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Abstract Sections
Microelectrode arrays (MEAs) are devices capable of recording Introduction
extracellular action potentials (spikes) from many neurons Experimentation

simultaneously and with high spatial and temporal resolution. MEAs
have emerged as an invaluable tool for understanding how networks
of neurons govern complex sensory, motor and decision-making
processes. In this Primer, we introduce various in vivo MEA designs 5252‘2‘.1‘-.‘5?"“”"‘”' data
and describe their construction, characterization and applications.

We describe approaches for effective device implantation and the use of
MEA recordings in behavioural experiments. We then discuss strategies | Outlook
for obtaining high-quality and stable electrophysiological recordings,
including through mitigating the foreign body reaction. We introduce
thereader to spike sorting approaches with afocus on semi-automated
sorting of high-channel-count data, as well as to the analysis of sorted
spikes and their uses. Finally, we cover future trends and emerging MEA
technology designed to expand current capabilities and overcome
limitations, with afocus on biomimetic and multifunctional devices.
This Primer should provide the reader with afoundationin the
fundamental principles of MEA technology for in vivo use.

Results

Applications

Limitations and optimizations

'Department of Bioengineering, University of Pittsburgh, Pittsburgh, PA, USA. Center for the Neural Basis of
Cognition, Pittsburgh, PA, USA. ®Neuroscience Institute and Department of Neurology, NYU Grossman School of
Medicine, New York University, New York, NY, USA. “Department of Electrical Engineering and Computer Science,
University of Michigan, Ann Arbor, MI, USA. ®Systems Neuroscience Center, University of Pittsburgh, Pittsburgh,
PA, USA. ®Department of Electrical and Computer Engineering, Rice University, Houston, TX, USA. ‘Department
of Biomedical Engineering, University of Michigan, Ann Arbor, Ml, USA. 8Department of Mechanical Engineering,
University of Michigan, Ann Arbor, MI, USA. °Center for Nanomedicine, Institute for Basic Science (IBS), Yonsei
University, Seoul, Republic of Korea. "°Laboratory for Biomedical Microtechnology, Department of Microsystems
Engineering-IMTEK, University of Freiburg, Freiburg, Germany. "BrainLinks-BrainTools, University of Freiburg,
Freiburg, Germany. “Rice Neuroengineering Initiative, Rice University, Houston, TX, USA. ®*Department of
Bioengineering, Rice University, Houston, TX, USA. “Janelia Research Campus, Howard Hughes Medical Institute,
Ashburn, VA, USA. ®Department of Biomedical Engineering, Johns Hopkins University, Baltimore, MD, USA.
e-mail: xicll@pitt.edu

Nature Reviews Methods Primers | (2025) 5:31 1


http://www.nature.com/nrmp
https://doi.org/10.1038/s43586-025-00399-7
http://crossmark.crossref.org/dialog/?doi=10.1038/s43586-025-00399-7&domain=pdf
http://orcid.org/0000-0002-8357-2770
http://orcid.org/0000-0002-4129-5920
http://orcid.org/0000-0003-3390-4631
http://orcid.org/0000-0001-7287-8291
http://orcid.org/0000-0002-7349-4254
http://orcid.org/0000-0002-5544-2864
http://orcid.org/0000-0002-0470-2005
mailto:xic11@pitt.edu

Primer

Introduction

Neuronal cells have a highly dynamic membrane potential and produce
action potentials that can be measured using electrodes placed nearby
and coupled to amplifiers and recording instruments. These measure-
ments of the activity of neural tissue can be used to elucidate how the
nervous system coordinates bodily functioning and generates sensa-
tion, decision, action and emotion. Neural tissue can also be excited
through chargeinjectionby electrodes. The combination of these tools
has great potential for understanding and treating neuropathological
conditions and for restoring lost neural function in both preclinical
and clinical settings.

There are many different forms of electrodes and electrode arrays
for recording and stimulating neural activity in vivo. Electrodes can
beclassified by how they interface with the nervous tissue, as surface,
intracortical orintraneural, as well as whether their intended anatomi-
caltargets are part of the central or peripheral nervous system (PNS).
They canalso be classified by size, where macroelectrodes have a geo-
metricsurface areaof>10,000 um?and microelectrodes <10,000 pm?>
Microelectrodes canagainbe subdivided into single microelectrodes
and microelectrode arrays (MEAs)'. In this Primer, we focus on the use

Box 1| Advantages of simultaneous
multichannel recordings

Much foundational neuroscience in the early part of the twentieth
century was accomplished using only single microelectrodes,
made by electrochemically sharpening thin wires and drawing
glass pipettes®*>®*°. Continued technological development has
led to microelectrode arrays (MEAs) with increasing numbers

of recording channels on a single device. This makes it possible
to record action potentials from multiple individual neurons

and to sample the rich spatiotemporal dynamics of neuronal
networks. The benefits of MEA recording also include a higher
data collection rate and online decoding of accurate neural
representations, which is necessary for the design of closed-

loop experiments in which the responses of neurons influence
the conditions of the experiment, as well as the online control
necessary for biomedical applications. MEA recordings also

allow for the synchronous determination of both the spatial and
temporal distribution of responses, allowing for a more accurate
mapping between how neurons are distributed in the tissue and
how they process information®’. Importantly, this can be used to
gather direct evidence for the interconnectedness of neurons and
neural populations and how this links to behaviour®*4**°, The tuning
functions of individual neurons are noisy and can rarely be used
to unambiguously transform firing rate or firing time to encoded
variables. Responses of multiple simultaneously recorded
neurons are required to remove such ambiguity. For example, in

a centre-out reach task, a motor neuron that is best activated by

a reach +90° from anterior body orientation might have roughly
equivalent responses to a +45° and a +135° reach; therefore,
simultaneous recording from additional neurons with different
preferred tuning directions is usually necessary to unambiguously
decode movement direction. In studies that involve multiple
external variables with high degrees of freedom (such as joint
angle, motion speed or force), recordings from a group of neurons
with various receptive fields are necessary.

ofintracorticaland intraneural MEAs in vivo and what they canachieve.
MEAs are typically designed to be used in mammalian model organisms
suchasrodents, swine and non-human primates.

AnMEA consists of asingle integrated device containingindepend-
entelectricallyisolated and individually addressable microelectrodes,
each capable of recording electrical signals from one or a group of
neurons. MEAs can vary from 10 to more than 1,000 electrodes and
generally include acomponent for connecting the microelectrodes to
equipment for amplifying, digitizing, storing and processing signals.
Thisiscommonly referred to as abackend, or headstage when the MEA
ismounted to the head. Compared with other modalities for measuring
neuronal activity such as macroelectrodes, functional MRI, functional
near-infrared spectroscopy, electroencephalography, electrocorti-
cography and fluorescent Ca* imaging, MEAs give comparatively high
spatiotemporal specificity and good signal-to-noise ratio (SNR) and,
unlike other methods, enable the sampling of action potentials from
individual neurons under proper experimental conditions. By contrast,
macroelectrodes only access the aggregate signal from many neurons,
ameasurement known as local field potential (LFP). The increasingly
high electrode density and optimization of the spatial arrangement
and dimensional topology of modern MEAs allow sampling of alarge
number of neurons across multiple areas and multiple layers of nerv-
ous tissue, with information about the relative locations of neurons
inferred based onthe geometry of the MEA. This makes MEAs a uniquely
powerful tool for understanding the complex functions of neuronal
ensembles (Box1).

The mechanical and electrical properties of MEAs can be defined
during fabrication, givingrise to alarge design space that hasyettobe
fully explored. This has led to a proliferation of new MEA geometries
suited to particular anatomical targets and refinements forimproving
performance, suchas mechanically flexible MEAs and surface modifica-
tions toimprove tissue integration, electrode coatings toincrease SNR
andtheintegration of optogenetic capabilities via micro-light-emitting
diodes (LLEDs). These advancements are improving the longevity
and stability of neural recordings as well as the number of neurons
recorded and are essential for performing complex in vivo recording
and stimulation experiments to elucidate the neural underpinnings of
sensation and action (for examples of scientific questions that can be
addressed, see the ‘Applications’section). MEAs have been used in vitro
for recording from and stimulating brain slices, ex vivo retina, nerve
models, organoids and cultured neurons®*. Chronically implanted
MEAs have successfully been used for implantable brain-computer
interfaces (BCls) and brain-machine interfaces>® to control cursor
movements’”® and robotic prostheses”', a system being explored as
treatments for paralysis after spinal cord injury and stroke". MEAs are
also beinginvestigated for speech decoding'>", tactile feedback™ and
restoration of hearing and sight™°. Further applications of MEAs out-
side the nervous system include electrical recording and stimulation
of cardiac tissue" ", skeletal and smooth muscle??. In fibroblasts and
endothelial cells, electrical stimulation has been shown to influence cell
migration and wound healing®.

MEAs fall into several broad categories based on their materials
and construction. Different MEA designs are available off-the-shelf
from neurotech research companies. Many research laboratories
also custom-fabricate or modify existing MEAs to suit the needs of
their particular experiments or to test the efficacy of novel designs.
The most common types of MEAs are silicon arrays, complementary
metal-oxide-semiconductor (CMOS)-integrated arrays, flexible arrays
and microfibre and microwire arrays (Fig. 1).
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Fig.1| Types of microelectrode arrays. a, Schematic of a single-shank silicon
planar microelectrode array (MEA). Bottom right: schematic of a multi-shank
stacked silicon MEA. b, Schematic of a high-density array with complementary
metal-oxide-semiconductor (CMOS) integration pre-fabricated underneath
the recording sites. Fabricated from silicon oxide on asilicon wafer with a
silicon nitride top insulation layer and titanium nitride microelectrode sites and
reference electrode®. ¢, Schematic of a Utah silicon MEA. Inset shows a single
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shank with the de-insulated platinum tip and parylene insulation layer.

d, Schematic of a flexible polymer MEA attached to a printed circuit board (PCB).
Inset shows the probe shank with a hole for anchoring atemporary insertion
shuttle. e, Schematic of a multi-shank flexible polymer MEA. Dark spots are
individual electrode sites. Part aadapted with permission fromref. 38, IEEE.
Partainset adapted with permission from ref. 347, IEEE. Part c adapted with per
mission fromref. 236, I0P.

