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NeuroGrid: recording action potentials from the surface

of the brain

Dion Khodagholy!, Jennifer N Gelinas!, Thomas Thesen?, Werner Doyle?, Orrin Devinsky?, George G Malliaras?

& Gyorgy Buzsakil

Recording from neural networks at the resolution of action
potentials is critical for understanding how information is
processed in the brain. Here, we address this challenge by
developing an organic material-based, ultraconformable,
biocompatible and scalable neural interface array (the
‘NeuroGrid’) that can record both local field potentials

(LFPs) and action potentials from superficial cortical neurons
without penetrating the brain surface. Spikes with features

of interneurons and pyramidal cells were simultaneously
acquired by multiple neighboring electrodes of the NeuroGrid,
allowing for the isolation of putative single neurons in rats.
Spiking activity demonstrated consistent phase modulation

by ongoing brain oscillations and was stable in recordings
exceeding 1 week’s duration. We also recorded LFP-modulated
spiking activity intraoperatively in patients undergoing epilepsy
surgery. The NeuroGrid constitutes an effective method for
large-scale, stable recording of neuronal spikes in concert with
local population synaptic activity, enhancing comprehension of
neural processes across spatiotemporal scales and potentially
facilitating diagnosis and therapy for brain disorders.

The main form of communication among neurons in the brain occurs
through action potentials (‘spikes’). Understanding the mechanisms
that translate spikes of individual neurons into perceptions, thoughts
and actions requires the ability to monitor large populations of neu-
rons at the spatial and temporal resolution of their interactions!=3.
Action potentials generate a transmembrane potential that can be
detected by an electrical conductor, such as a wire, in the extracellular
medium at close proximity to the neuron®. Direct electrical coupling
between sensor and neural tissue allows temporally precise recording
of single-unit firing in combination with population synaptic activity,
often in the form of brain oscillations. Recording of multiple single
extracellular action potentials (‘units’) is possible using wire ‘tetrode’
arrays® or silicon probes®-8. Although these penetrating electrodes can
isolate signals from individual neurons and have yielded important
insight into neural correlates of behavior, large arrays of penetrating
electrodes cause damage to brain tissue and recording instability®°.
These features restrict recording to a small neuronal volume of

interest and limit the monitoring of large-scale neural dynamics
occurring over contiguous areas of cortex.

Simultaneous intra- and extracellular recordings from hippo-
campal neurons in vivo have demonstrated that action potentials
of hippocampal pyramidal neurons can be detected up to 150 pm
laterally from the soma but at distances exceeding 200 tm when the
recording sites are parallel with the somatodendritic axis!®-12. We
therefore hypothesized that action potentials could be recorded from
the surface of the cortex without penetration of the brain. Although
subdural recording of LFP is well established in experimental animals
and human patients!3, currently available electrode arrays do not con-
form to the curvilinear surface of the brain, decreasing the stability
and efficiency of the electrical and mechanical contacts. Moreover,
owing to electrode size and spacing relative to underlying neurons,
such arrays integrate the activity of numerous neurons over a large
volume of neural tissue. These factors prevent detection of units from
the cortical surface!4. To overcome these limitations, we developed
a novel, organic material-based, ultraconformable, biocompatible
and scalable neural interface array (the ‘NeuroGrid’) with neuron-
sized-density electrodes. We demonstrate that the NeuroGrid can
chronically record LFP and action potentials from superficial cortical
neurons without penetrating the brain surface both in behaving rats
and in human patients undergoing surgery to treat epilepsy.

