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Abstract: Stereo-electroencephalography depth elec-
trodes, regularly implanted into drug-resistant patients
with focal epilepsy to localize the epileptic focus, have
a low channel count (6-12 macro- or microelectrodes),
limited spatial resolution (0.5-1 cm) and large contact
area of the recording sites (~mm?). Thus, they are not
suited for high-density local field potential and multi-
unit recordings. In this paper, we evaluated the long-
term electrophysiological recording performance and
histocompatibility of a neural interface consisting of
32 microelectrodes providing a physical shape similar to
clinical devices. The cylindrically-shaped depth probes
made of polyimide (PI) were chronically implanted for
13 weeks into the brain of rats, while cortical or thalamic
activity (local field potentials, single-unit and multi-unit
activity) was recorded regularly to monitor the temporal
change of several features of the electrophysiological
performance. To examine the tissue reaction around the
probe, neuron-selective and astroglia-selective immu-
nostaining methods were applied. Stable single-unit
and multi-unit activity were recorded for several weeks
with the implanted depth probes and a weak or moder-
ate tissue reaction was found around the probe track.
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Our data on biocompatibility presented here and in vivo
experiments in non-human primates provide a strong
indication that this type of neural probe can be applied
in stereo-electroencephalography recordings of up to
2 weeks in humans targeting the localization of epilep-
tic foci providing an increased spatial resolution and
the ability to monitor local field potentials and neuronal
spiking activity.
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Introduction

Recording electrical activity from the brain provides
invaluable information regarding the mechanisms under-
lying basic and higher order brain functions. Intracorti-
cal electrophysiological recording methods are common
practice in animal experiments; however, in humans,
invasive electrophysiology is largely limited due to strict
ethical restrictions and the lack of appropriate apparatus
for high-density neural recordings [1]. Furthermore, most
of the electrophysiological recording devices developed
for clinical use or for acute/semichronic recordings in
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patients with neurological disorders (e.g. epilepsy, Par-
kinson’s disease) contain only a small number of macro-
and microelectrodes [2-7]. Thus, these implantable neural
probes (e.g. stereo-electroencephalography depth elec-
trodes) offer only low spatial resolution and are inad-
equate to monitor the spiking activity of many individual
neurons simultaneously. Therefore, to maximally exploit
the potential of human intracortical recordings, the devel-
opment and use of novel, high-channel-count recording
devices are necessary. Neural probes designed for long-
term monitoring of human brain electrical activity have
to be made of biocompatible materials and should consist
of a high number of microelectrodes capable of recording
local field potentials, multi-unit and single-unit activity
(MUA and SUA, respectively) simultaneously to obtain as
much useful data as possible during the rare opportuni-
ties of recording from the brains of patients.

The technology to realize high-density electro-
physiological recording devices is readily available
[8, 9], however, prior to the application of these novel
depth probes in human patients, thorough valida-
tion experiments in animal models are required. This
includes the long-term testing of the recording per-
formance of the neural implants and the examination
of the foreign body response of the brain tissue in the
vicinity of the depth probe [10, 11]. In a recent study, we
have developed the prototype of a high-channel-count,
cylindrically-shaped probe made of polyimide (PI) [8].
The functionality of the probes was verified by chroni-
cally implanting them for several weeks into the brain
of a rhesus monkey [9].

Parallel to the monkey experiments, another probe
variant had been developed. The main purpose of this
probe type is to evaluate tissue reactions based on histo-
logical data, which in the case of rhesus monkeys is very
limited, due to the fact that the probe was only implanted
in one monkey. This paper presents the chronic evalu-
ation of this cylindrically-shaped hollow depth probe
realized from PI-based thin-film substrates containing
32 microelectrodes around the circumference of the probe
cylinder. To assess the electrophysiological performance
and histocompatibility of the fabricated neural interfaces,
we implanted them chronically into the neocortex or
thalamus of rats for a period of about 3 months. The tem-
poral evolution of the recording performance was inves-
tigated by tracking changes in the number of separable
single units, the signal-to-noise ratio (SNR) of recorded
neural data and the electrical impedance of recording
sites. Finally, the depth probes were explanted after the
chronic implantation period and immunohistochemical
methods were used to examine the loss of neurons and
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the glial reaction adjacent to the track of the cylindrical
depth probe.

Materials and methods
Probe design and fabrication

The probe fabrication was described in detail previously [8, 9]. In
short, dual-layer lift-off technique was employed to pattern metal
traces (Figure 1B) on top of a PI substrate (U-Varnish-S, UBE Indus-
tries Ltd., Tokyo, Japan) spin-coated and cured on a 100 mm silicon
wafer (Figure 1A). Subsequently, a second PI layer and an additional
Cytop® layer (Asahi Glass Co., Tokyo, Japan) were spin-coated to
embed the metal tracks and electrodes in the insulating polymer lay-
ers (Figure 1C). This was followed by photolithography to generate
soft etch masks for the reactive ion etching steps used to define the
lateral dimensions of Cytop® (Figure 1D), openings to the electrodes
and contact pads and probe dimensions (Figure 1E). The PI foil was
peeled off the silicon wafer using tweezers (Figure 1F) and finally
rolled into the cylindrical probe shape inside a metallic mold with an
inner diameter of 800 um using customized tools (Figure 2A-D). The
probe substrate inside the mold was heated to a temperature of 290°C
which exceeds the glass-transition temperature of Cytop®. Providing
enough time, i.e. 4 h in our case, allowed to adhesively bond the over-
lapping PI surfaces and thus to maintain the cylindrical probe shape
after removing the probe from the mold.

The cylindrical depth probe was electrically interconnected to
the electrophysiological recording setup via a planar section of the
PI structure which could be attached to a zero-insertion-force (ZIF)
connector (Molex, Lisle, IL, USA; Figure 2E). To avoid the mechanical
failure of the PI foil due to the frequent usage of the ZIF connector
during experiments lasting several weeks, the PI structure was con-
nected to a small and flexible printed circuit board, as described in
the work of Pothof et al. [9].

The hollow depth probe developed in this study is schemati-
cally shown in panel A of Figure 3. The PI-based neural implant has
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Figure 1: Schematic of cleanroom processing steps.

