]. Understanding the physical, chemical, and biological mechanisms that 
underlie the generation of the electrical signals, their propagation along axons and 
dendrites, and transmission between neurons (synaptic transmission) greatly 
depended on the development of appropriate methods to monitor and generate the 
electrical activities of neurons. The timeline traverses from initial studies of impulse 
propagation and generation by extracellular electrodes [6, 7] to studies of mem-
brane biophysics, impulse propagation, and synaptic transmission with sharp intra-
cellular glass microelectrodes [5, 8–10] and to studies of membrane properties, 
synaptic transmission, and single ion channels by the patch clamp technique [11]. 
As the field progressed, it was clear that further advancement in the understanding 
of brain functions would require the simultaneous gathering of functional (electri-
cal) information from large populations of neurons for long periods of time (from 
hours to days and weeks). As aforementioned, the use of sharp or patch microelec-
trodes for parallel recording or stimulation from large populations of neurons is 
technically limited as the micromanipulation of the electrode tips toward target cells 
requires the use of rather bulky micromanipulators [12, 13]. In addition, the dura-
tion of intracellular recording and stimulation sessions by sharp-glass and patch 
electrodes is limited, because, with time, mechanical instabilities damage the 
plasma membrane or—in the case of the patch electrodes—perfusion of the cyto-
plasm into the volume of the glass electrode alters the intracellular composition of 
the cells [11]. These shortcomings precluded effective analysis of the electrical 
activity of large neural networks.

A solution to these problems was the impressive development of different forms 
of imaging technologies ranging from the use of voltage-sensitive dyes [14–16] to 
multiphoton imaging of activity-related calcium concentration transients [17–19] 
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and to fMRI [20, 21]. The major advantage of these imaging approaches is that they 
mostly do not harm the cells and can be performed for long periods of time. 
However, at high enough concentrations, optical imaging agents can be toxic to the 
cells and also change their phenotype. In addition, most optical neural recording 
methods require exposure of the tissue to acquire a signal, which falls significantly 
in deeper planes. It is worth noting that light-based in vivo recording and stimula-
tion of neuronal populations has also recently evolved as a strong field of research 
by the use of optogenetic techniques [22–25] but currently serves mainly as a 
population- specific stimulation method, with limited novel complementary meth-
odologies to concurrently record neuronal activity by either microfiber optic probes 
[26] or optical–electrical hybrid arrays [27, 28]. In the case of using fMRI for the 
recording of neural activity, the temporal resolution is not sufficient, reaching orders 
of magnitude below that of single action and synaptic potentials. In addition, fMRI 
suffers from low spatial resolution and the acquired signal reflects indirect manifes-
tations of neuronal electrical activity such as blood flow in capillaries [29].

Concurrently, large arrays of extracellular metal microelectrodes (MEAs) or 
semiconductor-based micro- and nano-transistors were developed [30–37]. The use 
of noninvasive extracellular microelectrode arrays enables to record and stimulate 
large populations of excitable cells for days and months without inflicting mechanical 
damages to the cell plasma membrane. The method has a time resolution suitable 
for the acquisition of spikes and synaptic potentials and allows for the stimulation 
of single neurons using current or voltage pulses [38–40]. The most severe disad-
vantage of extracellular recording electrodes is their low signal-to-noise ratio and 
the ambiguity in defining the origin of the recorded signals. Therefore, the use of 
extracellular electrodes is limited to recordings of field potentials generated by 
action potentials [41, 42]. Only in rare cases such as the Schaffer collaterals- 
pyramidal cells synapses in the CA1 region of the hippocampus can synchronized 
synaptic potentials in highly ordered neuronal networks be picked up by extracel-
lular electrodes [43]. Single excitatory or inhibitory subthreshold synaptic poten-
tials or membrane oscillations cannot be detected by currently used extracellular 
electrodes technology [44]. These shortcomings limit the use of extracellular 
recordings to the analysis of spike patterns and frequencies which relies heavily on 
spike sorting for the determination of the number of neurons which act as sources of 
the recorded signals [45, 46].

An ideal multiunit recording system should provide a readout that covers the entire 
spectrum of membrane potential events from the individually recorded neurons. 
This includes action potentials (APs), subthreshold excitatory and inhibitory post-
synaptic potentials (EPSPs and IPSPs, respectively), and subthreshold membrane 
oscillations. In addition, it should be possible to modulate the activity of individual 
neurons within the network by the application of current. The system should provide 
this readout simultaneously from hundreds of individual neurons and with a stable 
contact with the neurons for days and weeks.

The in-cell recording and stimulation system described herein [47–52] (Fig. 3.1) 
makes use of an array of cell-noninvasive micrometer-size protruding gold 
mushroom- shaped microelectrodes (gMμEs). The gMμE’s geometry and chemical 
functionalization trigger the activation of endocytotic mechanisms in which the 
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cultured cells are induced to actively engulf the gMμEs protruding from the substrate. 
These processes generate a high seal resistance (Rseal) between the cell’s membrane 
and the engulfed gMμE and also results in increased ohmic conductance, in 
the form of either voltage-independent ionic channels or membrane pores in the 
plasma membrane that faces the gMμE.

We begin with a brief technical description of gMμE fabrication and chemical 
functionalization followed by ultrastructural studies of the cell–gMμE junction. We then 
examine cytoskeletal and other cell-biological interactions between neurons and 
gMμEs and finally demonstrate the resulting high electrical coupling that enables 
long-term stimulation and recording of action potentials and synaptic potentials 
from multiple cells with signal-to-noise ratio comparable to that of glass- based 
micropipette electrodes.

3.2  Device Preparation

This section describes some of the technical aspects of device preparation for in-cell 
recording and stimulation as detailed also in published studies [48–52].