RESULTS

We recorded action potentials from the surface of the neocortex and
hippocampus with the NeuroGrid. We have determined that the abil-
ity of the array to isolate single-neuron action potentials is a prod-
uct of several design elements: (i) recording electrode density that
matches the average size of neuronal bodies and neuronal density
(10 x 10-um? electrode surface area and 30-pm interelectrode
spacing; Fig. la inset and Supplementary Fig. 1a); (ii) use of
poly(3,4-ethylenedioxythiophene) doped with poly(styrenesulfonate)
(PEDOT:PSS) as the interface material, which substantially (by an
order of magnitude) decreases electrochemical impedance mismatch
between tissue and electrodes as a result of its mixed electronic and
ionic conductivity and high ionic mobility!>1® (Supplementary Fig. 1d);
(iii) encapsulation with parylene C, to allow microfabrication of a
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Figure 1 NeuroGrid structure and spike
recordings in freely moving rats. (a) The
NeuroGrid conforms to the surface of

an orchid petal (scale bar, 5 mm). Inset,
optical micrograph of a 256-electrode
NeuroGrid (scale bar, 100 um). Electrodes
are 10 x 10 um?2 with 30-um interelectrode
spacing. (b) The NeuroGrid conforms

to the surface of the rat somatosensory
cortex. The edge of the resected dura is
visible at top left of the craniotomy

(scale bar, 1 mm). (c) High-pass-filtered
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curve demonstrates the spike detection threshold (r.m.s. noise = 8 uV at 0.1-7,500 Hz).

thin (4 pm) and ultraconformable structure that can closely adhere
to complex curvilinear surfaces (Fig. 1a and Supplementary Fig. 1b).
The entire microfabrication process was based on generic photolitho-
graphic patterning!”-18. Platinum and gold, used as interconnects and
pads, were embedded at the mechanical neutral plane of the device
(2 um depth) to generate a robust mechanical structure able to con-
form to a small bending radius (Supplementary Fig. 1b). These
metallic structures were completely covered with PEDOT:PSS or
parylene C to prevent any exposure to brain tissue. Gold was used as
an inert substrate for PEDOT:PSS deposition coupled with platinum
as a bonding pad, thereby eliminating the need for bulky connectors
between the PEDOT:PSS-based flexible electrodes and conventional
rigid electronic components. These design elements result in low
noise, high stability of electrode response over time and high signal-
to-noise ratio (Supplementary Figs. 1¢,d and 2).
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In rats, the NeuroGrid was placed on the cortical surface exposed
by removal of dura mater (Fig. 1b) or on the alvear surface of the
hippocampus after removal of a small piece of neocortex. To anchor
the NeuroGrid for chronic in vivo use after placement, it was covered
with bioabsorbable gelatin compressed sponge (Gelfoam) and the
craniotomy was sealed with paraffin. Physiological recordings were
performed while rats engaged in normal behavior in their home cage
(Supplementary Video 1). Signals were amplified, multiplexed and
digitized using a head-stage mounted directly on the NeuroGrid to
allow free movement of the animal. High-pass-filtered (500 Hz) traces
from the surface of somatosensory cortex or hippocampus yielded
observable spiking activity (Fig. 1¢), except at sites above major blood
vessels (Supplementary Fig. 3a,b) and in postmortem recordings.
Spikes with amplitude at least 5 times larger than the root mean square
(r.m.s.) of the background activity were selected for semiautomatic
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Figure 2 Neuron clustering and spike-waveform characterization. (a) Sample autocorrelograms (in color) of putative single-unit spiking from
hippocampus (top two rows) and cortex (bottom row). Spiking cross-correlations (black) demonstrate excitatory and inhibitory interactions between
putative single-unit pairs. (b) Scatterplot of waveform characteristics of putative single units recorded with the NeuroGrid reveals two broad
clusters. Neurons were clustered according to waveform symmetry and mean wide-band spike width. Each symbol corresponds to an average spike
waveform of a putative isolated neuron. The symmetry of the waveform is defined by the comparison of the peaks of the spike (a and b), and the
spike duration is defined by the latency of spike peak to trough (c), as illustrated in the inset at bottom left. (c) Nissl-stained coronal sections of
cortex (left) and hippocampus (right) deep to NeuroGrid placement. Electrode location on the surface is estimated in yellow (electrodes not to scale;

scale bars, 100 um; pyr., pyramidal).
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Figure 3 Phase modulation of NeuroGrid
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spikes by brain oscillations. (a) Time-frequency
spectrogram of LFP recorded by the NeuroGrid
during sleep in cortex (left) and hippocampus
(right). The cortical spectrogram during