(A) Spin coating the first Pl layer; (B) lift-off patterning of metal
tracks and electrodes; (C) embedding metal tracks into insulating
polymers; patterning of (D) Cytop® and (E) PI layers to define adhe-
sive layer and probe dimensions by reactive ion etching, respec-
tively; (F) peeling off finalized probe substrates from the silicon
handle wafer.
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Figure 2: Schematic cross-section of the rolling process.

(A) Pl-based probe substrate (red) tangentially introduced through
the slits of the metallic mold and a slitted needle. (B, C) Rotation of
the needle to completely drag the Pl foil into the mold after two full
revolutions. (D) Axial needle retraction and thermal anneal of the
cylindrical probe inside the mold cavity at elevated temperatures.
(E) Schematic image of the device showing the planar ZIF connector
extending from the cylindrical probe.

a cylindrical shape (height: 1500 um, diameter: 800 um) with 32 inte-
grated platinum (Pt) microelectrodes having a diameter of 35 um. The
electrodes are arranged on the PI substrate in four rows with a dis-
tance of 200 pm. The rows are transferred in the cylindrically-shaped
probe into respective rings in each of which the eight recording sites
are positioned equidistantly around the circumference of the probe
cylinder (Figure 3A). The adjacent rings of electrodes are 200 pm
apart from each other, with the first ring of electrodes being located
100 um away from the bottom edge of the probe. Panel B in Figure 3
shows an optical micrograph of a probe cylinder realized using the
as described process sequence. The micrograph illustrates the metal
tracks to interface the individual electrodes.

In a subset of probes (n=3), nanostructured platinum coating
(Pt-nanograss) was deposited on the surface of all the microelec-
trodes with the aim of reducing their electrical impedance and, as a
consequence, to increase the SNR of neural recordings. The deposi-
tion process is described in detail in Boehler et al. [12]. Measured at
1 kHz, regular Pt electrodes showed electrical impedance values in
the range of 200-400 k< [8, 9], while an impedance decrease of more
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Figure 3: Dimensions and physical appearance of the neural
implant assembled for chronic implantation.

(A) Schematic representation and (B) optical micrograph of the cylin-
drical probe with 32 microelectrodes. (C) The two types of stainless
steel wires with different tip angles used to aid the penetration of
the probe into the brain tissue during implantation.

than one order of magnitude could be achieved after the deposition
of the nanograss coating (~20 k<, [12]).

Preparation of the neural interface for chronic
implantation

Stainless steel wires with a diameter of 800 um were used to facili-
tate the implantation procedure (Figure 3C). The tip of each wire was
sharpened to form a cone with an opening angle of either 40° or 60°.
These wires were pushed through the opening of the hollow probe
body until their tips were located 1-2 mm below the bottom of the
probe. After that, the wires were carefully fixed to the probe with the
aid of two-component epoxy resin (EPO-TEK 3012, John P. Kummer
GmbH, Augsburg, Germany). After the cure time (48 h at room tem-
perature), the probe was attached to a motorized microdrive (Robot
Stereotaxic — StereoDrive, Neurostar GmbH, Tiibingen, Germany),
and sterilized before implantation by immersing it in 70% ethanol for
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5 min, followed by washing it with a continuous stream of distilled
water for 2 min.

Surgical implantation procedure

Nine Wistar rats (weight: 423 +41 g, range: 350-500 g, adult males)
were used for the chronic experiments. All experiments were per-
formed according to the EC Council Directive of November 24, 1986
(86/89/EEC), and all procedures were reviewed and approved by the
local Ethical Committee and the National Food Chain Safety Office
of Hungary (license number: PEI/001/2290-11/2015). Animals were
anesthetized with a mixture of ketamine (37.5 mg/ml) and xylazine
(5 mg/ml) injected intramuscularly at 2 ml/kg body weight injection
volume. If necessary, supplementary ketamine/xylazine injections
were given (0.3 ml/h) to maintain the depth of anesthesia during sur-
gery. After the rats reached the level of surgical anesthesia, they were
placed in a stereotaxic frame (David Kopf Instruments, Tujunga, CA,
USA). Their body temperature was maintained with a homeothermic
heating pad connected to a temperature controller (Supertech, Pécs,
Hungary). First, the skull was exposed by a small incision which was
followed by the removal of the connective tissue between the skin
and the skull using a bone scraper. Subsequently, the skull of the
animal was cleaned with a 4% solution of hydrogen peroxide. Fol-
lowing that, a small amount of dental etching gel containing 38%
phosphoric acid (Etch-Rite, PULPDENT Corporation, Watertown,
MA, USA) was used on top of the skull to increase the surface area for
a better adhesion of the dental acrylic applied later during the sur-
gery. Five small screws with a diameter of 0.9 mm were mounted on
the skull to stabilize the implant. One of the screws which was driven
into the skull over the cerebellum served as the reference and ground
electrode during the recordings.

A 3x3 mm? craniotomy was drilled over the trunk region of the
primary somatosensory cortex (S1Tr, n=3 rats, craniotomy: anterior-
posterior (AP): -1.5 mm to —4.5 mm, medial-lateral (ML): 1.5 mm
to 4.5 mm, with respect to the bregma [13]) for cortical recordings
[dorsal-ventral (DV) depth: ~1-2 mm], or over the parietal associa-
tion cortex (PtA, n=6 rats, craniotomy: AP: —1.5 mm to —4.5 mm, ML:
2 mm to 5 mm, with respect to the bregma) to target the ventrobasal
complex in the thalamus (DV depth: ~5-7 mm). The dura mater was
carefully removed before the implantation with the aid of a 30-gauge
needle. Care was taken to avoid damaging large blood vessels during
the removal of the dura and during probe implantation. Room tem-
perature physiological saline solution was dripped into the cavity of
the craniotomy to prevent dehydration of the cortex. Furthermore,
to prevent the eyes of the animal from drying during surgery, para-
ffin oil (Hungaropharma, Budapest, Hungary) was regularly dropped
onto them.