In this Primer, we focus on the in vivo use of MEAs for basic neu-
roscience. We give an overview of MEA components, common MEA
designs and their basic materials and construction process as well as
some application-specific design considerations. We discuss criteria
for selecting an appropriate MEA design based on the experimen-
tal paradigm. We then cover the development of new MEA technol-
ogy, allowing an increase in the number and types of signals that can
be recorded, a reduction in the foreign body response (FBR) and an
increasein the functional lifetime of chronically implanted MEAs. This
Primer provides abroad overview for those seeking abetter practical
understanding of MEAs for in vivo use. For other uses of MEAs, we
refer readers to comprehensive reviews summarizing in vitro>** and

clinical® applications. For in-depth reviews of larger electrode tech-
nologies such as electrocorticography, deep brain stimulation and
non-electrical neural recording such as two-photon Ca®' imaging, see
referenced works® %,

Experimentation

Materials for MEAs

A typical MEA consists of several components. MEAs are generally
constructed on a substrate, typically acommercially available silicon
wafer. The electrode sites interface with the tissue and the signal is car-
ried through the MEA via fine conductive interconnects — also known
astraces —to external equipment. The interconnects are surrounded
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by an insulator (sometimes referred to as a dielectric material),
which blocks conduction between traces to minimize crosstalk and
blocks conduction between traces and the tissue to reduce biologi-
cal noise and prevent the traces reacting with the tissue chemically™.
The interconnects terminate at pads that connect to a small printed
circuit board (PCB), which is connected to a headstage through con-
ventional pin-style plug connectors. In some designs, the headstage
isintegrated directly into the PCB. Pre-amplification is performed
on the headstage (or in the case of CMOS arrays, on the MEA itself)
and the signal is then transmitted to amplifiers and data acquisition
systems through conventional wires. We describe these components
subsequently.

Insulation materials. Insulation materials can be either inorganic
or polymeric. The most used inorganic materials are silicon dioxide,
silicon nitride and silicon carbide; polymeric materials include SU-8,
parylene-C and polyimide®. Silicon-based MEAs often use inorganic
insulators, whereas flexible MEAs use polymeric insulation. When
choosing an insulation material for in vivo MEAs, it is vital to choose
materials that provide both the desired mechanical properties: adhe-
sionto other layers (insulation and traces) and longevity (low moisture
uptake, high biocompatibility and low dissolution rate)*.

Conduction material for traces and electrodes. Several conduc-
tive materials are used in the construction of MEAs, often with dif-
ferent materials chosen for traces and electrodes™. Typically, traces
are made of thin conductive layers (<200 nm) integrated with a thin
adhesionlayer (<20 nm of either titanium or chromium). CMOS arrays
integrate aluminium-copper traces into six metal layers to form the
CMOS on-probe circuitry***. Electrode materials are chosen based on
adhesionto the substrate, biocompatibility, conductivity, conduction
mechanics (ionic or electronic), charge transfer mechanics, charge
storage capacity, charge injection limit (also referred to as charge injec-
tion capacity) and stability. Typical electrode materials include gold,
platinum, iridiumandindiumtin oxide. Smooth microelectrodes often
haverelatively highimpedance (>1 MOhm at1kHz) as alack of surface
roughnessresultsinalow electrochemical surface area. Toincrease the
electrochemical surface areaand improve electrochemical properties,
the electrode site can be coated with materials such as iridium oxide,
titaniumnitride, metal nanoparticles and conducting polymers during
or after fabrication®** (Supplementary Note 1).

Types of MEAs

Silicon arrays. Planar silicon MEAs (Fig. 1a), commonly referred to as
Michigan style arrays as they originated from the University of Michi-
gan, are microfabricated on silicon wafers®**. This process allows for
high-density electrode integration and flexibility in terms of size, spac-
ingand configuration of electrode sites on the MEAs along with circuit
integration on the same chip. Planar silicon MEAs comprise two main
areas: a narrow shank (5-10 mm long by 50-100 pm wide and 20 pm
thick) that contains the microelectrodessites, and awider backend area,
typically afew millimetres wide, containing circuits (in some cases) and
contact pads for connectionto a PCB. Each contact padis connected to
anelectrode through amicrofabricated metal trace (typically 0.2-2 pm
wide). Early devices used multiple electrodes along one or moresilicon
shanks without active electronics for on-chip signal processing (passive
MEAs), but as the number of recording sites increased to more than
100, active circuits were integrated at the backend***. This approach
was then expanded to 3D configurations** (Fig. 1a, inset), in which

multiple 2D arrays were stacked onto each other to allow for 3D spatial
arrangement and sampling.

Recently, active electronics (for example, CMOS) integrated
onto silicon MEAs have become available®******-*¢ (Fig. 1b). CMOS
circuits contain the amplifiers, filters, multiplexers and digitizers
necessary for a recording system fabricated directly into the MEA
shankitselfbeneath the electrodessites. These active electronics com-
prise the application-specific integrated circuit. CMOS integration
allows for switching between multiple sites sharing asingle trace using
time-division multiplexing (asin SiINAPS probes distributed by Plexon
Inc. and NeuroNexus Technology) or by static switching and pooling
(asin Neuropixels)”. This greatly reduces the footprint of the probe,
the interconnect and PCB dimensions compared with passive probes
withadedicated trace foreachelectrode. Thisincreasein the number
of electrodes for a given tissue volume improves sampling density in
both acute and freely behaving experiments**#445-5,

Another type of silicon MEA is obtained by dicing and etching
electrode pillars directly throughssilicon®*?and is often referred to as
aUtah-style array (Fig.1c). These bed-of-nails style arrays are limited in
shank depthand typically constrained to asingle electrode per shank.
Standard Utah arrays consist of a 10-by-10 grid of 1 mm-long shanks,
with400 pm shank spacing. Utah arrays have been used in humans to
record fromthe motor cortex and stimulate the somatosensory cortex
for BCI medical applications®***. Alternative fabrication approaches
to create bed-of-nails style arrays with greater electrode density and
channel countare currently being explored; these include 3D printing,
two-photon polymerization and deep reactive-ion etching® .

Flexible arrays. Flexible arrays (Fig. 1d) were developed inaneffort to
improve the tissue integration, longevity and reliability of MEAs™*’.
Flexible arrays are microfabricated in a similar manner to planar sili-
con arrays at similar dimensions; however, they make use of soft and
flexible insulation and thin conductive traces. Once fabricated, these
arrays are released from a carrier wafer, resulting in thin (1-20 pm)
shanks that canflexinresponse to tissue micromotion, thereby reduc-
ing mechanical-mismatch-induced tissue damage and inflammation.
An alternative approach to integrating CMOS directly onto the MEA,
asdescribed earlier, consists of the hybrid integration of MEAs onto a
separate CMOS circuit (typically on the headstage), which decreases
headstage dimensions and allows for greater flexibility regarding
the choice of MEA materials and technologies. Flexible arrays, for
instance, can be hybrid-integrated onto CMOS circuits®. Flexible arrays
can also be fabricated in multi-shank designs and assembled into 3D
configurations®** (Fig. le).

Fibre and wire arrays. Additional types of MEAs include microwire
and carbon fibre brush arrays and multifunctional fibres, which are
made into arrays by bundling insulated microwires or carbon fibres
orby extruding fibre preforms®*", These devices generally have lower
fabrication cost and complexity than other forms of MEAs; however,
scalingto dozens or hundreds of sites is challenging and the determina-
tionof the relative positions of the sites tends to be less precise owing
tosplaying of wires during insertion. For more in-depth reviews of fibre
and wire arrays, see refs. 68-72.

Use of MEAs for neural stimulation

MEAs can be used for electrical stimulation of neurons, which when
combined with recording and behavioural studies can be a power-
ful tool for inferring the function of particular groups of neurons.
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Box 2 | Optoelectrodes

The desire to perform optogenetic
stimulation during neural recording —
the activation of neurons with light “ 7
using light-sensitive ion channels &@
transgenically expressed in the g 7
target cells®*® — resulted in the Y
development of several silicon 3 /3
and complementary metal-oxide- ~ Y
semiconductor®® optoelectrodes
integrating optical fibres,
waveguides®™'~% or micro-light-
emitting diodes (uULEDs)?>?¢7968

(see the figure). Optical fibres can be
directly attached onto a passive or active
silicon probe shank; however, this increases the implant size and
restricts illumination to large neural populations. Waveguides and
ULEDs monolithically integrated onto microelectrode arrays allow
for spatially confining the illumination to one or few neurons in
selectable sites along the shank®'="°, Waveguide approaches
typically integrate a single-input waveguide in the probe coupled

to an external laser source through an optical fibre. For multisite
illumination, silicon nitride waveguides embedded in silicon dioxide
direct light to different waveguide outputs along the shank or allow
steering of the beam output angle®® using either external laser
wavelength tuning®®*"' or by the integration of optical switches®"*%,
Waveguides for flexible arrays have been demonstrated using
polymeric materials such as SU-8 and ormocers®”’, but have

not shown optical switching capabilities. Probes monolithically
integrating ULEDs allow for optical site selection by applying an

Thelocation and shape of the electrodes affect the activation volume.
Charge transfer characteristics can be enhanced by using rough or
porous materials to increase the electrochemical surface area” or
by making electrodes from materials capable of reversible oxidation
such as iridium oxide or polyethylenedioxythiophene (PEDOT)™ 7.
See Supplementary Note 1 on electrode surface modification for
details. Additional considerations for stimulating electrodes include
electrically induced mechanical nano-oscillations, which could lead
to mechanical failure”. This physical response should be taken into
account when designing MEAs for stimulation. MEAs containing opti-
cal components, referred to as optoelectrodes, can be used to stimu-
late cells optogenetically; this can give greater cell-type specificity
than electrical stimulation. For details on optoelectrodes, see Box 2.