an NREM epoch contains sleep spindles
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(9-16 Hz) and slow oscillations (2-4 Hz). 0
The hippocampal spectrogram manifests theta
oscillations during a REM epoch (middle of
panel) and ripples (100-150 Hz) during an
NREM epoch (right of panel). Scale bars, 10 s.
Colors represent normalized power, with warmer
colors indicating higher power. (b) Sample

raw LFP traces demonstrating each oscillation
(orange = slow oscillation, gray = spindle,

scale bars, 100 ms x 250 uV; green = theta,
scale bars, 250 ms x 250 uV; purple =ripple,
scale bars, 100 ms x 100 uV). (c) Polar plots
show phase-locking of sample neural firing

to oscillations in cortex (left; slow oscillation
and spindles) and hippocampus (right; theta
and ripples). Histograms corresponding to

the above polar plots for each type of cortical
and hippocampal oscillation on the initial

day of recording (matching color trace) and

10 d later (lighter color trace) demonstrate
consistent phase modulation of units over time.
Neocortical and hippocampal recordings are
from different rats.
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clustering and identification of putative single units!'2. Spikes were
detected on multiple electrodes (corresponding to a recording area
encompassing approximately 0.25-1 mm?), with relatively higher-
amplitude units in the hippocampus compared to the neocortex
(Supplementary Table 1).

The spatial extent of the action potential waveforms from putative
individual neurons was determined by spike-triggered averaging across
all sites of the NeuroGrid. The waveforms typically had a localized
negative peak at the detection site, with polarity reversal at adjacent
sites (Fig. 1d). This appearance is consistent with previous modeling

Figure 4 Intraoperative NeuroGrid recording a
of LFP and spikes in epilepsy patients.

(a) Surgical placement of the NeuroGrid on

the surface of human brain (open circle).

Acquisition electronics are suspended above

the cortical surface. Two stainless-steel needle
electrodes served as reference and ground electrodes
(denoted REF and GND, respectively) adjacent

to the craniotomy (scale bar, 2 cm). (b) Above,
high-pass-filtered (f, = 250 Hz) time traces of the
intraoperative NeuroGrid recordings containing

spiking activity (scale bars, 20 ms x 40 pV).

Below, sample spike waveforms obtained by b
spike-triggered averaging of spikes from
different recording sites (colors; scale bars,
1 ms x 40 uV). (c) Sample time-frequency
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and experimental data on the geometry of sinks and sources in the
extracellular space!®1°. The morphology of individual waveforms
was consistent across several days of recording (Supplementary Figs. 3¢
and 4b). Average spike waveform amplitude was also maintained
over 10 d of recording, with no increase in spike detection thresh-
old (Fig. 1e). In vivo r.m.s. noise as assessed in postmortem animals
was 3 WV for spike bandwidth and 8 pV at recording bandwidth
(0.1-7,500 Hz). These results reflect the ability of the NeuroGrid to
stably monitor the activity of individual neurons over time with mini-
mal physiologic disruption.
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Over what spatial distance can the NeuroGrid detect neuronal
spikes? To address this question, we analyzed features of spikes acquired
from rat neocortex and hippocampus. Autocorrelation of spike trains
is routinely used to ensure separation of spikes emanating from
neighboring neurons!2. Clustered spikes detected by the NeuroGrid
generated autocorrelograms with typical neuronal refractory
periods (Fig. 2a, in color). Isolated putative single units exhibited a
range of firing rates (0.1-60 Hz), and some hippocampal units had
autocorrelograms with peaks at short interspike intervals (Fig. 2a, in
purple), characteristic of burst firing of pyramidal cells?(. To directly
validate the physiologic nature of spiking activity recorded from the
surface with the NeuroGrid, we simultaneously detected some of these
spikes using a silicon probe inserted into adjacent brain parenchyma
(<200 pm deep from the surface; Supplementary Fig. 5e). Spikes
recorded by the NeuroGrid exhibited a wide distribution of morpho-
logic features (Fig. 2b), suggesting that the recorded units are likely
to reflect activity of both layer 1 interneurons and also pyramidal
cells and fast-firing interneurons in deeper layers?!-?2. Very-
short-duration (<0.5 ms), ‘triphasic, symmetric waveforms, consistent
with axonal spikes?3, were occasionally identified, but their amplitude
was typically below the unit detection threshold.