After the removal of the dura mater, the probe was advanced
slowly with an insertion speed of 2-3 um/s to the appropriate brain
depth corresponding to the target location (Neocortex: S1Tr, AP:
-2.5 mm, ML: 2.5 mm; Thalamus: ventral posterolateral and ven-
tral posteromedial nuclei (VPL/VPM), AP: -3.5 mm, ML: 3 mm, with
respect to the bregma [13]) using a motorized microdrive and the
guidance of a surgical microscope.

Self-polymerizing methyl methacrylate (Self-Curing Denture
Repair Material, Vertex-Dental, Zeist, The Netherlands) was applied
to cement the probe and screws to the skull. Before the application,
a small piece of sterile gelatin sponge (Gelaspone, Germed, Rudol-
stadt, Germany) was placed carefully on top of the cortex around
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Table 1: The targeted anatomical region and the electrode material
of the cylindrical probe for each implanted animal.

Animal number Brain region Electrode material

1 Thalamus Regular Pt
2 Thalamus Regular Pt
3 Neocortex Regular Pt
4 Thalamus Pt-nanograss
5 Thalamus Pt-nanograss
6 Neocortex Regular Pt
7 Thalamus Regular Pt
8 Neocortex Pt-nanograss
9 Thalamus Pt-nanograss

the implant to protect the brain from direct contact with the dental
acrylic. A small, bowl-like structure was formed from acrylic on top
of the cemented region to serve as a protective shield around the con-
nectors of the implant. Finally, several sutures were placed to stabi-
lize the skin around the acrylic structure, and the head wound was
sterilized with Betadine (Egis Pharmaceuticals PLC, Budapest, Hun-
gary). Table 1shows the targeted anatomical region and the electrode
material of the cylindrical probe for each implanted animal.

Electrophysiological recording sessions

Brain electrical activity was measured in a Faraday cage on a regu-
lar basis, usually every 2 or 3 days. Animals had unlimited access
to food and water between the recording sessions. Before recording,
the rats were temporally sedated using a small dose (~0.8 ml) of iso-
flurane (Isofluran CP, Medicus Partner, Biatorbagy, Hungary). This
was followed by the intramuscular administration of a small amount
(0.3 ml) of ketamine/xylazine mixture, with the same proportion of
ingredients as used during the implantation, to induce light anesthe-
sia. Before attaching the recording setup to the connectors located on
the head of the animal, the area around the acrylic cap was cleaned
with a sterile cotton bud and treated with Betadine to avoid infec-
tions. Each recording session lasted about half an hour. At the end
of each recording session, the electrical impedance of the recording
sites was measured at 1 kHz (for further details see the “Impedance
measurement and analysis” section).

Data acquisition

Brain signals were recorded using an Intan RHD2000 electrophysi-
ological recording system (Intan Technologies LLC., Los Angeles, CA,
USA) comprising a 32-channel headstage. The recording system was
connected to a laptop via USB 2.0. Wideband signals (0.1-7500 Hz)
were recorded with a sampling frequency of 20 kHz and a resolution
of 16 bit. Data files containing 5-min-long continuous recordings
were saved to the hard drive of the laptop for offline data analysis.

Histology

After 13 weeks, the animals were deeply anesthetized with a high
dose of ketamine/xylazine cocktail and transcardially perfused with
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physiological saline (100 ml) followed by a fixative containing 4%
paraformaldehyde and 15% picric acid in 0.1 M phosphate buffer (PB,
250 ml). The stainless steel wire with the probe attached was care-
fully pulled out from the brain tissue by hand under microscopic
inspection, then the fixed brain was removed from the skull and
stored at 4 °C overnight in the fixative solution. No brain tissue resi-
due was observed on the electrode by microscopic inspection. After
that, 60-um-thick horizontal sections were cut with a vibratome
(Leica VT1200S, Leica Microsystems GmbH, Wetzlar, Germany) from
brain areas containing the probe tracks. Care was taken to process
only those sections which were located in the depth of the record-
ing probe, but not those which contained the track of the stainless
steel wire. The selection of appropriate sections was achieved in the
following way. The depth of the implantation was known, as well as
the length of the protruding section of the stainless steel wire, and
the length of the cylindrical probe. Based on this information, we
could estimate the position of the probe cylinder in the brain tissue.
Then, we started to cut 60-um-thick brain sections starting from the
dorsal side of the brain (top of the neocortex), which corresponds to
a depth of 0 um. When the depth indicator of the vibratome reached
the appropriate depth (i.e. the level of the first row of recording sites),
brain slices (~10) selected for immunostaining were moved to PB
until we reached the depth corresponding to the bottom side of the
cylinder.

In short, the immunostaining protocol of the brain tissue was
as follows. After washing in 0.1 M PB, the sections were immersed
in 30% sucrose for 1-2 days, and then freeze-thawed three times
over liquid nitrogen, and washed in 0.1 M PB. The endogenous per-
oxidase activity was blocked by 1% H,0, in Tris-buffered saline (TBS,
10 min). The non-specific immunoglobulin binding of the tissue was
blocked by 2% normal goat serum (Vector Laboratories, Burlingame,
CA, USA) and 2% normal horse serum (Vector Laboratories) in TBS
(45 min). For the visualization of neurons and glial cells, a mono-
clonal mouse antibody against neuronal nuclei (NeuN, EMD Milli-
pore, Billerica, MA, USA, 1:2000) and a monoclonal mouse antibody
against glial fibrillary acidic protein (GFAP, EMD Millipore, 1:2000)
were used, respectively. For the visualization of immunopositive
elements, biotinylated anti-mouse immunoglobulin G (Vector Labo-
ratories) was applied as secondary serum (1:250, 2 h) followed by
avidin-biotinylated horseradish peroxidase complex (Vector Labora-
tories, 1:250, 1.5 h). The sections were preincubated in 3,3’-diamin-
obenzidine-tetrahydrochloride hydrate chromogen (DAB, 0.05 %,
dissolved in Tris buffer, 20 min) and then developed by 0.01% H,0,.
After washing in Tris buffer and PB, sections were mounted, dehy-
drated for light microscopy (2x10 min in xylene) and coverslipped
with DePex (Serva Electrophoresis GmbH, Heidelberg, Germany).
The stained sections were photographed under a light microscope
(Leica DM2500, Leica Microsystems GmbH).