Fig. 3.1 The in-cell recording configuration. (a) Schematic representation of a neuron engulfing a 
gold mushroom-shaped microelectrode (gMμE). (b) The geometrical relationships between a neuron 
and a flat electrode. (c) Three Aplysia neurons cultured on an array of 62 gMμEs. (d) Raw action 
potential recordings from eight gMμEs (indicated by numbers also in c) in response to intracellular 
stimulation of the neuron by a conventional sharp microelectrode (Vm). Each trace depicts initially 
a 5 mV, 20 ms calibration pulse and then (following a delay) three action potentials. Reproduced 
from [51] © The Author(s)
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3.2.1  gMμE Fabrication

Device fabrication is based on complementary metal–oxide–semiconductor 
(CMOS) technology. Arrays of gMμE electrodes are prepared on either glass or 
silicon wafers (Fig. 3.2 and see also refs. [48–52]). The wafers are first dehydrated 
at 120 °C for 30 min and are then coated with a Ti (10–15 nm)/Au (45–65 nm) 
layer by way of evaporation (Fig. 3.2b), spin-coated with photoresist S-1813 (4,000 
RPM) and baked for 30 min at 90 °C (Fig. 3.2c). The first photolithographic pro-
cess is performed followed by Au/Ti wet etch to define the leads of the microelec-
trode array (Karl Suss MJB UV400 mask aligner was used at W = 44 mW cm−2 and 
exposure time of 4.4–4.6 s). Next, a second photolithographic step with thick pho-
toresist is performed to open holes for the deposition of the gMμE stalks as well as 
the contact pads (Fig. 3.2d). Gold mushrooms (along with thick metal on the con-
tact pads) are grown by way of electroplating (Fig. 3.2e). The dimensions and 
shape of the fabricated gold mushroom roughly imitate the shape of naturally 
occurring dendritic spines [53], with a stem height of approximately 1 μm, diam-
eter of approximately 800 nm, and a mushroom-shaped cap of ~2 μm in diameter. 
Parameters and electroplating solution are chosen to generate a rough texture of the 
mushroom head, which increases its effective surface and adhesion to cell membrane 
(Fig. 3.2g). Next, a layer of silicon oxide (~3,000 Å) is deposited by CVD processing. 

Fig. 3.2 Fabrication process of gMμEs. Silicon or glass samples (a) are coated with a Ti/Au layer 
(b) by electron-beam evaporation and are then spin-coated with photoresist material (c). Samples 
undergo photolithography using a photomask to define conducting lines and open holes through 
the photoresist (d). The gMμEs are grown on the surface by way of gold electroplating (e) and the 
photoresist layer is removed (f). (g) Scanning electron microscopic image of gMμEs fabricated on 
a glass surface. Reproduced from [48] © The Author(s)
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Another layer of photoresist is applied for a final lithographic step to expose the 
contact pads and the heads of the gold mushrooms, followed by wet oxide etch to 
selectively remove the oxide from the contact pads and the mushroom heads. 
Wafers are sawed and undergo manual bonding to a 62-pad printed circuit boards 
to which 21 mm glass rings are attached to create a recording bath chamber for in 
vitro recording.

3.2.2  Chemical Functionalization

In contrast to the classical approach of having to forcefully push microelectrodes 
into the cells, we induced engulfment of the gMμE by the cell using a peptide that 
triggers processes of phagocytosis at the cell–gMμE point of contact. Phagocytosis 
is a conserved cell-biological mechanism for the internalization of particles [54]. 
Processes of endocytosis and phagocytosis are known to be mediated by integrins 
and RGD-based ligands [55] whose participation in processes of cell-matrix adhe-
sion is also well established [56]. We have found that the peptide that induces 
engulfment of the gMμE by the cell most efficiently is a cysteine (C)-terminated 
peptide with a number of RGD repeats and a long decalysine (K10) spacer: 
CKKKKKKKKKKPRGDMPRGDMPRGDMPRGDM (MW 3,630 g/mol) [48, 49]. 
This peptide was referred to as the engulfment promoting peptide (EPP) and was 
covalently linked to the surface of the device. Functionalization of the gMμE gold 
surface with the cysteine-terminated peptide makes use of thiol–gold monolayer 
self-assembly and is done by direct application of the peptide onto the surface 
(1 mM in phosphate buffer saline at room temperature, overnight). The glass surface 
in between the gold mushrooms underwent surface functionalization using 
3- aminopropyltrimethoxysilane (APTMS, Aldrich, 1 % in MeOH, 10 min in room 
temperature) to introduce terminal amine groups to the glass surface. Samples were 
then washed with MeOH to remove uncoupled APTMS. The protein immobiliza-
tion linker 4-Maleimidobutyric acid sulfo-N-succinimidyl ester (sGMBS, Sigma, 
0.5 % in PBS) was then applied to the surface and washed with PBS after 40 min at 
room temperature. EPP peptide was then applied to the surface and left for 24 h in 
which the cysteinic thiol residue reacted with the maleimido part of the anchored 
linker. Samples were then washed with PBS.

3.3  Analysis of Cell–gMμE Interface

3.3.1  Ultrastructural Studies of Cell–gMμE Junction

Using transmission electron microscopy (TEM), we have found that different cell 
types, including Aplysia neurons, rat hippocampal neurons, Chinese hamster ovary 
cells (CHO), embryonic fibroblast cells (NIH/3T3), rat adrenal medulla cells 
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(PC- 12), and rat myocardium cells (H9C2), all engulf functionalized gMμEs 
[48, 57, 58].