Short-timescale cross-correlations between unit pairs further sup-
ported the presence of pyramidal cells among the clustered units. A
reference neuron whose spikes consistently preceded spikes from a sec-
ond neuron with less than 3 ms latency was assumed to be excitatory,
whereas a reference neuron whose spikes were consistently followed by
transiently decreased spiking probability of a second neuron was con-
sidered inhibitory?4. Both excitatory and inhibitory interactions were
observed between cortical and hippocampal clustered units (Fig. 2a,
in black). Although these physiological methods are indirect measures
of neuronal connectivity?4, they suggest that the NeuroGrid can also
record spikes of pyramidal cells from the superficial layers of the neo-
cortex and pyramidal layer of the hippocampus, extending its spatial
radius of neuron spike recording ability to 150-200 wm (Fig. 2c¢).

The NeuroGrid recorded LFP oscillatory events over a wide range
of frequencies (Fig. 3a,b). As expected, during non-rapid eye move-
ment (NREM) sleep, neocortical units robustly decreased their spiking
rates at the trough of the locally recorded slow oscillations?>26 and
were also phase-locked to sleep spindles?®2?7 (Fig. 3¢, orange and
gray). Most hippocampal units were phase-modulated by theta oscil-
lations and, in their absence, by sharp wave-ripple complexes (Fig. 3c,
green and purple)?8. Phase-locking of units to LFP was observable
over several days of recording (Fig. 3¢, histograms).

After establishing the recording ability of the NeuroGrid in rats,
we performed intraoperative recordings over mid-superior tempo-
ral gyrus in two human patients undergoing epilepsy surgery. The
NeuroGrid was placed on the pial surface after removal of the chronic
diagnostic subdural grid in one patient, and after intraoperative clin-
ical electrocorticography (EcoG) and tumor resection in the other
patient (Fig. 4a). Because of its conformability and hydrophobic
surface (parylene C), the NeuroGrid made stable electrical and
mechanical contact with the cortical surface despite brain pulsations.
Cortical slow oscillations interspersed with higher-frequency
activity were observed, commensurate with surgical anesthesia.
Beta-frequency oscillations exhibited differential power across
channels and formed spatially coherent clusters of activity (Fig. 4).
High-pass-filtered traces revealed spiking activity (Fig. 4b).
Although the limited intraoperative recording time (8 and 20 min)
and the lower amplitude of the spikes in human as compared to
rodent recordings precluded reliable clustering of putative single
neurons, spikes displayed typical waveform patterns (Fig. 4b) and

were reliably phase-modulated by cortical slow oscillations (Fig. 4e),
confirming the physiologic nature of the activity.

DISCUSSION

Our findings demonstrate that it is possible to record action potentials
from superficial cortical layers of rodents and humans with high fidelity
and extended duration using a nonpenetrating surface array. Although
subdural ECoG electrode arrays in human subjects offer better
spatiotemporal resolution than noninvasive technologies!3142%:30,
they cannot provide data at the resolution of neural firing. Penetrating
devices (such as the Utah array) enhance resolution to the level of
spiking, but are limited in spatial scale and may cause permanent
local tissue damage when used for long-term chronic recordings!.
The NeuroGrid has several innovative characteristics that overcome
limitations in current methods of surface recording;: (i) lightweight and
conformable architecture to establish stable electrical and mechanical
contacts, thereby ensuring minimal damage to underlying tissue; (ii) an
efficient abiotic/biotic interface resulting in a high signal-to-noise ratio
and the ability to resolve spikes; and (iii) scalable, neuron-sized-density
electrodes to allow isolation and characterization of multiple individual
neurons’ action potential waveforms across the cortical surface.