Data analysis

The NeuroScan Edit 4.5 (Compumedics, Charlotte, NC, USA) software
and custom software written either in MATLAB (MathWorks Inc.,
Natick, MA, USA) or in C++ were used for offline signal processing
and analysis.

Spike sorting: Spike sorting was performed separately on at least
three data files obtained during each recording session. The isola-
tion of the activity of single units was accomplished in a similar way
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as described in Fiath et al. [14]. In short, the continuous, wideband
signals were digitally band-pass filtered (500-5000 Hz, zero-phase
shift, 24 dB/octave) to remove local field potentials. Spikes were then
detected using a threshold of >5 times the standard deviation (SD)
from the mean of the root mean square (RMS) of the filtered traces
computed in a sliding window (0.2 ms) [15]. Following that, the
extracted spike waveforms were aligned to their negative peaks and
the first three principal components were calculated on each of the
channels for each of the detected action potentials. Finally, single
units were identified and isolated manually with the aid of a clus-
ter cutting software (Klusters; [16]). Autocorrelograms of the units
were checked for clear refractory periods (no spikes in the range
of 0-3 ms), which was one of our criteria for good unit isolation.
Another criterion was that the majority of points corresponding to
the separated neuron cluster were clearly segregated from the rest of
the points on at least one of the planes of the waveform parameters
(principal components) displayed by Klusters.

Calculation of the signal-to-noise ratio: The SNR of cortical and tha-
lamic recordings was calculated using the MATLAB implementation
of the adaptive-threshold spike detection method (STH) described
in Seidl et al. [17]. First, the wideband data were band-pass filtered
(500-5000 Hz, zero-phase shift, 24 dB/octave) to obtain the unit
activity. After that, we applied the STH method on the filtered traces
to detect spikes for the calculation of the signal power. A 30-s-long
section of the recordings was used to compute the SNR with the fol-
lowing formula:

1 N .
i z,,:,RMS(Splken t)

’

SNR,, =20-log,,

noise

where RMS(spike (f)) is a quality measure of the individual spike
and denotes the root mean square of spike n measured in a 1-ms-long
window centered around the spike detected with the STH method
[17]. The noise () is the estimate of the noise SD calculated
by the RMS of all mean centered values outside the spike windows
which are the pure noise segments [17]. Traces containing large
(>1 mV) artifacts or high-frequency noise contaminating the unit
activity were excluded from the analysis. The SNR was computed on
all channels, followed by the calculation of the mean and SD of the
SNR across channels. Furthermore, in the case of two experiments,
channels were grouped into one of the following three categories
based on their SNR values: high SNR (SNR >3.5 dB), moderate SNR
(3.5 dB>SNR>1.5 dB), low SNR (SNR <1.5 dB). Finally, to examine
the temporal change of the SNR across weeks, the grand average SNR
was computed and visualized.

Impedance measurement and analysis: During each recording ses-
sion, the electrical impedance of the recording sites was measured
in the brain at 1 kHz frequency against the stainless steel screw
electrode located over the cerebellum which served as a combined
ground and reference electrode. Impedance measurements were per-
formed using the built-in feature of the electrophysiological record-
ing system (Intan RHD2000 evaluation system) which has on-chip
circuitry to generate an AC current waveform needed to measure elec-
trical impedance of the recording sites. Only the impedance values of
the six probes implanted for 13 weeks (three probes with regular Pt
electrodes and three probes with Pt-nanograss recording sites) were
used in further calculations. Electrodes with high impedance values
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(>10 MQ, probably accidentally covered with epoxy resin) or unable
to record physiologically meaningful data (e.g. due to shorted elec-
trodes or wire breaks) were removed from further calculations. To
assess the impedance changes over time, first, we averaged the elec-
trical impedance values measured for all recording sites of probes
with a specific electrode coating during a single recording session.
Then, in case there were multiple impedance measurements during
a 7-day period, the mean impedance values corresponding to these
recording sessions were averaged. Finally, for both probe types (com-
prising either Pt electrodes or electrodes covered by Pt-nanograss),
we calculated the grand average impedance for each week.

Evaluation of immunostained sections: The loss of neurons and
the level of astroglial reaction was investigated post-mortem around
the probe track using the immunostained histology sections. Out
of the nine implanted animals, sections from six animals surviving
the 3 months were included in this analysis. For each animal, three
GFAP- and three NeuN-stained sections were selected for the histo-
logical analysis. Sections from animals with thalamic (n=4; DV
depth: ~5-7 mm) and neocortical (n=2; DV depth: ~1-2 mm) implants
were analyzed separately.

The NeuN-stained sections were analyzed as follows. Auto-
matic cell detection was carried out by a custom MATLAB script. The
approach used here exploits the fact that cell nuclei are intensively
marked by the NeuN staining. First, the input image was inverted, so
the brightness levels became proportional to NeuN staining intensity.
Then, the inverted image was converted to grayscale (“IG”), with lev-
els normalized between 0 (black) and 1 (white). From this, a smoothed
image was produced using MATLAB’s “imfilter” function (“IGS”),
employing an average filter created by “fspecial” with a size of 25
pixels (26.7 um). Substracting “IGS” from “IG” yields to an adaptive
thresholded differential image (“AI”). Areas of “AI” with values greater
than a heuristic threshold (0.1) were accepted as putative cell nuclei
regions and converted to a binary mask (“BI”). As a second step, the
grayscale image (“IG”) was multiplied by the binary mask (“BI”) to
get an intensity image of the putative cell nuclei regions with removed
background. Using a Gaussian filter of a size of 9 pixels (9.6 um), local
noise was smoothed out on this image, then, regional maxima were
localized. Those maxima were accepted as the positions of the auto-
detected cell nuclei. After detection of neurons, the outline of the
probe track was defined manually for each section. Areas comprising
strongly varying cell densities for anatomical reasons were excluded
from the analysis. For each identified neuron and pixel, the minimal
distance to the probe track was determined. Next, regions of interest
(ROIs) were defined around the clearly visible probe track. The first
ROI included the pixels that are not more than 25 um away from the
track edge. The next ROI included pixels that are more than 25 and
not more than 50 um away from the probe edge. In total, 20 such ROIs
were defined, so that the last ROI included pixels that are more than
475 and less than 500 um away from the track edge. For each ROI,
the cell density (cells per um?) was calculated and expressed as a per-
centage (i.e. standardized) compared to the average cell density in the
ROIs from 400 to 500 pm, which served as a control.