Cells grown on flat glass cover slides coated by poly-l-lysin (PLL) adhere to 
the substrate forming a cleft with a thickness of 55.8 ± 28.9 nm, while occasionally 
the cleft dimension can be larger than 100 nm [48, 59]. When grown on a matrix of 
gMμEs coated with EPP (Fig. 3.3), cells engulf the protruding gMμE, forming 
intimate contact with a considerably smaller cleft thickness (Fig. 3.3c, d, and see 
[48, 58]). For example, the average width of the cleft formed between the plasma 
membrane of cultured Aplysia neurons and the flat substrate between the gMμEs 
is 56 ± 29 nm, while an average cleft width of 35 ± 21 and 30 ± 17 nm is observed 
between the gMμE head and stalk, respectively (Table 3.1). Moreover, in many 
of the electron micrographs, the plasma membrane appears to be in direct contact 
with the gMμE head and stalk (i.e., without a discernible space between the 

Fig. 3.3 Transmission electron microscopic images of gMμEs engulfed by various cell types.  
(a) CHO, fibroblasts (3T3), cardiomyocytes (H9C2), and rat adrenal medulla cell lines (PC-12). 
Scale bars, 500 nm. (b) Engulfment of multiple gMμEs by a 3T3 cell. Scale bar, 2 μm. (c, d) 
Aplysia neuron engulfing a gMμE coated with EPP. The gap formed between the plasma mem-
brane and the flat surface is 30–50 nm (black arrows). The gap between the gMμE structure and 
the plasma membrane is less than 30 nm, and in some areas, it cannot be defined and seems to be 
zero (gray arrows). White arrows indicate regions where the embedding polymer was torn most 
probably by post-embedding mechanical tension, as the quality of the fixation is evident by the 
preservation of the organelles (mt mitochondria, vs vesicle, er endoplasmic reticulum, gs area of 
flat gold substrate). Scale bars, 1 μm and 500 nm. Reproduced from [48] © The Author(s)
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plasma membrane and the gold surface; see Fig. 3.3d, gray arrows), suggesting a 
significantly tighter seal between the plasma membrane and the gMμE compared 
with the flat surface between the gMμEs. In fact, an estimated 10 % of the contact 
area between the plasma membrane and the gMμE stalk and 12.5 % of the contact 
area with the gMμE head form close adhesion with the cleft width in the range of 
0–10 nm (Table 3.2). The cleft formed between the flat substrate (in between the 
gMμEs) and the cell membrane rarely reaches values smaller than 10 nm 
(Table 3.2) despite the large variability observed (56 ± 29 nm; also see Table 3.1 
for other cell types).

The seal resistance (Rseal) formed at the cleft between the neuron and the sensing 
element of the electronic device is a major limiting factor for effective electrical 
recordings (for review, see [40]). Rseal depends on the width of the cleft (dc), the 
resistivity of the material within the cleft (ρc), and its planar dimensions. Rseal can 
therefore be calculated according to

 
R

r d
lseal

c

c

=
r

p2 × ×
×

 
(3.1)

where r is the radius of the gMμE head, taken as 0.95 μm, and l is the length of the 
resistor across which the transductive extracellular current flows and is taken as the 
axial circumference of the gMμE (approx. 4 μm). Assuming the specific resistance of 
the cleft ρj to be 100 Ω cm (electrolyte solution), we arrive at Rseal > 67 MΩ for cleft 
width dj < 10 nm. The seal resistance formed between cultured Aplysia neurons and 
a flat substrate was found to be 1.2 ± 0.43 MΩ [60]. Thus, our estimation suggests 
that the neuron–gMμE junction improves Rseal by at least 50-fold.

Table 3.1 Average width values (nm) of the cleft formed between the plasma membrane of 
various cell types and the flat gold surface in between the gMμEs, gMμE stalk, and gMμE head, 
according to the analysis of transmission electron microscopy images

Flat surface (nm) gMμE stalk (nm) gMμE head (nm) F-value

Aplysia 55.8 ± 28.9 35.2 ± 20.8 30 ± 16.7 F(2,357) = 43.5, p < 0.001
CHO 89.0 ± 66.4 31.2 ± 27.6 8.5 ± 16.3 F(2,357) = 89.6, p < 0.001
3T3 80.1 ± 63.1 37.5 ± 35.1 15.7 ± 10.2 F(2,447) = 90.7, p < 0.001
H9C2 122.8 ± 74.5 49.2 ± 41 49.8 ± 32 F(2,447) = 97.6, p < 0.001
PC-12 144.8 ± 117.6 31.4 ± 27.6 26.9 ± 24 F(2,447) = 132.4, p < 0.001

The fifth column depicts the significance of the difference between average cleft width values 
of the different areas examined (analyzed using one-way ANOVA). Reproduced from [48] 
© The Author(s)

Table 3.2 Percentage of the areas where the cleft width is in the 
range of 0–10 nm in various cell types

Cell type Flat surface (%) gMμE stalk (%) gMμE head (%)

Aplysia 0 10 12.5
CHO 0 14.2 24.2
3T3 0.7 18.7 35.3
H9C2 0.6  4  7.3
PC-12 0 10 10.7
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It should be noted that using TEM to assess the nature of the extracellular cleft 
formed between the plasma membrane of living cells and artificial substrates must 
be done with great caution as the procedures of chemical fixation, dehydration, 
embedding, and sectioning might generate alterations in the intracellular osmotic 
pressure and thereby generate structural artifacts [61]. Nevertheless, as is evident 
from the well-preserved structure of the mitochondria, vesicles, the endoplasmic 
reticulum, and the plasma membrane facing the bathing medium (Fig. 3.3d) in the 
electron micrographs, the fixation, dehydration, and embedding procedures did not 
produce osmotic pressure artifacts. The presence of electron translucent breaks 
within the embedding material, mainly (but not exclusively) at the curving junctions 
between the cells and the gMμE head as well as the stalk (e.g., Fig. 3.3d, white 
arrows), suggests that mechanical tension generated within the embedding polymer 
(Agar 100) leads to the detachment of the plasma membrane from the surface of the 
gMμE head only during sectioning of the agar block or the observations rather than 
at earlier stages of the procedures.