Acute and chronic preparations. Inthe context of in vivo MEA experi-
ments, anacute preparationis oneinwhich electrodes are not fixed to
the skullbutinserted for each experimental session, lasting from a few
hourstoadayatmostinrodentsorseveral days at mostinlarge animal
models’®”°. The animal is either kept under anaesthesia for the dura-
tionand euthanized at the end of the experiment®° or the craniotomies
are covered and the animal allowed to recover, whereby multiple ses-
sions canbe performedin anawake head-restrained animal. Inachronic
preparation, the animal is allowed to recover following surgery and
experimentsare carried out over days, weeks, monthsoryears®. Animals
are either anaesthetized or awake during experimental sessions and

ULED optoelectrode

Neurophysiology Recorded waveform

recording unit

Function generator ULED waveform

for yLED

electrical current through the uLED mesa. For example, blue uLEDs
are made of layers of indium gallium nitride and are patterned in
small dimensions (~8x11um??2>%57%%_Although optoelectrodes
integrating waveguides require complex assembly steps such as
fibre-to-waveguide alignment and gluing, optoelectrodes integrating
ULEDs only require electrical connection using the same packaging
techniques used for recording arrays (such as wire bonding, microflex
interconnect®” or flip chip bonding). These devices have allowed
much greater ease and flexibility in combining electrophysiology
with optogenetics in a small form factor while minimizing tissue
disruption. Several recording probe companies (such as Neuronexus
and Cambridge Neurotech) provide the option of fibre attachment

to silicon recording probes. Neurolight Technologies offers
optoelectrodes integrating uLEDs. Neuron waveform adapted from
ref. 373, Springer Nature Limited.

allowed to behave freely in their home environment otherwise. Chronic
studies are necessary to observe long-term neuronal changes such
as learning, memory or disease progression. Some studies with time
endpointsin the range of afew weeks are referred to as subchronic or
semichronic®®*, Under anaesthesia, studying complex behaviour is
not possible, although many sensory and reflexive responses remain
intact under proper anaesthetic conditions®*¢,

AllMEA types can be used for acute recordings. The main advan-
tage of acute paradigms is a simplified surgical approach, allowing
greater access to anatomical targets, more convenient implanting
of multiple MEAs to study multiregion neuronal activity® * and, for
anaesthetized preparations, the ability to administer many more
stimulus conditions in a single session than would be feasible in an
awake-behaving experiment. Acute preparations eliminate constraints
on the size and weight of the experimental set-up as components do
not need to be carried by the animal and can be held by external sup-
ports. Motion artefacts can be reduced under anaesthesia; however,
the effect of anaesthetics on neural dynamics must be considered — for
areview of these effects, see ref. 90.

Chronicallyimplanted arrays are necessary for investigating natu-
ral movement, perception, learning and memory, decision-making
and socialinteractions. In chronic experiments, MEAs are fixed to the
skull with dental cement” and therefore must be light and compact
enough for the animal to carry, as well as reliable for long-term use.
The headstage required could vary depending on whether recording,
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stimulation or both are performed. Headstages contain microelec-
tronics such as pre-amplifiers and are designed to interface with a
specific hardware and software ecosystem; therefore, the connectors
and instrumentation should be considered together when designing
experiments.

Chronic experiments must contend withthe FBR, which can cause
glial encapsulation and neuronal degeneration in the vicinity of the
implant, increasing theimpedance of recordings and decreasing signal
quality. One way to mitigate thisis to use amicrodrive to allow advance-
ment through the tissue after implantation®*° and precise positioning
withinthe braintissue. Gradual penetration through the target region
allows sampling of new neurons each day and recording signals unim-
peded by the formation of glial encapsulation. Floating arrays that are
not fixed to the skull can also be used to reduce glial encapsulation by
reducing the effect of micromotion of the array relative to the moving
brain'®°'%®, For a more detailed description of the FBR and strategies
to mitigate its negative effects on MEA performance, see the section
‘Biocompatibility’.

Electrode design considerations

There remain questions as to whether the size, material orimpedance
ofanelectrodeis the essential parameter necessary to obtain optimal
recordings. For agiven material, larger electrodes generally have lower
impedance and a higher SNR. They record LFPs well but are not able to
discriminate single-unit activity (SUA) as the electrical potentials from
many neurons are integrated over the large electrode site. Smaller
electrodes are better for single-unit discrimination. The transferimped-
ance, more than the material itself, determines the signal quality; the
lower the impedance, the lower the thermal noise and the higher the
SNR. Therefore, low-impedance electrode coatings on small sites are
agood approach for high single-unit discrimination and high SNR'**.
The size and location of the electrode sites — whether they are at the
tip, edge or centre of the shank — determine the listening volume — the
volume of tissue that agiven electrode samples from. Anideal MEA has
asmall footprint and many electrodes, and recent advances in MEA
technology have made it possible to meet these competing require-
ments and to record hundreds or even thousands of neurons froma
single head-fixed awake***’ or freely moving animal>"'>'°¢,

Considerations for experiments in the peripheral nervous system.
Most peripheral nerves contain multiple functionally grouped fascicles
of afferent and efferent fibres, with more fascicles proximal to the cen-
tral nervous system (CNS) and fewer distally. Therefore, target selection
isatrade-off between having access to many fascicles with efferent and
afferent connections to more of the body (close to the CNS) and being
abletospecifically access only asmall number of fascicles with efferent
and afferent connections only to arestricted part of the body (farther
from the CNS). Targeting more peripheral fascicles could minimize
potential off-target effects from stimulating or recording fascicles
thatarenot of interest. Across species, peripheral nerve diameter var-
ies between ~100 pm up to ~-10 mm and the number of fascicles varies
from single digits up to several dozens. It is therefore difficult to give
a general recommendation for a specific nerve interface. In general,
the size of the target nerve, the number of fascicles and anatomical
access must be balanced against the desired spatial selectivity for
recording and stimulation. Surface electrodes, the least invasive meas-
urement approach, provide low specificity compared with intraneural
electrodes, whereas coverage of awhole nerve can be achieved with a
circumferential cuffelectrode and activation or recording from a few

fibres requires an intrafascicular approach. A high-channel-count
MEA such as a bed-of-nails or thread with embedded electrode sites
is required to cover the whole nerve diameter at high resolution'”’. In
the case of bioelectronic medicine for the control of neuroprosthetics,
distal branches are often selected to maintain specificity'”.

The need to selectively stimulate afferent or efferent or large or
smallfibresinfluences the choice of device. Cuff electrodes withasym-
metric electrode and current source arrangements have been used for
fibre-specific stimulation; however, in this set-up, the lower excitation
threshold of large fibres means that these are driven into their refrac-
tory phase by subthreshold pulses before small fibres are activated'*®.
This differs from physiological conditions in which thin fibres are
activated first. Exogenous electrical stimulation recruits larger axons
first owing to their larger surface area and lower resistance to electri-
cal currents. Additionally, for myelinated axons, larger axons have a
longer distance between nodes of Ranvier (myelin sheath gaps — the
excitable portion of the axon), which means that for the same amount
of chargeinjection, alarger potential difference is generated between
different nodes, thus causing the activation threshold to be reached
sooner than in smaller axons. An approach using multiple electrodes
inone cuffto adjust the potential based on the distance between nodes
indifferent fibre types to preferentially activate small fibres has been
proposed'?”, although adoption of this approach has been limited so
far. Cuffelectrodes have limited spatial selectivity, although multiple
channels and the spatial filtering properties of the nerve allow for
fascicular specificity. Intraneural MEAs are smaller and placed within
thefascicle, allowing for higher spatial resolution"*'", However, arrays
in the PNS lack stable anchor points owing to the soft-tissue environ-
ment. Anchoring a connector on the skull and subcutaneously routing
cables to the MEA in the periphery have been performed in rodents
to circumvent this issue'?, although this approach can be prone to
detachment problems in large animal models.

MEA fabrication

Fabrication steps vary somewhat among manufacturers, laboratories
and device configurations. The general steps for the major array types
are outlined here as an introduction for those interested in custom
probe design and as background for end users to better understand
the devices they will be working with.

Silicon. Planar arrays are batch-fabricated on doped silicon or
silicon-on-insulator wafers. First, aninitial insulation layer is deposited,
often silicon oxide. Traces are then patterned using high-resolution
lithography techniques (typically optical lithography or electron
beam lithography for traces <200 nm in width). Smaller traces allow
for accommodating more electrodes per shank. Electrodes are pat-
terned following the addition of another insulation layer and contact
via opening to remove insulation from traces at electrode sites and
contact pads, necessary to ensure good electrical continuity. Next, the
passivation layers and a few tens of micrometres of silicon are etched
around the array to define its outline. The final process is the etching
or thinning of silicon from the wafer backside by deep reactive ion
etching, up to the frontside trench depth, releasing the arrays from
the wafer (Fig. 2a).