The photographs of the GFAP sections were analyzed using Fiji
[18, 19] and MATLAB. First, the images were converted to grayscale
and then an automatic threshold was applied to detect black pixels
indicating stained glial cells that form a glial scar around the probe
track. ROIs were defined as described for the NeuN sections above.
Then, thresholded black pixels, along with the total number of pix-
els in each ROI, were counted automatically in MATLAB. The relative
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number of black pixels in each ROI was computed as the number of
black pixels in the ROI divided by the number of all pixels in the same
ROL These numbers were standardized to the mean in the ROIs from
400 to 500 um.

Both for the NeuN and the GFAP analysis, Kruskal-Wallis tests
were performed, comparing the standardized cell densities or black
pixel numbers in the 20 analyzed ROIs. Separate tests were per-
formed for the neocortex and thalamus. Post-hoc analysis compar-
ing average group ranks was performed for significant Kruskal-Wallis
tests results. p-Values <0.05 were considered significant.

Results

General recording characteristics

Cylindrically-shaped, PI-based neural interfaces with
32 microelectrodes (Figure 3A and B) were chronically
implanted into the neocortex or thalamus of rats for
13 weeks (Table 1). As the probes had a relatively large
diameter (800 um) and a blunt end, they were attached
to stainless steel wires with sharp tips (Figure 3C) to
facilitate the insertion into the brain tissue and to reduce
brain dimpling during implantation. Three animals out of
nine were removed earlier from the study due to health
complications (after 1, 2 and 5 weeks, respectively). The
remaining six animals were sacrificed after 3 months for
the histological examination of the brain tissue.

To characterize the recording capabilities of the
implanted probes, we monitored the wideband (0.1-
7500 Hz) brain electrical activity on a regular basis and
analyzed the single-unit and multi-unit activity, i.e. the
spiking activity of neurons located close to the microelec-
trodes. In general, wideband activity, which contains both
local field potentials (0.1-500 Hz) and unit activity (500—
5000 Hz), could be recorded with good quality during the
first weeks after implantation, both from the neocortex
and thalamus of several rats (Figure 4A and B). Recordings
were done in light ketamine/xylazine anesthesia during
which up-states (with high unit activity) and down-states
(with ceased action potential firing), the hallmarks of the
rhythmic slow-wave activity, could be observed in both
brain structures (Figure 4A and B; [20]).

Well-separable single units with stable firing patterns
and with peak-to-peak action potential amplitudes over
100 uV have been detected on several channels (Figure
4C and D), suggesting that at least some of the neurons
close to the depth probe survived the implantation. Both
bursting (multiple spikes fired in rapid succession) and
non-bursting neurons appeared on the recordings. Burst-
ing single units were present mostly in the thalamus
(e.g. Figure 4D), where the burst mode is the dominant
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Figure 4: Brain electrical activity obtained with cylindrical probes from anesthetized rats.

Representative 5-s-long traces of wideband (0.1-7500 Hz) and multi-unit activity (MUA, 500-5000 Hz) recorded on eight channels of probes
implanted in the neocortex (A) and in the thalamus (B). Sample up-states (“U”, high spiking activity) and down-states (“D”, ceased action
potential firing) are indicated by dashed and dotted boxes, respectively. (C, D) Examples of cortical (C) and thalamic (D) spike waveforms of
single units after spike sorting. Demonstrated neurons were selected from recordings presented in panel A and B (gray arrows). Ten single
spikes (waveforms in gray color) and the mean spike waveform (black waveform) of single units are shown. The autocorrelogram of neurons
(bin size: 1 ms) is displayed next to the waveforms, on the right hand side.

firing pattern under ketamine/xylazine anesthesia [21].
In some cases, we could record the activity of a dozen or
more single units simultaneously. Furthermore, in tha-
lamic recordings, we could observe the propagation of the
MUA during up-states around the circumference of the
probe cylinder (Figure 5). In one of our previous studies
where we used high-density silicon probes for the electro-
physiological recordings, we detected similar propagating
activity patterns in the thalamus of rats under ketamine/
xylazine anesthesia [14].

Long-term electrophysiological performance

Single-unit or multi-unit activity could be detected in all
animals about two hours after implantation; however,

the quality of the recorded unit activity was variable over
time and across animals. Generally, the number of sepa-
rable single units peaked during the first 2 weeks (with
two to 13 simultaneously recorded units), then it dropped
remarkably to an average of two to three detectable
single units per animal during the subsequent 3-4 weeks
(Figure 6A). Usually, after 5 weeks, the SUA disappeared
in most of the animals (Figure 6A). After this period, only
one to two single units with smaller spike amplitudes
could be detected in three out of six rats. In contrast, MUA
could be recorded, at least on some of the channels, until
the end of the experiment. The mean and SD of the peak-
to-peak amplitude of mean spike waveforms were found
to be 113.01+94.02 uV (range: 30-606 UV, n=481 single
units from nine rats). Usually, new single units appeared
during consecutive recording sessions with the parallel
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Figure 5: Representative example of the propagation of multi-unit activity (MUA) in the thalamus during ketamine/xylazine-induced slow-
wave activity.

Traces on the right show 2-s-long thalamic MUA recorded with eight recording sites of the cylindrical depth probe (left). The electrodes were
located at the same depth level. In this example, the MUA started on channel 4 or 5 in most cases and propagated around the circumference
of the probe (representative events indicated by gray dashed arrows).
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Figure 6: Evaluation of the recorded single-unit activity.