3.3.2  Live Confocal Imaging of Actin Cytoskeleton  
at the gMμE–Neuron Junction

The difference in the cleft width formed at the neuron–gMμE interface and the neu-
ron–flat-substrate interface as seen in TEM could result from mechanical stretching 
of the plasma membrane around the gMμE head by cytoskeletal elements that 
assemble around these structures. In order to assess whether the engulfment of the 
functionalized gMμE is mediated by actin and other submembrane cytoskeletal ele-
ments and molecular motors, we used confocal imaging of fluorescent probes in live 
Aplysia neurons grown on matrices of gMμEs [49].

Neurons cultured on gMμE matrices functionalized by either PLL or EPP were 
fluorescently labeled by expression of GFP fusion proteins. Initially we expressed 
GFP alone, thereafter because of the important role of actin in focal adhesion for-
mation [56], and in the generation of the mechanical forces associated with phago-
cytosis [62], we expressed GFP–actin by microinjection of mRNA encoding for 
GFP–actin. Expression of GFP–actin in cultured Aplysia neurons generates a dif-
fuse signal in the cytosol in association with the homogeneous distribution of globu-
lar actin, GFP–actin hotspots in association with focal adhesion, and high- intensity 
fluorescent GFP–actin stripes in association with F-actin [63, 64]. Confocal micro-
scope scans of 0.2 μm steps on the Z-axis were taken approximately 24 h after injec-
tion, and three-dimensional (3D) computer-aided reconstructions were prepared 
(Fig. 3.4). This procedure revealed that in both EPP- and PLL-functionalized matri-
ces, the cell body and the main axon engulfed many gMμE but to variable degrees: 
clear differences in engulfment were observed with respect to the coating used as 
full and tight engulfment of the head and stalk is significantly more frequent on 
EPP- compared with PLL-coated substrates (Fig. 3.4d–f). Moreover, intense 
GFP–actin fluorescent signal in the form of a complete or partial “actin ring” was 
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frequently detected surrounding the stem of the EPP-functionalized gMμE (Fig. 3.5), 
as compared with PLL-coated substrate where hotspots of actin were dispersed in a 
non-organized fashion throughout the plane of cell–substrate interface in between 
gMμEs (Fig. 3.5b, d).

We decided to examine the assembly of specialized protein structures around the 
stalk of the gMμEs using an additional molecular probe, namely, cherry-cortactin. 
Cortactin is an F-actin-associated protein that regulates actin assembly at multiple 
binding sites and serves mainly as a stimulator of actin nucleation and branching by 
activation of Arp2/3 [65]. Cells cultured on EPP-coated matrices and injected with 
cherry-cortactin displayed ring-shaped cortactin fluorescence surrounding the 

Fig. 3.4 Confocal microscope images of neurons expressing GFP–actin engulfing gMμEs. (a) An 
overview of a neuron cultured on 8 μm spaced gMμE matrix. The image is constructed of super-
positioning of transmitted light and confocal GFP–actin images. (b) A confocal image taken 
0.4 μm above the substrate surface. The equally spaced black dots depict single gMμEs. Inset: a 
computer-generated 3-dimensional reconstruction from a series of optical sections. (c) Zoom-in of 
a single PLL-coated gMμE engulfed by the neuron. Scale bars, 100 μm in (a), 10 μm for (b), 5 μm 
(b, inset), and 2 μm (c). The dashed lines denote plane of scan in both (b) and (c). (d, e): compari-
son of the engulfment of EPP- and PLL-functionalized gMμEs by neurons. Z-axis scans of the cell 
bodies of neurons cultured on a 4 μm (d) and 8 μm (e) inter-gMμE intervals. (f) Quantitative analy-
sis of the engulfment of EPP-coated (black) and PLL-coated gMμE matrices (gray) as viewed from 
z-scans of GFP–actin expressing neurons. Scale bars, 8 μm. Reproduced with permission from 
[49], © (2009) IOP Publishing
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gMμE stalks, and in addition, when co-expressed, actin and cortactin fluorescence 
were generally colocalized [49].

These findings show that the gMμEs functionalized with EPP promote engulf-
ment and actin polymerization around the stalk of the gMμE. Interestingly, in EPP 
actin rings are dominantly formed around the stalk, whereas the actin density along 
the substrate and the head of the gMμE is small (Fig. 3.5a, c). This suggests that in 
addition to the chemical signaling generated by the EPP, the mechanical tension 
generated by the geometry of the gMμEs also provides meaningful information for 
actin assembly, as is consistent with other studies [56]. However, as PLL alone 
does not generate tight engulfment of the gMμEs by the neurons, the geometry of 
the gMμEs is not sufficient by itself to trigger specific interactions between the cell 
and substrate.

Fig. 3.5 Occurrence of “GFP–actin rings” surrounding the stems of EPP- and PLL-coated gMμEs. 
(a) and (b) depict the cell somata of Aplysia neurons cultured on EPP- and PLL-coated 8 μm 
spaced gMμE matrices, respectively. Relative intensity scale of the GFP–actin is shown at the top 
of both (a) and (b). Images were taken at the plane of the gMμE stem. Insets: corresponding trans-
mitted light images of the cell bodies. Scale bars, 25 μm. (c) A ring of GFP–actin signal surround-
ing the stem of a gMμE. Left-hand side, ZX-axis scan; right-hand side, XY-axis scan taken at the 
plane of the gMμE stem (scale bar, 1 μm for both scans). (d) Comparison of the occurrence of actin 
rings surrounding the stems of gold spines on 4, 8, 12, and 16 μm matrices, coated with either EPP 
(black) or PLL (gray). Reproduced with permission from [49], © (2009) IOP Publishing
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The observation that the engulfment of gMμEs is associated with the assembly 
of GFP–actin rings around the stalk raised a number of questions. How fast does an 
actin ring assemble after the plasma membrane comes in contact with the gMμE? 
Given that the cytoskeletal elements are generally dynamic structures and that actin 
skeleton associated with adhesion plaques is highly dynamic [66], how stable are 
the formed actin rings?