Oncefabricated, arrays are assembled onto a PCB. The bonding pads
of the array are electrically connected to each corresponding PCB pad
by wire bonding, flip chip bonding or amicroflex interconnect®*"*. The
fabrication of Utah silicon arrays differs from that of planar arrays pri-
marily inthat thesilicon substrateis either machined or deep etched to
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Fig.2|Schematic of the fabrication process. a, Schematic of the general
fabrication process for planar microelectrode arrays (MEAs). The overall process
is similar for rigid and flexible arrays, the differences being that flexible MEAs
use flexible materials and are released by etching away a sacrificial layer or lifted
off the solid substrate rather than etching through the wafer. For planar arrays of
both types, lithography and other high-resolution fabrication processes are used
to create aninitial insulation layer (1) followed by patterning of interconnecting
lines (2) sandwiched between insulation layers. Insulation layers are selectively
etched to expose electrical contact areas on the traces (3) before the deposition
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@ Isotropic etching
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@ Tip metalization
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@ Insulation
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of metal electrodes (4). Finally, the sacrificial layer is etched away (flexible) or the
silicon substrate is etched through (stiff) to release them (5). b, Schematic of the
general fabrication process for Utah MEAs. A thicker silicon wafer is used than for
planar arrays (larger than the desired length of the electrode shanks). The silicon
wafer is diced and then filled in with glass (1and 2) to form the base insulation. As
an alternative to step 2, thermomigration on a non-conductive wafer can be used
to create individually insulated conductive pillars before contact pad deposition
(3). The following steps include further dicing (4), etching (5) metal deposition on
the electrode tips (6), top layer insulation (7) and finally tip de-insulation (8).

formelectrodesite pillars®* (Fig. 2b). Typically, all shanks are the same
length, although Utah arrays with variable shank length can be made
by adding an additional variable-height dicing step™. In CMOS arrays,
which differ from passive silicon arrays, the CMOS-integrated circuit is
first fabricated onto silicon-on-insulator wafers (Fig. 1b); these wafers
have atopsiliconsubstrate and aburied oxide layer below this substrate.
Ontop ofthe CMOS device layer, all of the interconnects and insulation
are patterned in the same manner as other planar silicon devices*">"'¢,

Flexible polymer thin film. The fabrication process for flexible arrays'’
shares some similarities with conventionalssilicon arrays asit toorelies
ontechniques developed for microelectromechanical devices. Glass or
dopedsiliconwafers are used as asubstrate. To facilitate the full or par-
tial release of MEAs from the wafer, a thin sacrificial metal layer such as

nickel, aluminium or chromiumis typically defined before the deposi-
tion of any MEA material. A polymer material is then deposited via spin
coating or vapour deposition to formabottominsulation layer. Next,
metal is deposited by evaporation or sputtering and lithographically
patterned to form interconnects between future electrode sites and
backend connectors. Atop polymerinsulation layer isthen deposited.
Steps forinterconnectlines and polymer insulation deposition can be
repeated multiple times to achieve vertically stacked, high-density
MEAs. The polymer is then etched to open vias to the interconnects
(traces) for subsequent electrode deposition as well as to define the
probe outline, similar to the process for silicon MEAs (Fig. 2a). MEAs
are released by etching away the sacrificial layer. Thicker arrays can
be released from the wafer by peeling after a hot water bath or laser
ablation.
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Fig. 3 |Invivo experimental set-up. a, Microelectrode arrays (MEAs) are used to
record local field potential and action potential signals from the central nervous
system or peripheral nervous system (blue traces, scale bar, 50 ms, 100 pV). MEAs
often use abone screw as areference (REF) and ground electrode or contain an
internal reference. A pre-amplifier is connected to the MEA. The signal is sent
through neutral (N) wires, amplified by alow noise amplifier (LNA), digitized by
ananalogue-to-digital converter (ADC), serialized in the pre-amplifier and either
recorded with arecording controller containing an amplifier and data acquisition
system (DAQ) connected to acomputer (PC) or saved to onboard flashmemoryina
wireless system. Analogue and digital signals can be connected to an input/output
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b,c, MEAs canbe usedin either head-fixed (partb) or freely moving (part c¢) animals.
b, Head-fixed preparation allows recording (R) or stimulation (S) during behaviour
(B) using modalities that are challenging in freely moving animals (these modalities
areinbold). Italso allows combined electrophysiology and imaging — for example,
using two-photon (2P) systems — or to record with multiple MEAs (typically more
than four devices). ¢, Chronic recordings in freely moving animals allow the
collection of neuronal data in naturalistic behaviours such as social interaction,
open exploration and natural sleep.

Electrophysiology data collection
MEAs canrecord action potentials as well as LFPs'®. Action potentials
represent the activity of a single neuron and have an amplitude of
afew hundred microvolts and a frequency range (or bandwidth) of
300-10,000 Hz (ref. 119). Action potential signals last ~1 ms, whereas
the majority of LFP signals fluctuate on the order of tens of millisec-
onds or slower. LFPs comprise the aggregate signal across alarge vol-
ume of tissues — hundreds of microns to millimetres — and represent
the combined activity of hundreds of neurons within that volume. They
have amplitudes from hundreds of microvolts to a few millivolts'’.
MEAs are connected to AC-coupled amplifiers, followed by an
analogue multiplexer and an analogue-to-digital converter. These
components are referred to as an analogue front end and are often
integrated into the headstage'”’. At the interface between the record-
ing site and the tissue, electrochemical effects caninduce large direct
current offsets (also known as ‘bias’). To counter this, high-pass filtering
is built into the design of extracellular electrophysiology amplifiers,
which have bandwidths ranging from 0.1 kHz to 10 kHz (ref. 121). The
analogue-to-digital converter must be able to capture both action
potential and LFP signals with a sufficient SNR (>60 dB) across the full
bandwidth. The sampling frequency for these wideband signalsiis typi-
cally10-30 kHz (Fig. 3a). The signalis then further amplified and stored
by the dataacquisition system; the final step is typically performed by
specialized software running on a standard desktop computer.

118

Behavioural data collection

Recording is often combined with behavioural assays. Animals can
perform sensory-motor tasks when head-fixed (Fig. 3b) or in freely
moving paradigms when performing naturalistic behaviour such as
nesting, social interaction, open field and marble burying (Fig. 3c).
Monitoring behaviour requires recording different data types with
different sampling rates (electrophysiology, video, analogue posi-
tion and force sensors and stimulus triggers). Open-source platforms
such as DeepLabCut'* can be used for semi-automated quantification
of position and pose. Synchronization of data streams is crucial for
accurate analysis'> and several tutorials are available for synchroniz-
ing data types'?*'*, For details on behavioural data collection in large
animals, see Supplementary Note 2.

Surgical approach

Thescientific questionbeing addressed and the experimental paradigm
inform the types of MEAs that are suitable for a given application and
the surgical approach that must be used. Two major considerations
are the anatomical target or targets and whether an acute or chronic
preparation is needed. Important points to consider for achieving
optimal performance when selecting an MEA are target depth, the
volume to be sampled (both dorso-ventral and medio-lateral) and
the cellular density of the target region, which can vary by an order of
magnitude between brain regions'?”'?, Surgical planning depends on
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the animal model, target location and type of device. Achieving target
specificity requires planning using an anatomical atlas, familiarity with
stereotaxic coordinates and use of astereotaxic frame'”. Increasingly,
presurgical CT, MRl or widefield imaging are being used for more pre-
cise planning. Analgesic should be administered both before and after
surgery, and anaesthesia should be monitored throughout. All surgical
implements should be clean and sterile, and surgery should be per-
formed onasterile field. Animal recovery should be closely monitored
post-surgery®®?91301013213 (International Brain Laboratory Protocols).
Although a full discussion of the various approaches to the implanta-
tion of MEAs is beyond the scope of this article, we provide asummary
of surgical resources in Supplementary Table 1.

Ethical considerations

Neurophysiological researchin anintact organismis necessary to fully
understand the working brain and nervous system. However, effort
should be made to minimize the use of animal subjects and to eliminate
distress. Experimenters should choose the least complex organism and
use the fewest animals necessary to address the scientific question™*.
Statistical power analysis should be used for determining adequate
samplingsize ¥, All aspects of research involving vertebrate animals
must be performed with the prior approval of a relevant oversight
and regulatory body and should conform to their guidelines. These
regulatory bodies should be the point of contact for ethical issues
involving animal subjects.

Results

The collection and storage of electrophysiological signals is only the
beginning of the analysis and interpretation of neurophysiological
data. Theapproachforagiven experiment will depend onthe scientific
questions and the paradigmused to collect the data. Analysis is carried
outusingspecialized software (with both proprietary and open-source
optionsavailable) and often customized scripts written or adapted by
theresearcher foraparticular experiment or paradigm. Several frame-
works exist for the analysis of electrophysiological data collected via
MEAs, with popular languages being MATLAB and Python**°, Owing
to the breadth and complexity of in vivo neuroscientific experiments,
only the basics of data analysis will be touched on in this section. The
following section begins withabrief description of how recorded spikes
can be isolated from noise and assigned to putative neurons by vari-
ous spike sorting methods. Following that, several established meth-
ods for the analysis of sorted spikes, useful for determining intrinsic
and stimulus-response characteristics of neurons individually or as
populations, are discussed.

Electrophysiological data analysis

Electrophysiology dataare usually divided into two broad categories: LFPs
and action potentials. MEAs canrecord both action potentials and LFP. We
focus ontheanalysis of action potentials as MEAs are the only technology
capable of simultaneously recording large numbers of single-unit action
potentials, whereas other electrode technologies such as surface macro-
electrodesare capable of recording LFP. LFPis separated into frequency
bands associated with different brain functions and has been reviewed
elsewhere'*, Detection of action potentials at the electrode site is an
initially analogue process, only later digitized by equipment connected
totheelectrodesite viathe traces and stored for computational analysis.
Neurons at varying distances from the MEA contribute to the recorded
signal (Fig. 4a,b) and the combined signals from intermediate-distance
neurons create abackground signal, sometimes referred to as biological

noise. Biological noiseis greater inintensity than the electronic noise of
the systemand therefore even well-designed systems are limited by their
signal to background (rather than signal to electronic noise). Isolation
of single-neuron spike trains is a classic example of a signal processing
problem dubbed the cocktail party probleminwhichthe goalistoisolate
asingle source from a group of overlapping sources.

Spike sorting. Spike sorting aims to assign recorded spikes to distinct
neurons (sometimes referred to as units) and relies on the assumption
that each neuron produces distinct, stereotypical waveforms. Spikes
that cannot be effectively sorted to distinct neurons are known as
multi-unit activity (MUA) spikes, which have lower amplitude and
consist of action potentials from multiple distant neurons. Any spike
sorting pipeline has the following common operations: bandpass
filtering (Fig. 4b), whichinvolves theisolation of signals from~500 Hz
to10 kHz; common average referencing to remove artefacts affecting
many channels; spike detection, whichinthe simplest caseis achieved
using a threshold voltage; spike waveform extraction, in which the
shape of each spike is extracted; dimensionality reduction, in which
the waveform shape is decomposed into principal components; and
clustering in a lower dimensional space, where boundaries between
clusters of waveforms in principal component space are used to cat-
egorize waveforms as originating from a given neuron'*. Independent
component analysis can also be used for this purpose'**. Clustering can
be done manually or automatically, using k-means or other clustering
algorithms (Fig. 4c). Automatic clustering canresult in over-splitting or
under-splitting, whereas manual clusteringis labour-intensive and can
besubjective; to overcome these challenges, many pipelinesincludea
waveform similarity calculation, which clusters the characteristics of
waveformsintoindividual pools, creating a spike time record for each
neuron. A useful summary and comparison of computational strategies
canbefoundinref.140.