(A) The maximal number of simultaneously recorded single units which could be isolated each week for each animal over time during a

single recording session. Animals 1, 2 and 3 were sacrificed after 1, 2
elecrodes were implanted into animals 4, 5 and 8. N, Neocortex; T, th

and 5 weeks, respectively. The three probes comprising Pt-nanograss
alamus. (B) Mean spike waveforms and autocorrelograms (bin size:

1ms) of representative single units from the neocortex (top) and the thalamus (bottom) which presumably could be recorded on the same
electrode channel for multiple consecutive days. For each neuron, the mean spike waveforms obtained during different days are overlaid.
In the case of the last example (bottom right), there was no recording during day 2. The spikes of single units from the neocortex were
recorded by Pt-nanograss electrodes, while the spikes of thalamic units were obtained by regular Pt electrodes.

disappearance of spikes of other neurons. This high turn-
over rate of single units was likely due to the electrode
drift, i.e. micromotions between the implant and the brain
tissue. We could, however, identify several neurons whose
spikes were detected on the same channel of the probe
for several consecutive days (Figure 6B). Such stable
units, with only a moderate change in the amplitude of
their mean action potential waveform, were observed
both in the neocortex and the thalamus. To identify these
neurons, we compared the shape of the mean spike wave-
forms and the autocorrelograms of isolated single units
between successive days (Figure 6B).

To further quantify the long-term performance of the
cylindrical probe, the grand average SNR was calculated

and the temporal change of the SNR was examined across
weeks (Figure 7A). The SNR computed on MUA traces is a
commonly used measure to objectively track the record-
ing capabilities of a neural implant over time [22-24]. Unit
activity recorded with cylindrical depth probes showed
the highest SNR values during the first 2 weeks after the
implantation, in accordance with the high single unit
yield observed during this period (Figure 7A). During the
subsequent weeks, the SNR started to decrease until it
reached its minimum after 9 weeks and did not show any
noticeable improvement later (Figure 7A). In the case of
two experiments (Animal 7 and 8 in Figure 6A), individual
channels were also grouped into three categories based
on their respective SNR values, to examine the temporal
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Figure 7: Temporal change of the signal-to-noise ratio (SNR).

(A) Change of the grand average SNR over time constructed from
data of all animals. (B, C) Temporal change of the distribution

of channels with high SNR (SNR >3.5 dB), moderate SNR (3.5
dB>SNR>1.5 dB) or low SNR (SNR <1.5 dB) in two animals (B, tha-
lamic implantation, animal 7 with regular Pt electrodes; C, neocorti-
cal implantation, animal 8 with Pt-nanograss electrodes).

evolution of the number of channels providing useful
electrophysiological data (Figure 7B and C). Based on the
SNR measurement method used in this study, high SNR
(>3.5 dB) might indicate the presence of unit activity com-
prising separable single units (i.e. SUA), while moderate
SNR (3.5 dB>SNR>1.5 dB) can be measured when spikes
with lower amplitudes are detected which are generated
by a large population of neurons located farther away
from the recording sites (i.e. MUA). Furthermore, low SNR
(<1.5 dB) is usually a sign of decreased recording perfor-
mance due to mechanical or biological failure. During the
first 2-3 weeks, high or moderate SNR was measured on
most of the channels and only a few channels did not show
any detectable physiological activity (low SNR). However,
after 8 weeks, only a minority of channels were classified
in the “high SNR” group, while no action potential firing
could be detected on most of the channels (Figure 7B
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Figure 8: Temporal change of the grand average electrical imped-
ance of recording sites measured at 1 kHz in the brain tissue.
Black values correspond to the mean and SD of the impedance of
probes with regular Pt electrodes, while gray values indicate the
impedance of probes containing Pt-nanograss coated electrodes.
On the x-axis, zero corresponds to the day of implantation. In the
case of regular Pt electrodes, the impedance measurement was
unsuccessful during the 11th week. In a minority of cases very low
impedances were measured (regular Pt, week 9; Pt-nanograss,
weeks 10 and 13).

and C). In contrast, some channels with moderate SNR
were present until the end of the experiments.

To complement the investigations on the electrophysi-
ological data, we also examined the weekly change of the
electrical impedance of the recording sites (Figure 8). On
the day of implantation, the mean impedance of probes
containing Pt-nanograss electrodes was considerably
lower compared to the impedance of probes with regular-
Pt electrodes (413 309 kQ versus 1212 + 365 kQ2, measured
at 1 kHz in the brain tissue), and also remained mostly
lower until the end of the experiments. Impedance meas-
urements of probes with regular Pt electrodes showed
an increase of impedance values during the first few
weeks, which corresponds to the time interval in which
brain signals could be recorded with good quality. The
impedance of regular Pt sites started to decrease notice-
ably after 8-9 weeks, with a large subset of electrodes
showing very low impedances. This reduction of imped-
ance values could be a sign of shorted circuits probably
due to material failure. In contrast, the impedance values
of Pt-nanograss electrodes were relatively stable during
the whole 13 weeks of the experiments (SD of the grand
average impedance values: Pt-nanograss, 218 kQ; regular
Pt, 778 kQ). Such stability was expected based on the pre-
viously reported electrochemical and mechanical stability
of the Pt-nanograss coating in vitro [25] and could here be
verified also under in vivo conditions.

We also examined whether there might be a difference
in the single-unit recording capability of the two types of
electrode metalizations. First, we measured the RMS noise
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level of microelectrodes of probes in physiological saline
solution. The probes were placed in the same Faraday
cage which was also used during the in vivo recordings.
We found, that the in vitro noise level was slightly lower in
the case of Pt-nanograss recording sites (3.21£0.36 uV__
versus 4.61+1.08 uV_, mean*SD of eight electrodes of
each type). Furthermore, the peak-to-peak amplitudes of
the mean spike waveform of single units recorded with
cylindrical probes with Pt-nanograss electrodes were sig-
nificantly higher compared to the amplitudes of spikes
obtained with depth probes comprising regular Pt elec-
trodes (Pt-nanograss, mean+SD: 185.41+153.11 uV, range:
30-606 uV, n=107 single units; regular Pt, mean+SD:
91.17£4773 WV, range: 32-511 uV, n=374 single units;
unpaired t-test, p<0.001). Uncorrelated with the noise level
and spike amplitude, we could on average separate more
single units in animals implanted with probes with regular
Pt electrodes (62.33 £47.91 versus 35.67 +34.59, mean + SD).

Evaluation of histocompatibility

To assess the biocompatibility of the implants, histologi-
cal sections were stained for neuronal cell bodies (NeuN,

7 _ Thalamus'
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Figure 9A and B) or astroglia (GFAP, Figure 10A and B).
From each animal which survived the 13 weeks (6/9 rats)
and for each staining, three sections were selected for
analysis.