The NeuroGrid’s ultrathin (4 um) and conformable architecture
allows it to closely follow the fine irregularities of the neocortical
surface topography. In contrast to conventional clinical subdural
ECoG arrays and flexible polyimide-based LFP probes!432:33,
NeuroGrids can be folded and inserted into brain regions currently
inaccessible to recording with surface electrodes. Clinically, this
feature will facilitate acquiring data directly from the cortex lining
fissures and sulci in the human brain, areas that can harbor difficult-
to-diagnose epileptic lesions.

Because the NeuroGrid is composed of ‘soft’ organic electronics!®35,
it has high mechanical compatibility with brain tissue as compared to
‘hard’ electronics, potentially minimizing long-term impact on the cor-
tical surface. As with all subdural recording methods, placement of the
NeuroGrid requires removal of the dura mater, disrupting the normal
cortical environment. However, multiple perforations can be incorpo-
rated into the NeuroGrid structure to allow free flow of cerebrospinal
fluid and minimize this disruption during chronic recording. As a
result of these features, we observed durable recordings from multiple
single neurons for up to 10 d in rats, the typical duration of diagnostic
recordings in epilepsy patients. The NeuroGrid may be capable of
recording neuronal spikes over longer periods of time, as termination
of recording in our subjects was not due to device failure.

Metallic electrodes conduct only electronic current, but electro-
physiological signals in the brain are primarily based on ionic flux.
The NeuroGrid is composed of a conducting polymer (PEDOT:PSS)
that is able to conduct both ionic and electronic current, enhancing
the efficiency of signal transduction®>3¢. This capacity for mixed con-
duction coupled with the large effective interfacing surface area of the
polymer decreases the electrochemical impedance mismatch of the
electrodes with brain tissue!”-37. Hence, we were able to achieve a high
signal-to-noise ratio capable of spike detection, providing substan-
tially higher spatiotemporal resolution than was previously possible.

The NeuroGrid’s neuron-sized-density recording sites enable
microscopic sampling of LFP and spiking activity, thereby resolv-
ing the surface projection of individual neurons’ action potentials.
This data approaches the spatial resolution of voltage-sensitive dye
imaging3® but without toxic side effects, and it allows for extended
measurements even from nonplanar, optically inaccessible areas.
Furthermore, the NeuroGrid’s micron-scale electrode spacing per-
mits acquisition of a neuron’s action potential waveform on multiple
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neighboring sites and consequent source localization. This method-
ology has been previously successful in in vitro preparations using
high-density planar multielectrode arrays3°-41.

Our recordings from neocortex and hippocampus demonstrate that
spikes of inhibitory and excitatory neurons can be resolved, imply-
ing that the electrodes can detect neurons at least as far as 200 pm
below the cortical surface. Identification of the recorded neuron types
will require further experiments, including optogenetic tagging and
improvements in two-dimensional neural clustering techniques.
Improvement of spike clustering methods may also resolve small-
amplitude axonal spikes?3, providing an opportunity to study the rela-
tionship between the activity of layer 1 afferents and spike outputs
from layer 1 and layer 2 neurons. The combination of the NeuroGrid
with penetrating electrodes will also allow simultaneous monitoring of
interactions between neurons in superficial and deep cortical layers*2.
For instance, the NeuroGrid has the potential to record from a large
fraction, or all, of the underlying layer 1 neurons, which are currently
difficult to monitor at single-spike resolution by other methods.

Studies using subdural ECoG arrays provide ample evidence that
the high-frequency content of the LFP is information rich?%43:44,
Extensive studies of spectral power above 100 Hz have demonstrated,
for instance, that letters of the alphabet or phonetic features of speech
can be reliably decoded from the high-frequency content of corti-
cal surface recordings?>#>. It has been hypothesized that the high-
frequency portion of the power spectrum reflects spiking activity
of neuron aggregates in the underlying cortex#®. This assertion
has been difficult to verify across various neural networks because
conventional surface electrodes cannot resolve spikes of single
neurons. The spike-resolution data generated by the NeuroGrid
can facilitate characterization of the relationship between spiking
activity and the high-frequency LFP signals acquired by conven-
tional electrodes.