Two popular, free and open-source data acquisition packages
for high-channel-count recording are SpikeGLX and OpenEphys. The
latteris alarge ecosystem for various applications, whereas SpikeGLX
isfocused on Neuropixels data. For data collected using high-density
arrays, a pipeline using waveform template matching with a subtrac-
tion method such as Kilosort'** canresultinimproved spike detection
and sorting. If operating correctly, waveform template subtraction can
separate the signals from overlapping spikes and can outperform other
sorting methods in terms of yield and accuracy owing to its ability to
resolve overlapping spikes. Owing to the analogue nature of the raw
signal, there willalways be some spikes too low inamplitude toresolve
unambiguously.

Analysis of sorted spikes

Once spikes are assigned to neurons by the sorting algorithm, spike
trains from each neuron can be analysed to determine meaningful
characteristics such as firing rate, interspike interval (ISI), trough-to-
peak time and autocorrelation. In addition, stimulus-triggered aver-
aging can be performed to identify stimulus-response relationships,
cross-correlation can be used to examine functional connectivity
between neurons and decoding techniques can estimate information
content and processing. These approaches form the core of electro-
physiology analysis and when appropriately deployed provide insights
into how neurons encode information, coordinate network activity and
contribute tobehaviours and cognitive functions, advancing our under-
standing of neural circuit dynamics in both normal and pathological
states. We discuss these subsequently.
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Fig. 4| Spike sorting and analysis pipeline. a, Raw signal is amplified, digitized
and stored. b, Before spike sorting, the data are typically notch-filtered and
passed through a series of low-pass and high-pass filters (the exact filtering will
vary depending on the set-up used). Local field potential can also be obtained
from the broadband data. For spike sorting, the high-pass-filtered data are
clipped to threshold crossings, with the threshold shown by the red dashed
line. Yaxis in pV. ¢, Threshold crossings, which represent putative spikes (top),
are thensorted in principal component space (bottom) based on waveform
characteristics into spike clusters (putative units). Similar waveforms group
togetherin clustersin feature space, as shown here in Plexon Offline Sorter*s,
Once spikes are sorted into units, the units can be analysed using metrics
suchasfiring rate, trough-to-peak time and interspike interval. d, Firing rate.
Top: threshold crossings plotted against time; second from top: histogram of
datafrom top plotted with larger time bins; third from top: histogram of data
from top plotted with smaller time bins; bottom: histogram of data from top

plotted with smoothing function applied. e, Trough-to-peak time. Left: spike
waveforms; right: a histogram of the trough-to-peak times for the waveforms
shown left. f, Interspike interval time. g, Auto- and cross-correlograms. Top:
auto-correlograms with average waveform shapes below. Putative excitatory
connections areinred, and putative inhibitory connection in blue. Bottom: cross-
correlogram for the two units shown above, plotting the influence of the putative
excitatory neuron on the putative inhibitory neuron. Solid and dashed lines show
the mean and 99% confidence interval of the shuffled data, as a control. h, Spike
raster (top) of spike threshold crossings over multiple trials and peri-stimulus
time histogram (bottom) of spikes shown in top. nr, number of runs (trial
number). Panels aand b reprinted from ref. 349, CC BY 4.0. Panel d reprinted with
permission fromref. 350, Association for Computing Machinery. Panel e adapted
fromrefs. 349,351, CC BY 4.0. Panel f adapted with permission from ref. 352, The
American Physiological Society. Panel g reprinted with permission from ref. 353,
PNAS. Panel h adapted from refs. 349,354, CC BY 4.0.

Firing rate. The firing rate of a neuron is one of the most fundamental
and universally applied metrics for understanding its response proper-
ties. To determine firing rate, a time window of interest is selected and
the number of spikes calculated. Firing rate is typically expressed as
number of spikes per secondin hertz or can be displayed as a histogram
with spike events binned across time. Bin size can vary and should be
chosenbased onthe spike count statistics'*. Insome cases, firing rates
arenormalized to factors such as baseline activity or population aver-
ages for comparative analysis across conditions or groups. Averaging
firing rates across trials provides a more robust estimate of neuronal
activity (Fig.4d). Statistical methods such as linear regression, Bayesian
decoding and pairwise neuronal firing rate correlations canbe applied
to comparefiring rates between conditions, assess changes over time or
link changesin firing rates with behavioural or physiological variables™.

Trough-to-peak time. Trough-to-peak time can be calculated and used
to categorize neurons based on the underlying biophysical properties
that give rise to their stereotyped waveform characteristics'”"*5, The
troughisidentified as the lowest point of the waveform, corresponding
totheinitial negative deflection as the neuron depolarizes, and the peak
isthehighest point, representing the maximum positive deflection dur-
ingrepolarization (Fig.4e). Once the trough and peak are identified, the
interval between themis taken as the trough-to-peak time'*’. Trough-to-
peak time can give someindication of neuron phenotype; for example,
shorttrough-to-peak times are associated with fast-spiking inhibitory
interneurons in most areas of the mammalian cortex***.,

Interspike interval. ISIs provide insights into the temporal firing pat-
tern of the neuron. Once spike times are identified, ISIs are computed
as the time differences between successive spikes. ISIs are typically
expressed in milliseconds and displayed as a binned histogram, as
any neuron will generate a distribution of ISIs over a given period
(Fig. 4f). Variations in ISI histograms can indicate burst firing (short
ISIs clustered together) or regular firing (consistent ISIs over time). The
minimum ISI reflects the refractory period during which the neuron
cannot fire again owing to the recovery of ion channels™.

Correlograms. The auto-correlogram is generated by plotting the
normalized spike count of asingle neuron spike train against the time
lag relative to each spike and gives a representation of how spikes
correlate temporally. Correlation can reveal firing patterns and tem-
poraldynamics within asingle neuron, highlighting periods of regular

firing, refractory periods or burst activity. Peaks or troughs in the
auto-correlogram indicate periods of increased or decreased firing
rate at specific time offsets relative to each spike'**"*>,

Thecross-correlogramis generated by computing the correlation
between the spike times of two neurons recorded simultaneously, mak-
ingit possible to determine whether their firing patterns are synchro-
nized or whether one tends to lead or lag the other (Fig. 4g). Peaks or
troughsinthe cross-correlogram canindicate functional connectivity
between neurons, which can be either excitatory (peaks), inhibitory
(troughs) or oscillatory (periodic peaks and troughs), indicating that
they might be part of the same circuit or network'*"*,

Spike raster and peri-stimulus time histogram. Spike raster plots can
visualize the timing of spikes in multiple spike trains, either from multi-
pleneurons or across repeated trials. These plots are matricesin which
eachrowrepresentsaneuronor trialand each columnrepresentsatime
bin. For eachneuronor trial, spike times are plotted as individual ticks
or marks alongthey-axis, corresponding to the neuronidentity or trial
number (row). The x-axis represents time relative to a specific event
or trial onset. This could be aligned to a stimulus, behavioural event
or another temporal reference point. Patterns such as synchronized
firing or response variability can be observed.

Building on the concept of spike raster plots, the peri-stimulus
time histogram (PSTH) is acommon analysis approach applied to MEA
recordings to determine the relationship between an external stimulus
(suchasanair puff) and how the recorded neurons respond (Fig. 4h).
The PSTH is constructed by generating a histogram of the average
spike count of recorded neurons within small time bins (-1-5 ms con-
secutive time windows) preceding and following the stimulus and time
locked to the stimulus across all trials of a particular type and across all
neuronsor a particular neuron class. The histogram gives the average
temporal response of a class of neurons to a particular event. Often,
the histogram is smoothed using a Gaussian or moving average'*>'>>.

Correlation and dimensionality reduction approaches. With the
increasing channel count of MEAs and the increasing complexity of
experiments comesincreasing complexity in the data. Applying dimen-
sionality reduction approachesto sorted spike data from many simulta-
neously recorded neurons hasbecome auseful approach for uncovering
underlying network function*"”. These approachesinclude state space
and population vector approaches, as well as advanced modelling of the
neural processes from the data. For areview, see ref. 158.
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Applications

The use of in vivo MEAs has had a great impact on our understanding
oftherole of neuronfiringin brain function, particularly with respect
to groups of neurons and how they interact at the circuit and network
level and across brainregions. In this section, we highlight some of the
key applications for in vivo MEAs, providing a brief overview of some
of the types of experiments that can be pursued using in vivo MEAs.

Sensory, cognitive and motor functions

Simultaneous MEA recordings of populations of single neurons
allow the study of single neuron resolution network dynamics within
and between brain regions, which give rise to sensory processing,
decision-making and sensory-motor transformations. Using
chronic implants for this purpose also allows the study of the neural
underpinnings of behavioural learning™.

MEAs have been widely used in basic neuroscience research
on the neural basis of motor and sensory functions in all sensory
domains'®%, Our knowledge of the basic science behind these func-
tions has greatly informed the clinical use of MEAs, including the design
of decoding algorithms and the choice of stimulation regimes for
bidirectional BCI'*®.

Brain-machine interfaces. BCIs® are electronic systems that provide
direct communication between the brain and an external computer
or device, bypassing neural systems impaired by injury or disease’.
Understanding and improving BCls has grown into a large research
area owing to the initial success of BCIs in non-human primates and
then in human clinical trials. Successful demonstrations of BCls have
beenmade usingintracortical MEAs to help restore, to acertain extent,
lost motor and sensory capabilities. The initial successful applications
of BCl would not have been possible without the MEA technology
described here as the resolution of neural recordings made by other
means is not sufficient for their use as a control signal.