In the case of NeuN staining (Figure 9A-C), stained
cell bodies were automatically counted in the 20 regions
of interest (ROIs) around the probe track and standardized
to the cell density in the outermost ROIs (400-500 um, see
Materials and methods section for details of ROI selec-
tion). There were no significant differences in cell density
between the 20 ROIs for neither the neocortex (Figure
9D, n=6, p=0.46) nor the thalamus (Figure 9E, n=12,
p=0.31). The variability of cell densities was largest in the
ROI closest to the probe track, which was not surprising,
as it was 1) the ROI furthest away from the standardiza-
tion ROIs; and 2) the smallest of the defined ROIs, which
also allows more variability than larger ROIs. Although,
on average, no significant cell loss was found next to the
implanted probes, on the brain sections of two out of six
animals dark bands with a thickness of 200-300 um could
be detected (Figure 9C). These putative lesions located
adjacent the probe track are presumably the signs of sig-
nificant tissue damage created during the implantation of
the devices. This theory is supported by the observation
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Figure 9: Analysis of NeuN-stained brain sections.

Distance of ROl edge from probe track (pm)

(A, B) Representative brain sections stained for NeuN from the neocortex (A) and the thalamus (B). The white circular hole is the probe track.
Small dark dots are stained NeuN. Scale bar: 1 mm. (C) A thalamic brain section containing lesions next to the probe track (dark patches
indicated by black arrows). (D, E) Box plots describing cell density across all animals and sections from the neocortex (D) and the thalamus
(E) for each of the 20 ROIs (boxes indicate the first and third quantile, whiskers extend to the minimal and maximal values). For each section,
the cell density was standardized to the mean of the ROIs from 400 to 500 um. No significant differences were found between the cell densi-

ties of different ROIs.
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Figure 10: Analysis of GFAP-stained brain sections.
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(A, B) Representative brain sections stained for GFAP from the neocortex (A) and the thalamus (B). The white circular hole is the probe track,
while the dark, 100-um-thick band around the track is the glial scar. Scale bar: 1 mm. (C, D) Box plots describing black pixel density across
all animals and sections from the neocortex (C) and the thalamus (D) for each of the 20 ROIs (boxes indicate the first and third quantile,

whiskers extend to the minimal and maximal values). For each section,

the black pixel density was standardized to the mean of the ROIs

from 400 to 500 um. Kruskal-Wallis tests revealed significant differences between the standardized black pixel density for both the neocor-
tex and the thalamus. However, post-hoc, the only significant difference between any two groups was between the 25 and 50 um ROl and

the 450-475 micron ROI of the neocortex. *p <0.05.

that among the six animals the single unit yield found
during the first days after implantation was the lowest in
these two rats (Figure 6A, animals 4 and 5). Furthermore,
with the progress of time, SUA also disappeared first in the
same two animals.

In the case of GFAP staining (Figure 10A and B),
black pixels indicate stained glial cells that form a glial
scar around the probe track. The relative mean number of
black pixels was highest in the ROIs closest to the probe
track in all animals (0-300 um), both in the neocortex and
the thalamus (Figure 10C and D). In case of the neocortex,
there was a significant difference between the number of
black pixels in the ROIs (Figure 10C, n=6, p=1.0597 x 10°¢),
however, the post-hoc test only showed significant dif-
ference between the second (25-50 um) ROI and the ROI

before the last (450-475 um; p=0.0461). The high stand-
ardized density of black pixels in ROIs closest to the probe
track is caused by the very low number of black pixels
in the control ROIs (400-500 pum). In case of the thala-
mus, there was again a significant difference between
the number of black pixels in the ROIs (Figure 10D, n=12,
p=0.0261), however, the post-hoc test did not show any
significant differences between any two groups.

Discussion

In this study, we have presented the in vivo characteri-
zation of a cylindrical neural interface that is capable of
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recording physiological brain activity from the neocortex
and thalamus of rats for several weeks.

Electrophysiological performance of the
32-channel cylindrical depth probe

Although, in most of the cases, we could record neuronal
signals with good quality shortly after implantation, in
several rats unit activity could only be recorded on a small
subset of channels or no unit activity could be detected at
all. This observation might imply the occurrence of serious
tissue damage or bleeding during probe insertion. Consid-
ering the large diameter (800 pum) of these neural probes
relative to the brain of rodents, this seems a very likely
possibility. Signs of significant tissue damage, which were
visible on some of the histological sections, also seem
to support this theory. Although we used a sharpened
wire combined with very slow probe insertion rates to
decrease the compression of the tissue, the large-volume
probe could still have significantly damaged the brain in
a few animals. Though this damage might be serious, it is
important to emphasize that these type of probes are pri-
marily intended for the use in humans, which have larger
brain sizes than rodents. Furthermore, using more sophis-
ticated implantation strategies may further alleviate the
tissue damage during probe insertion (e.g. by avoiding
large blood vessels in the brain using two-photon micros-
copy [26]).

In general, the failure of chronically implanted neural
probes is multi-factorial [27]. In our case, the degradation
of the recording performance, usually starting 2-3 weeks
after implantation, can be partially attributed to the
chronic tissue reaction reflected by the loss of neurons
and the formation of a glial scar around the probe [10, 11].
However, it had been shown earlier that the damage of the
insulating material is also a significant factor in the failure
of chronically implanted silicon-based probes, resulting
in the degradation of the recording quality or the complete
loss of the recording capability of the probe [28, 29]. About
5-6 weeks after implantation, we detected recording sites
with very low impedance values on several probes, sug-
gesting the mechanical failure of these electrodes, pre-
sumably due to the leakage of extracellular fluids into the
device after material failure of the insulation.