The NeuroGrid structure is easily scalable to cover large surfaces:
for instance, nearly the entire dorsal cortical surface in small animals,
or multiple cortical areas of the human brain. Signal acquisition of
such large-scale data is currently limited by lack of high-channel-
count electrophysiological interfacing electronics. However, in concert
with advances in high-speed electronics and data processing capacity,
the amount of LFP and spike samples recorded by the NeuroGrid
could be substantially increased in the future.

In summary, we have recorded action potentials from superficial
cortical layers of rodents and humans with high fidelity and extended
duration with highly conformable, nonpenetrating NeuroGrids. The
high signal-to-noise ratio of the acquired signals permitted analysis
of entrainment of spiking activity to brain oscillations. We were also
able to acquire multiunit spike-resolution data from epilepsy surgery
patients with this biocompatible array, highlighting its translational
potential. Although numerous hurdles must be overcome for safe
and reliable recording in patients to become possible?7, large-scale,
chronically recorded data generated by the NeuroGrid has broad
applicability to the understanding of physiologic and pathologic net-
work activity, control of brain-machine interfaces, and therapeutic
closed-loop stimulation in brain disease.

METHODS
Methods and any associated references are available in the online
version of the paper.

Note: Any Supplementary Information and Source Data files are available in the
online version of the paper.
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ONLINE METHODS

Probe fabrication and characterization. The fabrication and patterning of
PEDOT:PSS-based electrodes were discussed in previous publications!”!8,
resulting in devices capable of conformability around a 100-um diameter
cylinder (Supplementary Fig. 1b). Here we used an adapted fabrication process
consisting of deposition and patterning of parylene C, Au, Pt and PEDOT:PSS
films using projection exposure systems as follows: parylene C was deposited
using an SCS Labcoater 2 to a thickness of 2 um (to ensure pinhole-free films).
3-(trimethoxysilyl)propyl methacrylate (A-174 Silane) and a dilute solution of
industrial cleaner (Micro-90) were used as an adhesion promoter and antiadhe-
sion agent, respectively. The film was patterned with a 4.5-um-thick layer of
SPR220-45 (Electronic Materials) photoresist and dry etched by a plasma reactive-
ion etching process (180 W, 50 sccm O,, 3 sccm SFg, 2 scem CFy for 15 min)
using an Oxford 80 plus followed by a lift-off process to pattern metal pads and
interconnects. A negative photoresist, AZ nLOF 2020, was spin-coated on the
parylene film at 5,500 r.p.m., baked at 115 °C for 60 s, exposed using a stepper
(GCA Autostep 200 DSW i-line Wafer Stepper) and then developed using MF726
developer. Metallic layers (10 nm Ti, 150 nm Pt and 50 nm Au) were deposited
using an e-beam metal evaporator (CVC SC4500) at 2.107 bars. Lift-off was
performed using 1165 stripper (2 h).

To enhance the conductivity of PEDOT:PSS, a mixture of PEDOT:PSS aque-
ous dispersion (PH-1000 from H.C. Stark) and ethylene glycol (20:5 ml ratio)
was prepared and mixed with dodecyl benzene sulfonic acid (100 ul per 50 ml)
and 3-glycidoxypropyltrimethoxysilane (1 wt%) to adjust surface energy and
cross-link, respectively. The resulting dispersion was spin-coated at 650 r.p.m.
The films were subsequently baked at 140 °C for 1 h and then immersed
in deionized water overnight to remove any excess low-molecular weight
compounds. The electrodes were characterized in vitro using phosphate buffer
solution (PBS). A tungsten wire was immersed in the electrolyte and used as
the reference electrode.