To study the dynamics of actin ring assembly, we took advantage of earlier 
observations from our laboratory showing that axonal transection of cultured 
Aplysia neurons results in the formation of a growth cone in the form of an extending 
flat lamellipodium at the tip of the cut axon (for review, see [67]). The extension of 
a lamellipodium within 10–20 min after axotomy provides an opportunity to image 
the kinetics of GFP–actin ring formation during the first interaction of the plasma 
membrane with a functionalized gMμE. We found that within 2–12 min of contact 
between the flat lamellipodium and a gMμE, distinct actin rings are assembled 
(Fig. 3.6). Using a criterion of ring integrity (>75 % of the gMμE stalk is surrounded 
by circular high fluorescent GFP–actin), we found that 48 h after plating, the actin 
rings are dynamic: a single actin ring disappears and reappears at an average 
frequency of 4·10−3 Hz ± 0.2·10−3. Imaging the actin-ring temporal dynamics once a 
day over a period of 10 days revealed that even though the number of gMμEs 
enwrapped by actin rings remains unchanged, the actin-ring temporal dynamics are 
significantly reduced [49].

Fig. 3.6 Growth cone extension of transected axon on EPP-coated 8 μm spaced gMμE matrix. (a) 
Shown are the cell body (upper part) and its axon. Axotomy was applied along the double-headed 
arrow leading to the formation of a growth cone in the form of an extending flat lamellipodium 
(lower part of the images in b–d). (b) Ten minutes after axotomy, (c) twenty-two minutes, and (d) 
thirty-two minutes post axotomy. In (c), two arrows on the right indicate accumulation of GFP–
actin in the form of rings around the stem of a gMμE. Two arrows on the left indicate advancing 
lamellae in the process of forming actin rings (scale bars, 10 μm). Reproduced with permission 
from [49], © (2009) IOP Publishing
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The formation of non-static actin rings at the stalk of the gMμEs suggests that the 
actin cytoskeleton is being constantly remodeled around the protruding structures in 
response to the extracellular chemical and mechanical signals. This process could be 
a result of nucleation of new actin filaments and/or consecutive repolymerization and 
depolymerization of existing actin filaments [68] similarly to adhesion processes 
occurring at the leading edge of motile or growing cells. We have also shown that the 
dynamic nature of rings of actin stabilizes around the stalks of the gMμEs approxi-
mately 2 weeks after culturing. This might correlate to common behavior of cells in 
vitro, where they often reach a structural steady state after a certain amount of time  
[69]. The dynamic nature of actin has also been observed at developing synapses of 
CA1 pyramidal neurons in rat hippocampal slices [70] where photoactivated GFP–
actin was used to assess F-actin turnover rate in plastic dendritic spines. In that study, 
it was shown that actin exists in distinct pools, with a turnover rate of tens of seconds 
for the dynamic pool and minutes for the stable pool, not unlike the aforementioned 
observations. Additionally, previous studies show that monomeric G-actin is con-
stantly being polymerized into ring-shaped networks of F-actin in endocytic hotspots 
of lamprey synapses [71, 72]. Although in these studies it was demonstrated that the 
actin rings at areas of vesicle recycling are stable, it was shown nonetheless that there 
is a constant dynamic turnover as is evident by the application of actin depolymer-
izing toxin latrunculin B which prevents the incorporation of G-actin into the F-actin 
rings. Could the dynamic nature of the cytoskeleton at the vicinity of the gMμE 
reflect the formation of presynaptic structures? In light of the dynamic reorganizing 
nature of actin and cortactin surrounding the stalks of the gMμEs, it should be no less 
than exciting to check for the existence of synaptic-related proteins [73] in the area 
of interaction between the neurons and the gMμE.

3.4  In-Cell Recording and Stimulation

Ultrastructural studies and live confocal imaging demonstrate a tight and active 
interface between cells and gMμEs. We now turn to the electrical implications of 
this tight seal. We will explore the ability of gMμEs to provide simultaneous, mul-
tisite, long-term stimulation and recording of action potentials and subthreshold 
synaptic potentials. We will show signal quality and signal-to-noise ratio comparable 
to that of conventional intracellular glass micropipette electrodes while maintaining 
scalable design options of multielectrode devices. This section is based on pub-
lished studies [50–52] in which further technical information can be found.