During the first 2-3 weeks after implantation, record-
ings were relatively stable, allowing the simultaneous
monitoring of the activity of about a dozen single units
at most. The relatively low unit yield obtained with
cylindrical depth probes can be attributed to multiple
factors. First, the distance between adjacent recording
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sites (200 pum vertical and ~300 um horizontal) is too large
to record the action potentials of the same neuron on mul-
tiple electrodes, which in turn would facilitate the separa-
tion of single units, usually resulting in a higher unit yield
[30-32]. Furthermore, the extent of tissue damage is pro-
portional to the size of the neural implant [33-35]. There-
fore, smaller probes show better recording performance,
while larger probes fail to record the activity of many
neurons simultaneously. Finally, the breach of the blood-
brain barrier during the implantation might also have a
significant impact on the long-term recording performance
of the probe [36]. Cylindrical probe variants planned for
human use will incorporate a higher number of record-
ing sites (128 or more), which will probably increase the
single unit yield significantly. Long-term stability of the
recorded neurons is also an important factor in chronic
studies. The action potential waveforms of some of our
recorded neurons were stable for multiple days, similar to
the spikes of neurons observed by Okun and colleagues
in mice with chronic silicon-based implants [37], as well
as cylindrical probes of comparable fabrication technique
and size applied in non-human primates [9].

Numerous methods are described in the scientific lit-
erature which can be used to decrease the impedance of
recording sites and consequently to increase the SNR of
neural recordings [12, 38, 39]. Although low-impedance
Pt-nanograss recording sites had a lower noise level and
recorded single units with higher spike amplitudes, the
large variability in the recording performance both across
probes and over time makes a quantitative comparison
between the two types of electrodes inconclusive. Further-
more, the mean spike amplitude calculated from the data
recorded with Pt-nanograss electrodes might be biased
by a few high-amplitude single units recorded during the
first recording sessions of a single rat. The low number of
single units recorded with Pt-nanograss electrodes might
be due to the lesions and the higher level of gliosis found
on the immunostained brain sections in two out of three
animals implanted with probes with this type of coating.
Therefore, based on our observations, the conditions of
the implantation and the extent of glial scaring may deter-
mine the recording properties of the cylindrical probes
more significantly than the investigated coatings which in
turn will not allow a reliable comparison between the dif-
ferent coatings in this study.

During the first few days after implantation, a similar
number of single units could be isolated in the rat data
as could be sorted in the monkey data obtained with the
earlier 32-channel and 64-channel variants of the cylindri-
cal depth probe [9]. However, in rats, we could record SUA
slightly longer (~4 weeks in monkey versus ~5 weeks in
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rats) and we were also able to detect a higher number of
single units firing high-amplitude (>100 uV) spikes. The
latter observation suggests that more neurons located
close to the depth probe survived the implantation proce-
dure, probably due to the use of a slower probe insertion
rate (2-3 um/s). Furthermore, this study also demonstrated
physiologically meaningful neural data obtained from
a subcortical structure, the thalamus. This is relevant,
in particular, as clinical depth probes for human appli-
cations are frequently implanted into brain structures
located below the neocortex (e.g. into the subthalamic
nucleus targeted in patients with Parkinson’s disease).
Our findings in thalamic recordings (e.g. propagation of
thalamic MUA waves, bursting single units) suggest that
cylindrical depth probes are well-suited to record from
brain areas other than the neocortex as well.

Biocompatibility of the polyimide depth
probe

Based on our examinations, neuronal death was minimal
in the 500-um-thick band around the probe. Occasionally,
we found dark lesions with an extent of several hundred
microns. These lesions may be the result of serious bleed-
ing or tissue damage caused at the time of probe insertion
and not the foreign body response of the brain tissue to
the implanted probe, as the single unit yield found during
the days after probe insertion was significantly lower in
animals with such lesions compared to the unit yield of
rats without lesions. This theory is further supported by
several studies. For example, lesions caused by the dis-
ruption of blood vessels during implantation may signifi-
cantly affect the recording performance of neural implants
[40], since hemorrhagic injury can cause a great degree of
cell death [41].

In the neocortex, a moderate cell death could be
observed 25 um from the probe track while cell densi-
ties further away were similar to the cell density meas-
ured in the control area. In contrast, in the thalamus, the
density of neurons was usually higher in the 100-pum-thick
band closest to the probe track compared to the control
neuron density. A possible explanation for this is that the
implanted cylindrical probe, which has a relatively large
diameter, compresses the brain tissue around itself and,
consequently, neurons will be located closer to each other
in the vicinity of the probe, increasing the density of cells.
We have two possible theories why this phenomenon
could not be observed in neocortex. First, neocortical
neurons might be more sensitive to foreign bodies, thus
the cell loss in this brain area might be higher compared
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to the cell loss in the thalamus. Second, as a small piece
of skull was removed above the implantation area, the
superficial brain tissue (including the neocortex) may
have more space for expansion compared to brain tissue
in deeper areas (e.g. the thalamus). However, the higher
glial reaction found in cortical sections suggests that both
assumptions may be valid and their combined effect might
account for the observed differences in the cell density
between the two brain structures.

After 3 months, the thickness of the glial scar was
found usually around 100-200 um. A glial sheath with
such a thickness prevents the recording of the spikes of
nearby neurons which are the main participators of the
recorded SUA [10]. This observation was also supported
by the acquired electrophysiological data, that is, no SUA
could be recorded in most of the animals after 3 months.
Furthermore, in animals, where the glial scar was found to
be thicker, the single unit yield was usually lower and the
spikes of units disappeared earlier as well. Although, in
general, SUA could be recorded for 2-3 weeks after probe
implantation, which is beyond the time needed to detect
the epileptic focus in drug resistant patients (~10 days),
this time period might be further increased by decreasing
the foreign body response of the tissue by using unteth-
ered electrodes instead of probes tethered to the skull as
done in this study [42, 43].

It is further worth mentioning that in comparison to
the tissue damage caused by the insertion of the probe
itself, the Pt-nanograss coating is here not expected to
contribute to increased tissue reactivity since the coating
itself only represents a minor fraction of the entire probe
surface and has furthermore been shown to exhibit excep-
tional mechanical stability [25].

As a conclusion, the results of the electrophysio-
logical and histological evaluation demonstrated in this
paper provide a strong indication that similar depth
probes realized using the fabrication methods described
here might be potential candidates to be applied in stereo-
electroencephalography recordings and to record human
brain electrical activity with increased spatial resolution
as well as to provide high single unit yield.
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