Thebasic neurophysiology underlying BClsis that the firing rate of
many motor neurons is closely related to the kinematics (for example,
the velocity) of both executed and imagined movements'*”'*®, There-
fore, firing rates of agroup of neurons can be used to continuously infer
intended movement velocity of a limb through statistical decoding
algorithms'®™", Integration of the decoded velocity over time can
be used to compute displacement and therefore limb location. When
these neural signals are used to provide control signals to a robotic
manipulator withmultiple degrees of freedom, reach-to-grasp move-
ments including opening and closing a robotic gripper can be made
using a BCI-controlled robotic limb"*'*,

Bidirectional BCls, which apply electrical stimulation and
record neural activity, have been used to provide tactile feedback
for hand-object interactions. Tactile sensations can be artificially
elicited throughintracortical microstimulationin the somatosensory
cortex"*'”, This approach has been used to enable a person with paraly-
sis to substantially improve reach-and-grasp performance using a
robotic limb. Similar principles apply to eliciting percepts in other

sensory domains'.

Learning, memory and reward

MEAs have been essential to our understanding of the neural basis of
learning and memory in the complex hippocampal-entorhinal system.
Our understanding of the dynamic interplay between place cells'””
and grid cells® that control spatial orientation and place memory, as
well as hippocampal theta rhythms and replay and how these impact

learning, memory and behaviour, would not have been possible without
MEAs capable of obtaining stable single-unit recordings from many
simultaneously recorded units in freely moving animals performing
complex behavioural experiments'’. Hippocampal electrophysiol-
ogy to understand the neural basis of learning and memory remains a
highly active area of research, whichrelies heavily on advancesin MEA
technology, and continues to advance our fundamental understanding
of these essential neural processes.

Peripheral nerves

MEAs have beenused in peripheral nerves to monitor, disrupt or replace
sensory signals and activate muscles and organs*®'®, Inthe periphery,
investigation of skin sensor signals or motor fibre activation requires
SUA or at least MUA resolution; however, mass activity in compound
nerve action potentials can be used for simple control tasks such as
cursor control. Both sensory'®*'®* and motor signals'® can be used for
bidirectional neural prosthesis control. For prosthesis controlinboth
unidirectional and bidirectional settings, sliding averaging and binning
areused tosmooth the signal and assign anaction when a thresholdis
reached. Conductionvelocity can be measured if signals are recorded
from fibres of a single diameter'*>'¥,

Most developmentsin peripheral MEAs have been driven by trans-
lational objectives, such as restoring movement after spinal cord injury
by delivering sensory feedback through nerve stimulation and the
motor control of prosthetic limbs™*7°°, Stimulation of nerves after
amputation using true MEAs to deliver sensory feedback for grasp and
gait””* has been successfully translated into human clinical studies.
Non-penetrating peripheral arrays'®?®, although not comprising
microelectrodesin the strictest sense as their electrodes have alarger
geometric surface area than intracortical MEAs, operate on similar
principles and have been tested in clinical trials to restore bladder
voiding”?, grasp'’, gait**° and drop foot?*"*** and to record grasp
force’®*?in clinical trials in persons with paralysis.

There is still much work to be done optimizing MEA interfaces
for the individuals who can benefit from them?°®, Needle electrodes
are a standard tool in acute microneurography for neurological
diagnostics®*’; however, micromachined electrode arrays have
not yet been used for acute neuronal diagnosis in humans, except
in the case of flexible arrays for intramuscular electromyographic
recordings?®. Comprehensive anatomical studies®" have shown that
sieve electrodes'”” used for regeneration allow nerve fibres to grow
through them; however, the distribution of fibre diameter, type and
sensory and motor functions are no longer preserved as in the intact
nerve. Therefore, no first in-human translational studies have been
conducted as of the publication of this article.

Reproducibility and data deposition
Obtaining quality data
Selecting recording amplifiers with a high inputimpedance s key for
high-quality recordings. A good recording amplifier for electroenceph-
alography will not necessarily be suitable for MEA recordings. Noise
in electrical engineering might comprise thermal and flicker noise,
whereas the same term in neuroscience might reflect the undesired
background activity of the brain. Therefore, parameters and equations
might be different and translation might be necessary tocometoa
useful comparison. Understanding these differences isimportant to
compare and select MEAs, amplifiers and filters.

Before implantation, electrochemical impedance spectros-
copy should be used or impedance should be measured at 1kHz
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(Supplementary Note 3) to ensure that electrodes are functional and
within the expected range for their type. For chronic experiments,
impedance can be measured before recording sessions to assess how
electrode performance might have changed over time, as these can
affect signal quality’®**'>?",

Torecord high-quality SUA, the soma-to-electrode distance should
typically be in the range of <100 pm (refs. 214,215) and therefore care
should be taken when placing electrodes to ensure that correct regions
aretargeted and good contactis made between electrodes and tissue.

The single-unit yield, the number of single units per electrode
site, SNR and single-unit amplitude can be used as metrics to assess
recording quality for both acute and chronic experiments™®. Single-unit
inclusion criteria must be held constant for comparisons between
experimental conditions to be meaningful®”. For chronic experi-
ments, tracking the same neurons over many days and being able
to confidently assign the spikes recorded over multiple sessions as
belonging to the same unit can be extremely valuable. Metrics such as
auto-correlograms, pairwise cross-correlograms, waveformshape, ISI
distribution, mean firing rate and stimulus selectivity can collectively
be used as abasis for determining neuronidentity in recordings across
days49,61,218,219.

Reporting standards

Ingeneral, as much detail as possible should be reported to aidin repro-
ducibility efforts. Information on the experimental subjects should be
reported, including animal number, strain, age, sex, implantation sur-
gery, surgical or pharmacological intervention (ifany) and behavioural
paradigm®°, Details on the MEA design should include its dimensions;
electrode size, material, number and spacing; and details on the ampli-
fier andrecording equipment and instrument settings used to collect
the data. Analysis steps should also be reported, with information
regarding the spike sorting pipeline used and how any post sorting
analysis was conducted. Custom scripts should be described if used
and made publicly available.

Reproducibility and reporting of spike sorting parameters. Each
sorting algorithm uses spike features differently and therefore perfor-
mance is dependent on the nature of the data set (such as array type,
cell type and experimental conditions). Inacommunity-driven effort
tobenchmark the performance of sorting algorithms using synthetic
and observational data sets, no single algorithm emerged as the best
performer when examined across all data sets*”. Developing asorting
algorithm that performs well under all conditions remains difficult
because of the absence of ‘ground truth’ data sets of adequate size. To
identify the algorithm with the best sorting performance for a specific
data set, several algorithms should be tested and examined against
manually curated data (and ground truth data if available). Although
outputs from different sorters do not directly validate the results,
reporting results from multiple sorters helpsimprove the transparency,
accessibility and reproducibility of future neuroscience research.
Regarding spike sorting data quality metrics, the field is moving
towards generating common reporting standards but currently lacks
a consensus. The Allen Institute and International Brain Laboratory
have recently introduced standards and benchmarks for SUA report-
ing, including the percentage of ISI violations (<0.5%), presence ratio
(>0.9), spike amplitude cut-off (<10% estimated spikes below the low
amplitude cut-off) and firing rate (>0.1 Hz and <500 spikes per sec-
ond)***>, However, the nature of the data will always result in a range
ofreliable assignments and it is critical that the stringency of inclusion

criteria matches the scientific questions being addressed. For exam-
ple,ifasmall number of errorsin spike sorting willundermine aresult
(for example, in spike timing-based analysis), then stricter inclusion
criteria might be necessary. Greater adoption of reporting quality
metrics, commonly available as outputs from sorting algorithms,
would strengthen reproducibility efforts.

Datasharing

The public availability of neuroscience data has increased markedly
in recent years through efforts such as the International Brain Labo-
ratory, Allen Institute, Dandi, Zenodo, Figshare and Globus. Despite
this positive trend, widespread data sharing faces many challenges.
First, neuroscience data are diverse. Metadata are needed about the
experimental subjects (species, genotype, age and weight), type of
recording (LFPs, MUA and SUA), MEAs (number of channels, shanks and
selected channels), brainregion(s), experimental conditions (stimuli,
trial structure and recording environment), sensors to measure bodily
signals (temperature and blood pressure) and description of behaviour
(performance, motion tracking, acceleration and other video data).
Moreover, dataand metadatatypes and formats are constantly chang-
ing as scientists develop new tools for recording and transforming
data**» and tracking behaviour'”?**, Second, individual researchers
develop their own methods for storing and processing data, which
workinthe conditions under which they were created but might not be
portable. Without field standards, data might be largely inaccessible to
othersevenifthey are made available, making it difficult to share across
laboratories. One of the main goals of Neurodata Without Borders? is
to provide aframework for documenting data so that other research-
ers can understand and further analyse it. Making neuroscience data
findable, accessible, interoperable and reusable?® requires community
consensus and collaboration between researchers and programmers.
Thethird challenge is developing and maintaining the IT infrastructure
forshared data, including repositories and search engines, as these are
associated with considerable costs.

Limitations and optimizations

In vivo MEAs have had a great impact on our understanding of the
nervous system and they remain an unparallelled tool for recording
electrical signals from many neurons at high spatiotemporal resolu-
tion in anaesthetized and behaving animals. Nevertheless, there are
limitations to the technology which will be discussed here, as well as
ways researchers are working to overcome the current limits of the
technology.

Denoising
Electrophysiological signals are small and so environmental electrical
noise must be carefully managed. All electrophysiology systems require
denoising. The most broadly useful considerationis the system ground.
Every part of the system should shareacommonground, fromarray to
computer. The subject animalitself can be asource of electrical noise,
acting like an antenna for electromagnetic interference, and experi-
ments should thereforebe performedin aFaraday cage toreduce this
effect. System noise should be measured before an experiment, which
can be achieved by submerging the electrodes in an electrolyte solu-
tion and feeding a sine or square wave of -1 kHz and 0.5-1 mVinto the
buffer using a platinum wire; a noise level above 10 1V indicates that
further measures must be taken to reduce system noise.
Troubleshooting noise starts with observing the raw, unfiltered
data.If noise appears onasingle channel or onall channels located on
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Fig. 5| Artefact removal. Example multichannel
recording traces before (wideband signal) and after
(artefact removed data) artefact removal, using
common-average referencing to remove muscle
artefacts (electromyography (EMG) artefact) and
stimulus-locked clipping and interpolation to remove
optical artefacts.