3.4.1  In-Cell Recording of Action Potentials  
and Membrane Hyperpolarization

The experiment described in Fig. 3.7 (also described in [50]) depicts the main 
features of the “in-cell recording” configuration. For the experiment, an Aplysia 
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Fig. 3.7 In-cell recording of action potentials and subthreshold hyperpolarizing pulses by gMμEs. 
A neuron was cultured for 2 days on a gMμEs array device. Recordings of action potentials and 
hyperpolarizing pulses generated by an intracellular glass microelectrode inserted into the soma 
were made from eight gMμEs (e1–e8). Six gMμEs reside under the neuron (e1–e6) and two away 
from it (e7 and e8). (a) A 5 mV, 10 ms square calibration pulse is delivered at the onset of each 
voltage trace. Depolarizing current pulses injected through the intracellular electrode (a, i and ii) 
generated membrane depolarization which reached threshold to fire a single action potential (i) and 
a train of action potentials (ii). These action potentials were recorded by gMμEs e1–e6. The trace 
showing the trains of action potentials recorded by the intracellular electrode and gMμEs e1, e5, 
and e6 in (ii) are enlarged in (b). Note the differences in the shapes and amplitude of the 5 mV 
10 ms calibration pulses and the action potentials. In columns iii and iv, hyperpolarizing square 
pulses were delivered by the intracellular glass microelectrode. The different degrees of electrical 
coupling between the neuron and the gMμEs and the differences in the filtering of the DC pulse by 
the different gMμEs are apparent (ii and iv). Reproduced from [50] © The Author(s)
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neuron was cultured for 2 days on an array of 62 gMμEs functionalized with the 
engulfment promoting peptide (EPP). A sharp-glass microelectrode for both current 
injection and voltage recording was inserted into the soma of the neurons. 
Depolarizing current pulses of varying intensities (Fig. 3.7a, columns i and ii) were 
delivered by the intracellular electrode and generated a single or a train of action 
potentials recorded by the same glass microelectrode and the gMμEs. The action 
potentials recorded by the gMμEs were monophasic, positive potentials that resem-
ble in shape the intracellularly recorded action potentials (APs, Fig. 3.7a, b). In this 
experiment, APs were recorded by six gMμEs that resided beneath the stimulated 
neuron’s cell body (Fig. 3.7, e1–e6, blue). The amplitudes of the raw APs recorded 
by e1–e5 were in the range of 5–10 mV, while those recorded by e6 were smaller 
than 1 mV, reflecting differences in the electrical coupling between the neuron and the 
individual gMμEs. Interestingly, even the small APs of e6 were positive monophasic 
potentials. Other gMμEs not residing beneath the neuron’s cell body did not record 
any signals (e7, e8). This fact demonstrates the lack of cross-talk artifacts from 
neighboring microelectrodes. Using the same configuration, we recorded in other 
experiments monophasic action potentials with amplitudes of up to 25 mV [51].

Hyperpolarizing pulses of increased amplitude delivered by the intracellular 
microelectrode generated membrane hyperpolarization (Fig. 3.7, columns iii and iv) 
that were picked up also by gMμEs e1–e6. This clearly demonstrates that the interface 
formed between the neuron and the gMμE generates electrical coupling sufficient to 
enable parallel multiple site recordings of APs and subthreshold potentials.

3.4.2  In-Cell Recording of Subthreshold Synaptic Events

To further illustrate the quality of the recording provided by the gMμE-based micro-
electrode array, we cocultured homologous Aplysia neurons that form electrical 
synapses [74]. Figure 3.8 depicts an experiment performed on two neurons cultured 
on a gMμE array for 2 days. For the experiment, a sharp-glass microelectrode for 
both current injection and voltage recording was inserted to neuron 1, and record-
ings were made with a gMμE from neuron 2 (Fig. 3.8a). Hyperpolarizing square 
current pulse delivered to neuron 1 generated membrane hyperpolarization of neu-
rons 1 and 2 (Fig. 3.8b). The coupling coefficient (the algebraic scaling factor) 
between neuron 1 (as recorded by an intracellular DC-coupled electrode) and the raw 
signal recorded in neuron 2 (by the AC-coupled gMμE, Fig. 3.8biii) was estimated to 
be 0.2–0.3. Consistent with these observations, firing of neuron 1 (Fig. 3.8cii) gener-
ated an excitatory postsynaptic potential (EPSP) in neuron 2 (Fig. 3.8ciii) which 
reached threshold to initiate an AP (Fig. 3.8ciii). The AP in neuron 2 (Fig. 3.8ciii) 
in turn initiated an EPSP in neuron 1 (Fig. 3.8cii). Trains of action potentials gener-
ated by the intracellular electrode in neuron 1 (Fig. 3.8c, right column) generated a 
train of EPSPs in neuron 2 that summated to fire a train of action potentials (Fig. 3.8c 
right panel).

It is important to note that the impedance of the gMμEs and the AC amplifiers 
used for the recording by the gMμE alter the shape of the recorded signals compared 
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with those recorded by the DC-coupled intracellular sharp-glass electrode. 
The electrical impedance depends on the ionic bilayer (also known as the electrical 
double layer) [75] formed at the interface between the gMμE and the culture medium 
and of the AC amplifier used. In addition, the attenuation in the amplitude is further 
attributed to the quality of the seal resistance formed between the plasma membrane 
and the gMμE and the conductance of the patch of plasma membrane that faces the 
gMμE. Since the parameters that represent individual neuron–gMμE junction are 
not identical, the alterations in the signal shape and attenuation factor differ for 
individual gMμEs, as is reflected by the differences in the shapes and amplitude of 

Fig. 3.8 In-cell recording of subthreshold synaptic potentials. (a) Experimental setup. (b) 
Hyperpolarizing square current pulse (i) delivered to cell 1 (right-hand side in a), generated mem-
brane hyperpolarization of both cells 1 and 2, and picked up by the glass micropipette electrode 
and the gMμE (b ii and iii, respectively) demonstrating the electrical coupling between the cells. 
(c) Depolarizing square current pulse (i) delivered to cell 1 elicited firing of an action potential  
(c ii) and generated an excitatory postsynaptic potential (EPSP) in cell 2 picked up by the gMμE 
(c, iii). The AP in cell 2 (c, iii) in turn initiated an EPSP in cell 1 (c, ii) (insets: close-up of concur-
rently recorded EPSPs and APs in both cells). Trains of action potentials (right-hand-side panels) 
generated by the intracellular electrode in cell 1 generated a train of EPSPs in cell 2 (iii) that sum-
mated to fire a train of action potentials. Reproduced from [50] © The Author(s)
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the 5 mV 10 ms calibration pulses and the action potentials (Fig. 3.7). Nevertheless, 
these individual alterations can be corrected using the calibration pulse as a refer-
ence and employing either an offline or a real-time negative capacitance compensa-
tion circuit [51, 76, 77]. Thus, in spite of the filtering and attenuation of the signals 
by the gMμE impedance and AC-coupled amplifier, the quality of recording by the 
extracellular positioned gMμE is of unprecedented quality.