Animal surgical procedure. All the animal experiments were approved by the
Institutional Animal Care and Use Committee. Thirteen NeuroGrids were used
in cortex (n = 10) and hippocampal (n = 3) implantations in male Long Evans
rats (250-350 g; 8-11 weeks of age). Rats were housed in a regular 12 h/12 h
light/dark cycle throughout the course of experimentation. Rats were housed
in pairs prior to surgical procedure but separated after intracranial implanta-
tion was performed. Rats used in these experiments had no previous history of
experimentation of any kind. The animals were initially anesthetized with 2%
isoflurane and maintained under anesthesia with 0.75-1% isoflurane during the
surgery. A series of H32 Neuronexus probes including 32 site single and quad
shank probes were used to validate the surface recordings. Two tungsten wires
with 100 um diameter and 2 mm length were implanted in cerebellum to serve
as ground and reference electrodes. A 2 x 3 mm? craniotomy was performed on
the right hemisphere (AP = 3.5 mm, ML = 3 mm); the NeuroGrid was placed on
the exposed cortical surface. A silicon probe (Neuronexus H32 series) mounted
on a microdrive (277 um per revolution) was inserted in the brain at the vicinity

of the NeuroGrid. The craniotomy was covered by Gelfoam and sealed using a
10:1 mixture of paraffin and mineral oil.

Intraoperative patient recordings. Intraoperative recordings from patients
undergoing epilepsy surgery recordings were approved by the Institutional
Review Board at New York University Langone Medical Center (NYULMC).
Patients undergoing epilepsy surgery for placement of clinical subdural ECoG
arrays or resection of epileptic tissue were eligible for the study. Patients with
diffuse cortical lesions or developmental disability, or who were less than
18 years of age, were excluded. In this study, patient 1 was a 24-year-old woman
with nonlesional refractory epilepsy. Patient 2 was a 35-year-old woman with
epilepsy related to a meningeal tumor. Informed written consent was obtained
from all patients for all aspects of the protocol, including publication of
photos. All electronic equipment used in the operating room was checked and
approved by the Clinical Engineering Department at NYULMC. NeuroGrids,
head-stages and associated cables underwent gas sterilization (97-100%
ethylene oxide at 50-60 °C for 4 h followed by 12 h of detoxification) as per
NYULMC protocol. Recordings lasted for a maximum of 30 min, and were
performed under anesthesia as administered by the attending anesthesiolo-
gist (patient 1: dexmedetomidine, propofol, remifantyl; patient 2: sevoflurane,
remifentanyl). Placement of the NeuroGrid was guided by the location of the
craniotomy required for clinical diagnostic and therapeutic procedures, and on
the advice of the attending neurosurgeon. Stainless steel reference and ground
needle electrodes were placed in the subcutaneous tissue of the scalp adjacent
to the recording area.

Data acquisition and processing. During the recording sessions in 13 rats and
2 epilepsy patients, neurophysiological signals were amplified, digitized continu-
ously at 20 kHz using a head-stage directly attached to the probe (RHD2000
Intan technology) and stored for off-line analysis with 16-bit format. Rat LFP
and unit activity were recorded in the home cage during normal behavior and
sleep. The data were analyzed using MATLAB (MathWorks). An amplitude-
threshold method was used to detect spikes from band-passed filtered data
(0.25-2.5 kHz) and spike waveforms were retrieved from wide-band files. Cell
clustering was done by an unsupervised EM algorithm (Klustakwik). Spike-LFP
phase synchrony was done by a power-threshold method at the target frequency
band (FMA-toolbox) according to physiological characteristics of the LFP. The
instantaneous phase of the LFP was extracted by Hilbert transform and validated
with wavelet (Gabor) to ensure uniform phase distribution.

Histology. Rats were killed with sodium pentobarbital and perfused via the heart
with 0.9% saline followed by 10% formalin. Whole brains were extracted and
sectioned using a vibratome (Leica) to create 100 um coronal slices. Slices were
mounted on gelatin-coated glass slides, stained using a Nissl staining protocol
and coverslipped. A light transmission microscope (Zeiss) was used to visualize
and photograph the slices. Electrode and/or probe location was reconstructed
from adjacent slices.
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