Clipped and interpolated data

ashank, then the channel or shank is likely broken. Wideband noise
across all channels might indicate a broken ground or reference con-
nection, headstage or cable. Replacing the cable or headstage can
resolve the issue. Testing for a broken ground/reference in a chronic
implant typically requires anaesthetizing the animal and testing the
continuity of the ground, which can be challenging without damaging
the implant. Electromagnetic noise is likely caused by power cables
in close proximity to the rig and appears as 50 or 60 Hz noise across
all channels. Moving the rig away from electrical outlets or placing a
ground plane below the rig can mitigate line noise. For a flowchart of
noise troubleshooting, see Supplementary Fig. 1.

Artefactremoval
Recording from head-fixed, awake or freely moving rodents canintro-
duce highly synchronous artefacts caused by volume-conducted mus-
cle activity (Fig. 5). Consummatory behaviour (chewing or drinking)
will also cause artefacts. Performing median subtractionisacommon
techniqueusedtoachieveastablebaseline and reduce motion artefacts.
Recording is frequently combined with either electrical or
optogenetic stimulation and both can create stimulation artefacts
in recordings. Optogenetic stimulation will trigger light-induced
artefacts owing to the photoelectric effect, which are not consistent
across channels, more pronounced at onset and offset and can take the
form of aspikelet’”***°, To prevent such artefacts from propagating to
spike sorting, raw data should be clipped out in the interval shortly
before (0.15 ms) and after (0.8 ms) each brief (<3 ms) stimulus pulse. If
longer-duration optical pulses are used (>3 ms), each onset and offset
artefact should be removed to improve the quality of spike sorting
(Fig. 5). This approach, as well as regression-based methods, can be
used for electrically induced stimulation artefacts®'. For electrical
stimulation, care should be taken not to saturate the amplifier on
recording electrodes (stimulating and adjacent electrodes might not
be recordable) to maximize the success of artefact removal*”,

Biocompatibility
Array implantation triggers anon-specific FB ,whichimpedesthe
ability of the array to record neuronal signals over time. Although hun-
dreds of units can be recorded for weeks, many groups have reported
that the number of single units decreases over time***”, with some
finding only ~50% of initially recorded neurons were recorded 1 week
after implantation?**, MEAs must be designed to minimize undesired
tissue reactions and maintain the functionality of the device.
Material and device design, as well as surgical procedures and
insertion techniques, contribute to overall biocompatibility?***

R233723S

(Fig. 6). Materials must be non-toxic and should not induce local or sys-
temic cell proliferation, allergic, pyrogenic or anaphylactic reactions
(Fig. 6f). Degradation or corrosion products should not be released
(Fig. 6¢). Useful recommendations can be found in the international
standard ‘Biological Evaluation of Medical Devices’ (ISO10993). Resi-
dues from fabrication and post-processes should be considered and
cleaning should be performed to remove residues before sterilization.
Surface treatments can also be used to modify the surface energy and
thereby protein adsorption and cell attachment®***,

The weight, size and stiffness (Young’s modulus) of an MEA con-
tribute to the moment of inertia with which forces interact between
implant and tissue?” (Fig. 6d), and flexible electrodes have been intro-
duced to minimize tissue reactions (Fig. 6e) and improve long-term
performance®*“***, Tethering forces between the array and external
hardware, as well as micromotion from blood flow and breathing, also
contributeto the FBR (Fig. 6¢). The voltage-based release of drugs such
asdexamethasone from stimulated electrodes coated with conjugated
polymershasbeen explored for reducing the FBR****° (Fig. 6b). Further-
more, the use of the neural adhesion protein L1 as a bioactive coating
to promote stable neural integration with MEAs has shown promise for
improvingtissue integration and long-term device performance* >,

MEAs explanted after chronic use are not commonly examined;
however, these studies can be illuminating as several have identified
signs of MEA degradation and of FBRin the surrounding neural tissue.
Analysis of explanted Utah arrays?***, cochlearimplants*® and periph-
eral MEAs®"*® has shown substantial corrosion of electrodes and signs
of gliosis and calcification in the tissue surrounding the implant®”. In
onestudy using flexible arrays, implanted rats showed increased gene
expression associated with wound healing and angiogenesis and the
upregulation of asubset ofimmediate early genes compared with the
pre-injury state after 18 weeks of implantation, indicating ongoing
structural and functional remodelling of the neural tissue around the
implant®°. Further investigation is necessary to better understand
the long-term biological effects of array implantation, which will be
valuable in informing future use of MEAs in humans.

Device stability and longevity

Longevity in the context of MEAs refers to the functional lifespan of the
electrodes within the biological environment. Typical device failures
are due to delamination from and between passivation layers®' for
bothrigid and flexible arrays. When insulation materials are deposited
directly on noble metals, they do not form chemical bonds, allowing
forliquidingress afterimplantation. The addition of asilicon carbide
interlayer improves adhesion, extending the device lifetime!s"72%2,
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MEAs canbe made entirely from SiC, although this makes them rigid,
similar tosiliconarrays®*>***, Another method to improve the longevity
of MEAs is to deposit a thin oxide layer between polymer layers® to
create aquasi-hermetic enclosure to protect the backend components,
which could also be extended to the entire MEA**® and has been shown
toincrease longevity in accelerated ageing tests for flexible MEAs>.

Longevity of stimulation electrodes. Requirements for stimulation
electrodes are more stringent than for recording-only sites. Stimula-
tion electrodes must withstand much higher potentials, especially in
chronic applications in which the formation of a glial scar leads to a
progressive increase in the polarization potential necessaryto achieve
the same level of injected current. This problem can be overcome by
using electrode materials with a higher charge injection limit and by
improving the tissue-electrode interface to reduce the FBR?*® (Fig. 6).
One promisingapproachtoreducing the FBR and thereby the chronic
stimulation threshold is using ultra-flexible arrays that form scar-free
integration with the host tissue. Inone study using ultra-flexible MEAs
in mice, stable stimulation thresholds were demonstrated for over
ayear with extremely low detection thresholds**°, although these
data must be considered cautiously when extending to large animal
models and humans. Although beneficial in reducing FBR, ultra-flexible
arrays might have reduced robustness and durability. There is there-
fore abalance between designs that are sufficiently small and flexible
to minimize biological interference*” and also sufficiently robust to
remain functional over the lifespan of the experiment. For additional
details on stability assessment, see Supplementary Note 4.

@ Electrochemical properties skull

Potentiostat

In vitro testing

b Dpiffusion or voltage-driven drug release

Cement

€ Corrosion and degradation

Surgical challenges

MEAs are typically inserted using amicromanipulator while monitor-
ing for buckling. The dura mater provides the primary resistance to
device insertion (Young’s modulus of -50 MPa)*? compared with the
parenchyma, which has a Young’s modulus of only -5 kPa. Typical MEAs
cannot penetrate the dura mater, except forin mice as they have athin
dura.Inmostsubjects, the durashould be removed before array inser-
tion. However, without proper training, duraremoval can damage the
parenchyma, leading to bleeding, brain swelling and dehydration®”,
which in turn reduces single-unit yield and data quality. Insertion of
flexible probes often requires the aid of a transient shuttle enclosure or
coupling with astiff shuttle; for stiff probes or flexible probesinserted
with the aid of a stiff shuttle, sharpening the array or shuttle tip can
allow insertion without removing the dura®.

Less total force is required to insert a single-shank device than a
multi-shank one and, when combined with the smaller footprint of
single-shank devices, can result in less tissue damage resulting from
them. Very slowinsertion speed (<1 um s™) can further minimize tissue
damage, resulting in higher unit yield”*”. Using a micromanipulator
equipped with a micron-scale ultrasonic vibration generator (such
as NeuralGlider) for MEA insertion can reduce dimpling and tissue
displacement?®. Aslight overshoot and thenretraction are also effec-
tive at reducing cortical dimpling?’. For Utah MEAs, the preferred
insertion methodis high-speed insertion (>8.3 m s™*) using a pneumatic
inserter”®*°, Custom 3D-printed holders, using surgery planning
software**® and performing practice surgeries can also improve the
surgical approach.

Connector f Material toxicity

y "

C

-
MEA 7‘

Brain

€ Micromotion

d Bending stiffness

Fig. 6 | Factors governing biocompatibility and foreign body response.
Aflexible microelectrode array (MEA) implanted in the cortex, with a connector
cemented to the skull. a, Electrochemical characterization can determine the
stimulation threshold that will not degrade the MEA. b, Anti-inflammatory
therapies can be builtinto the device and released to reduce the foreign body
response (FBR). ¢, Material and biological factors leading to degradation include
but are not limited to metal dissolution and reactions to insulation leading to
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inflammation and the production of reactive oxygen species, which canin turn
damage the device. The host response can lead to gradual encapsulation of the
device by microglia and proteins. d, Mechanical properties governing array
insertion such as bending stiffness (F, force; h, height; b, base) impact the FBR.
e, Tethering forces and micromotion induce FBR. f, Dissolution of potentially
toxic by-products of the MEA or over-stimulation caninduce FBR.
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Glossary

Active electronics

Electrical circuit components such as
transistors that can amplify or control
the flow of electricity and require an
external power source.

Application-specific
integrated circuit
Application-specific integrated
circuit (ASIC) is an integrated circuit
that is designed for a specific use
and is not reprogrammable once it is
fabricated.

Closed-loop experiment

An experiment involving a closed-loop
system uses feedback control where a
portion of the output signal is fed back
into the input.

Cocktail party problem

The problem of perceiving and isolating
speech in a noisy setting in which audio
signals overlap in both frequency

and time.