3.4.3  In-Cell Stimulation

Analysis of neuronal circuits largely relies on repeated use of stimulating elec-
trodes. It is of critical importance that stimuli are delivered without damaging the 
cells [78]. Whereas current injection (stimulation) by intracellular sharp-glass elec-
trodes or patch electrodes involves no difficulty, stimulation by extracellular high- 
impedance electrodes is complicated by the relatively limited charge transfer to the 
plasma membrane, by the risk of damaging the cells by electroporation [7, 79, 80], 
or by irreversible electrochemical reaction products [81–84]. To overcome these 
problems, trains of weak capacitive stimuli can be delivered to cultured cells to 
activate local sodium currents that generate sufficient depolarization to reach the 
firing threshold [78]. While this approach is safe, it might complicate experimental 
protocols in which precisely timed consecutive stimuli are to be delivered.

We now examine whether the interface formed between the gMμEs and the 
neurons as well as the gMμE properties supports effective stimulation of the neu-
rons without inducing irreversible electroporation. To that end, a neuron cultured on 
a gMμE-based microelectrode array was impaled by a sharp electrode for both 
current injection and voltage recordings (Fig. 3.9). We next characterized the cou-
pling level between the neuron and the gMμE and selected to concentrate on two 
gMμEs, one with high coupling (gMμE-1) and the other with low coupling values 
(gMμE-2) (Fig. 3.9a). Hyperpolarization of the neuron by current injection through 
the intracellular electrode leads to gMμE-1 and to a much smaller extent gMμE-2 
(Fig. 3.9bi). Consistently, depolarization of the neuron to fire an action potential 
leads to the generation of an action potential of ~3 mV recorded by gMμE-1 and 
~0.5 mV by gMμE-2 (Fig. 3.9ci and di, respectively). Delivering a single depolar-
ization square voltage step of 1–10 ms with an increasing voltage from 1,400 to 
1,800 mV by gMμE-1 evoked depolarization of the neuron which reached threshold 
to fire action potentials as recorded by the glass microelectrode (Fig. 3.9e, upper 
panel). Applying similar current pulses to gMμE-2 depolarized the neuron but failed 
to reach threshold (Fig. 3.9e, bottom panel).

To examine whether this series of stimulations (5–10 stimulations per experi-
ment) via the gMμE induced damages to the neuron, we once again delivered hyper-
polarizing pulses through the intracellular glass microelectrode and measured the 
input resistance and the coupling between the neurons and the gMμEs. As seen in 
Fig. 3.9 (bii, cii, and dii), the stimuli delivered by the gMμE did not induce detect-
able changes to the neuron’s input resistance or altered the coupling coefficient 
between the neuron and the gMμE.
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Fig. 3.9 Stimulation by gMμEs without damage to the cell. (a) Experimental setup. (b) 
Hyperpolarizing square current pulse delivered to the cell by the glass micropipette intracellular 
electrode generated membrane hyperpolarization detected by both high- and low-coupled gMμEs 
(gMμE1 and gMμE2, respectively, in i). The input resistance and level of coupling between the 
neuron and gMμE1 and gMμE2 were not changed before and after the application of stimuli deliv-
ered by gMμE1 and gMμE2 stimulation (shown in e). (c, d) Action potential shape, duration, and 
amplitude as recorded by gMμE1 and gMμE2. These are not changed by the use of gMμE1 and 
gMμE2 to stimulate the neuron (shown in e). (e) Stimulation of the neuron by gMμE1 and gMμE2 
while recording with the intracellular glass microelectrode. The strength of the applied stimulus 
and its duration are given below the traces. Note that whereas the high-coupled gMμE1 (upper 
panel) generated an action potential, the low-coupled electrode did not reach threshold. Reproduced 
from [50] © The Author(s)
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We conclude that with the observed high coupling coefficient, the in-cell 
configuration enables the application of sufficient current to reach firing threshold 
of the neuron without inflicting damages to the plasma membrane or the junction.

3.4.4  Stability of the gMμE–Neuron Junction

A critical feature of the extensive use of extracellular recording for in vitro and in 
vivo research purposes as well as for potential future clinical applications is the 
cell- noninvasive nature of the electrodes which permits long-term recordings. In an 
earlier study, we established that culturing Aplysia neurons on a dense matrix of 
gold mushroom-shaped protrusions (gMμPs) for over a week does not alter the 
excitable membrane properties and synaptic physiology of the neurons [48]. We 
now turn to examining the functional stability of the junctions formed between the 
neurons and the gMμE. We began to examine this question by culturing spontane-
ously active Aplysia neurons on gMμE-based microelectrode arrays (Fig. 3.10 and 
see [50]). We found that effective electrical coupling between neurons and gMμEs 
was maintained for over 48 h. It should be noted that in these experiments, the 
shape and amplitude of the action potentials over this period were not absolutely 
stable. We avoided the risk of culture contamination by not taking off the 
cover from the culture dish for insertion of a conventional sharp intracellular 

Fig. 3.10 Long-term  
in-cell recording from a 
spontaneously active neuron. 
(a) Recording sessions from 
the same neuron of hours and 
days are maintained (time is 
given on the left-hand side). 
(b) Calibration pulse along 
2 days of recordings. (c) 
The shapes and amplitudes of 
the raw action potentials 
recorded by gMμEs along 
2 days. (d) Deconvolution of 
the recorded action potentials 
using the calibration pulses 
and a capacitance 
compensation circuit (see 
[51]). Reproduced from [50] 
© The Author(s)
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microelectrode for comparison. Nonetheless, a number of mechanisms could 
account for the observed changes. These include small alterations in the neurons’ 
resting potential, changes in the junctional membrane resistance, or seal resistance 
(see Sect. 3.4.5, equivalent electrical circuit of the in-cell configuration). To the 
best of our knowledge, such recording sessions of intracellular readout with lengths 
of over 2 days were never conducted prior to this study.