Common average referencing
A technique used to improve

the signal-to-noise ratio in
electrophysiological recordings;
itinvolves calculating the average
potential across all electrodes or
channels and using this average as
areference point for each individual
electrode or channel.

Device lifetime

Device lifetime is the period of time
that a device can be used safely and
effectively.

Direct current offsets

Also known as DC offset or DC bias; the
steady-state voltage on the electrode
when no signalis applied.

Fascicles

Small bundles of nerve fibres that

are enclosed within a connective
tissue sheath. They are structural
units of nerves, providing support and
protection to the nerve fibres within.

Foreign body response
(FBR). An inflammatory process that
is triggered when a foreign bodly (for
example, a microelectrode array) is
implanted into the body.

Grid cells

Neurons in the entorhinal cortex that
fire in a hexagonal grid-like pattern as an
animal moves through space, providing
a coordinate system for spatial
navigation and positioning.

Headstage

A set of electronics mounted
on the head of an animal to
convey signals to and from
microelectrode arrays.

Hippocampal theta rhythms
Atype of local field potential oscillation
in the 4-12Hz range observed in

the hippocampus, associated with
navigation, learning and memory
processing.

Listening volume

The volume of tissue from which an
electrode can pick up the electrical
signal.

Membrane potential

The voltage difference across the
plasma membrane of a cell, created

by the unequal distribution of ions

(for example, sodium, potassium and
chloride) inside and outside the cell. The
membrane potential is essential for the
conduction of electrical impulses and
the generation of action potentials.

Passive MEAs

Electronic components that transmit
electrical energy but do not generate
it and do not require an external power
source to function.

Place cells

Neurons in the hippocampus that
become active when an animalisin
a specific location in its environment.
They help form cognitive maps for
spatial navigation and memory.

Single-unit activity

(SUA). Refers to the recording of
electrical activity from a well-isolated
single neuron, typically recorded from
a microelectrode on a microelectrode
array. It captures its action potentials
(spikes) over time with high temporal
and spatial resolution.

Microdrive

A device that holds a microelectrode
array (MEA) and can be mounted

onan animal head. Microdrives are
usually used to insert MEAs into the
brain slowly and precisely and for
convenient recovery of MEAs at the end
of experimentation.

Neuronal ensembles

A population of neurons involved
in a specific neural circuit or
computation.

Spike trains
A sequence of recorded action
potentials or spikes.

System ground

A common return path for electrical
currents in the system. It is usually
grounded to Earth, meaning it has a
direct electrical connection to the Earth.

Tuning functions

Firing rate as a function of an external
variable or variable(s) often across a
continuum of stimulus values.

Data challenges

High-density MEAs generally generate 80-185 gigabytes per hour of
raw data***®%, Long-term experiments can generate prohibitively
large data sets even when recording from MEAs with fewer sites. Data
management infrastructure should be in place before data collection
beginsto prevent bottlenecks. Oversampling (for example, digitizing
raw traces at >30 kHz) should be avoided, as it only results in larger
data files without providing additional information. Sampling rates
between12.5 kHz and 30 kHz are optimal*®'. Given the high cost associ-
ated with large data volumes, new strategies are needed to compress
neuroscience data®?,

Cable management

Giventhat most neurophysiology experiments require multiple instru-
ments that all must communicate with each other via wired connec-
tions, routing cables between subjects and equipment can become a
challenge, especially for behavioural experiments. Cables should be
secured to prevent accidental detachment and interruption of data

collection, especially for those connected to movable apparatus or
attached to orwithinthe reach of subjects. Any restriction of a subject’s
behaviour owing to the presence of cables should be minimized. In
freely moving paradigms, a swivel or helium balloon**?** can be used
to support the weight of cables and keep them above the arena so as
not to interfere with behaviour. A commutator can reduce tangling
of suspended cables as subjects rotate, if needed. Cable movement
should also be restricted to minimize capacitive coupling artefactsin
therecording. Besides choosing cables of small size, wireless systems
can be adopted when applicable.

Wireless recording

Untethered recording of animals larger than mice can use a datalogger
for gathering data; this set-up involves storing data locally on an SD
card thatis synchronized with environmental cues wirelessly. The dura-
tion of the experimentis limited by the capacity of the battery, whichis
determined by the size and weight of the headstage that the animal can
carry. Thisapproachis particularly useful for studying social interactions
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and natural behaviour in large groups of animals**~¥, Inrodents, wire-
less recording and electrical and optogenetic stimulation can be per-
formed. Power and range constraints limit the versatility of thisapproach;
however, work is underway to improve this functionality”2°°, Wire-
less recordings using high-channel-count arrays remain challenging®”
and few systems are commercially available for this purpose, although
dataloggers are available from SpikeGadgets for use with Neuropixels.
Bandwidth constraints are a major bottleneck for wireless transmis-
sion. Battery efficiency is also one of the limiting factors as transmit-
ters with an effective range have high power demands. Bluetoothis the
most cost-effective and battery-efficient transmission standard, but
the bandwidth is still limiting and efficient data compression requires
some loss in data fidelity.

Outlook

Theuseofinvivo MEAs is likely toincrease in the future as technologi-
cal developments continue to advance, making current devices more
accessible and creating MEAs that can address an even broader range
of scientific questions. Some of the new developments underway are
described here.

New electrode technologies

Electrical recording and stimulation are the most common modalities
used with MEAs; however, additional modalities can be integrated
such asoptical stimulation and imaging, electrochemical sensing and
drug delivery?>**, Miniature sensor components for pH, temperature
and mechanical strain can also be incorporated into MEAs to further
expand functionality®*2",

Flexible MEAs offer new opportunities for combining electro-
physiological recordings with other experimental modalities. Unlike
rigid electrodes, the backend connectors can be positioned away
from the implantation site to reduce the probe shadow for large-area
two-photon microscopy or speckle imaging?'>%. It is also possible
to make partially or fully transparent flexible MEAs for combination
with imaging and optogenetics®*' % and to remove the photoelectric
artefact on the traces, provided that the amplifier is not saturated*’*.
Flexible MEAs also show great promise for use in the spinal cord®*¢ %,
For clinical and preclinical applications, X-ray markers can be added
for fluoroscopically guided insertion®”. Following recent trends in
the optimization of fabrication methods for thin flexible arrays, their
electrode density and channel count should soon approach that of
high-density rigid arrays®*.

MEAs can be used as electrochemical sensors to detect elec-
troactive neurochemicals as redox peaks using fast scan cyclic
voltammetry®"°. Surface modification strategies and electrochemical
techniques have been used to detect many different neurochemicals
of interest. Non-electroactive neurochemicals can also be detected
using enzymes that produce a secondary analyte (often hydrogen
peroxide) that is readily detected®"” or aptamers that are selected
to have specific affinity to neurochemical targets®> =",

Usingtransistors aselectroactive sites for recording neural activity
isapromisingapproach asitenableslocal amplification for high SNR*®.
In addition, they are also capable of electrochemical sensing™>*"*'%,
Bothinorganic and organictransistors canbe used, with organic tran-
sistors being more compliant and suitable for constructing flexible
M EAS319'320.

Optical signal transmission technologies, such as wavelength
division multiplexing using electrical-to-optical couplers inte-
grated on recording sites or pre-amplifiers, could allow signals from

different electrodes to be converted to light of different wavelengths
and sent through optical fibres simultaneously, allowing switchless
high-channel-count recording®.

Delivering drugs using MEAs is a way to directly modify the cellular
environment locally around the MEA, with a wide range of potential
applications. Surface-bound nanocarriers or porous nanoparticles
integrated into the electrode coating can be used for spatially and
temporally controlled drug delivery*>***%, Systemically delivered
nanocarriers responsive to remote release triggers such as magnetic,
ultrasound or infrared signals can supplement local delivery for
modulation at multiple spatial scales®** %,

Advances in fabrication techniques®” have expanded the appli-
cations of in vivo MEAs. The manufacturing of smaller, more flexible
designs with greater shape customizability has expanded the range
of model organisms for which suitable MEAs are available and MEAs
have nowbeen designed for use in Caenorhabditis elegans®®, insects®”,
fish®*? and sea slugs®*®**, Furthermore, new flexible and multimodal
MEAs***** have been used in the enteric nervous system of the gas-
trointestinal tract®®, an organ system that would greatly benefit from
high-density electrophysiological mapping and stimulation studies.

Leveraging machine learning

Advanced machine learning has been adopted in behavioural neu-
roscience for automatic image analysis, as this is a more general
application of the technology commonly implemented across
disciplines'®**”’. More restricted machine-learning approaches have
been used on large electrophysiology data sets to extract latent fea-
tures. To date, these models have been limited and require human
curation and optimization of the model for the data set. Machine
learning is poised to make a larger impact on the field as it is being
explored for the automation of spike sorting®® and the analysis of
large data sets with the ability for self-optimization and automatic
feature extraction. Machine learning could also be applied for the
design and implementation of closed-loop experiments for real-time
classification and tailoring of stimuli based on current brain state,
with applications for advanced BCIs**"**,

Applications for bioelectronic medicine

Recent studies on cortical electrical neuromodulation for learn-
ing and memory have shown promise for neuroprosthetic systems
treating cognitive disorders (reviewed elsewhere®****), Autonomic
nerves are promising targets for PNS interfaces. The vagus nerve and
its branches, as well as other autonomic nerves, can be stimulated
to treat hypertension, chronic obstructive pulmonary disease, obe-
sity, depression, chronic pain, rheumatic arthritis and autoimmune
diseases®*****; however, many fundamental research questions need
to be addressed to understand the underlying processes and neural
semiotics involved®*?*¢,

Conclusion

The future of in vivo MEAs in neuroscience is promising with ongo-
ing advancements and innovations. These technological advance-
ments, driven by a synergy among basic neuroscience, material science
and micro-technological and nano-technological engineering, hold
great promise for advancing our understanding of neural circuits and
behaviours as well as paving the way for innovative applications in
neuroprosthetics and bioelectronic medicine.
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