3.4.5  In-Cell Configuration: Ohmic Conductance  
at the gMμE–Neuron Junction

The unprecedented electrical coupling between neurons and engulfed gMμEs can 
be explained by the use of the analog electrical equivalent circuit shown in Fig. 3.11. 
The model includes the following: (a) a neuron composed of a non-junctional 
membrane characterized by a passive RC circuit with parameters (Rnj; Cnj) and a 

Fig. 3.11 The in-cell configuration: ohmic conductance at the junctional membrane. (a) Equivalent 
circuit of gMμE–neuron junction. (b) and (c): coupling coefficient as a function of seal resistance 
and the resistance of the junctional membrane in high-frequency (100Hz) (b) and low-frequency 
(1Hz) (c) signals. (d) In-cell stimulation: maximum membrane depolarization as a function of 
amplitude of voltage-based stimulation through the gMμE in high (circles) and low (squares) 
capacitance gMμEs. Application of an ~1,500 mV voltage results in a maximum depolarization of 
~35 mV, which is sufficient to elicit an action potential. Reproduced from [50] © The Author(s)
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junctional membrane facing the gMμE (Rj; Cj), (b) the cleft formed between the 
neuron’s plasma membrane and the surface of the gMμE (Rseal), and (c) the gMμE 
itself (RgMμE and CgMμE). The majority of parameters used for the simulation was 
obtained from direct measurements or by calculations of the physical parameters 
that fit the specific geometry of the gMμE and the neuron–gMμE interface (for 
further detail, see [50]). The expected coupling coefficient for action potentials 
(high frequencies of 100–1,000 Hz) and long (DC) pulses were calculated as a func-
tion of Rseal using different values for the junctional membrane resistance (ranging 
from 10 MΩ to 100 GΩ, Fig. 3.11b, c). Rseal was taken to be ~100 MΩ (see Sect. 3.3.1 
and [48]).

Based on these parameters, we evaluated the range of possible values of the junc-
tional membrane resistance which generate the experimentally observed coupling 
coefficient (i.e., 0.05–0.5) to be 10–100 MΩ. Assuming that the junctional mem-
brane conductance is increased by recruitment of voltage-independent ionic chan-
nels such as potassium channels with single-channel conductance of 10–100 pS, 
then ~10–100 such channels have to concentrate within the confined area of the 
junctional membrane. This would imply a density of approximately 0.5–10 
channels/μm2. This density is physiological and was documented in many cell 
types [85].

It is important to recall that the coupling between the neurons and the gMμEs 
depends on the value of Rseal. Reducing Rseal to values below 100 MΩ reduces the 
coupling coefficient drastically (Fig. 3.11b, c).

Using the same values, it is also possible to simulate the experiments of Fig. 3.9e, 
modeling the membrane depolarization induced by the delivery of a millisecond 
long voltage stimulation pulse by a gMμE. Figure 3.11d depicts the membrane 
depolarization induced by such a pulse assuming that Rj = 100 MΩ, Rseal = 100 MΩ, 
and gMμE capacitance is either low (5 pF) or high (40 pF). We have found that for 
high-capacitance gMμEs, an ~1,500 mV voltage results in a maximum depolariza-
tion of ~35 mV, which is sufficient to elicit an action potential. This correlates with 
the empirical findings as shown in Fig. 3.9e.

As discussed in Sect. 3.3, engulfment of gMμEs is much more effective when 
they are functionalized with EPP than with PLL. This suggests that EPP plays a role 
in the induction of the engulfment and that binding between receptors displayed on 
the plasma membrane and the EPP activates a highly conserved cascade leading to 
phagocytosis-like processes [54]. The neurons then elevate the conductance of their 
plasma membrane facing the gMμEs in concert with the assembly of a cytoskeletal 
actin ring around the stalk of the gMμEs. The geometry of the gMμEs plays an 
important role in these cytoskeletal reorganizations [48] as sensing of surface 
topography by the cell plays a significant role in the regulation of cell functions 
(for review, see [86]). Convex surfaces are known to cause BAR-domain protein 
(Bin, Amphiphysin, Rvs domain) to release Rac (a GTPase), which in turn leads to 
local cytoskeleton rearrangements. This may result in redistribution of ion channels 
and the introduction of ohmic conductance at the neuron–gMμE junction. In addi-
tion, changes in mechanical tension of the inner and outer faces of the lipid bilayer 
by the curvature of the gMμE geometry may result in the activation of ion channels 
or passive increase in local conductance.
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3.5  Concluding Remarks

We have seen that the neuron–gMμEs interface forms an unexpectedly tight junc-
tion which supports high-quality bidirectional electrical coupling. This configura-
tion enables in-cell recording with quality and signal-to-noise ratio that matches 
classical sharp- and patch-electrode intracellular recording. The interface also sup-
ports “in-cell stimulation” by milliseconds-long single pulses without damaging the 
cell membrane. Consistent with the extracellular position of the gMμEs with respect 
to the neurons, the recording sessions could last for over 2 days and most likely for 
significantly longer periods.

A number of challenges lie in the path toward the translation of in-cell recording 
and stimulation to in vivo mammalian neural networks [57, 58]. A more sophisti-
cated chemical functionalization of the device, suitable for the diverse population of 
cell types in the living brain, will most likely be necessary in order to specifically 
target neurons and prevent professional phagocytotic cells such as microglia from 
engulfing the electrodes.
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