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Abstract

Aims. In this study, we introduce an edge-type laminar silicon probe suitable for improved
cell accessibility during in vitro brain slice recordings. With protruding contact sites, the spiky
probe provides high signal yield and quality while approaching cells located deeper in the
tissue.

Methods. The spiky probe comprises an angled shank carrying 32 protruding contact sites
with three possible spacing of 25 pum, 50 um and 100 um. The angled shank makes the probe
compatible with large microscope objectives used typically in two-photon imaging, in vitro.
Spiky probes were batch manufactured with high precision using the etching before grinding
technology and bonded to a custom designed printed circuit board. A quantitative comparison
of the performance was made against a commercially available surface probe. To investigate
the long-term stability of contact sites, the spiky probe was repeatedly inserted in seven
experiments (17 insertions, in total) using Wistar rat hippocampal slices, in vitro. Impedance

magnitudes and phase angles were compared before and after the extensive usage.

Results. Single unit activities were recorded with higher neuronal yield and higher amplitudes
compared to the surface probe. Impedances did not increase significantly after reusing the
probe in multiple experiments. Furthermore, we were able to detect extracellular action
potentials from the same single unit on multiple, adjacent contact sites. Finally, we separated

the recorded single units into putative cell types based on their extracellular waveforms.

Conclusion and outlook. The spiky probes were proved to be optimal solutions to record
extracellular spike waveforms, in vitro. The improved signal quality allowed us to distinguish
between putative interneurons and principal cells. In future works, integrative experiments
using these probes may provide multi-modal data for cellular electrophysiology resulting in a

deeper understanding of single cell contributions to mass neural activity.
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Introduction

Studying the physiological function of complex neural activity patterns involves various
electrical and optical methods as well as computational tools with interdisciplinary
approaches from different fields. Historically, extracellular potential recordings have been
started using single wires [1], tetrodes [2], [3], and performed more recently via multi-channel
silicon probes [4]-[7] or so-called polytrode [8] as well as polymer-based soft probes [9]-
[12]. Thanks to the rapid development of the silicon-based batch manufacturing technologies,
multi-channel probes became available in a wide variety of shapes, layouts with submicron
reproducibility and with only low restrictions regarding their physical configurations [13]—
[15]. In addition, the channel counts placed on a single shank increased exponentially in the
past few years [16]-[23]. Besides single- or multi-shank probes, Multi-Electrode Arrays
(MEAs) were also developed for in vitro cell culture and brain slice applications [13], [24].
These MEAs are made of using complementary metal-oxide-semiconductor (CMOS)
technologies enabling high-density contact site arrangement [25], [26]. While such devices
gained significant impact on the discovery of neural circuitry and dynamics, many questions
remain mostly unanswered about the interpretation of the recorded signals [27], [28]. It is
critical to demonstrate the recording capabilities and limits of a certain probe to understand

how neuronal signals are transformed and transmitted during the acquisition [29], [30].

In this study, we focus on the in vitro brain slice electrophysiology considering recordings of
extracellular, multi-channel laminar probes. Cutting the brain into slices has allowed access to
neurons located deeper in the brain. The method can be used for imaging or recording neural
activities that are otherwise difficult to reach and detect in vivo. Similarly to in vivo
conditions, it is possible to observe population activities in brain slices, such as sharp waves

(SW) or other oscillations inherent in different states of the brain [13]. These population



activities are mainly in the local field potential (LFP) band (0.5 - 100 Hz), which is the low-
frequency part of extracellular potentials. As well as in vitro single- and multi-unit activities
(SUA and MUA) can be found by high-pass filtering the extracellular potentials (0.5- 5 kHz).
Furthermore, an additional advantage of in vitro brain slice recordings is the capability for
combining different modalities, which would be again, challenging or not feasible in vivo.
Such possible combinations are among others the simultaneous intracellular pipettes, local

delivery of drugs, or two-photon laser scanning microscopy [31], [32].

Considering extracellular recordings, it is well known, that electrical signals in the neural
tissue are detectable even at further distances from their source, the phenomenon is called
volume conduction [33], [34]. However, several complications may emerge from the volume
conductive property of the neural tissue and from the summation of different current sources
and sinks over distance [35]. These drawbacks make the interpretation of the extracellular
potentials extremely challenging. Besides theoretical considerations, measurement related
technical challenges also play an important role in achieving high quality results. The closer
an extracellular device is positioned to the putative neuronal source, the better recording
quality is achievable. An unsuitably designed layout of contact sites would prevent the
detection of electrical activity of a further neural source which would have been otherwise
detectable with an optimal technique. Sufficiently large signal amplitudes are needed to feed
in the theoretical calculations in order to achieve correct results. In the neural tissue, one has
to be closer than 100-150 um from a certain neuron in order to detect its firing activity [36],
[37]. Previous studies have shown that small contact site area and sufficiently low impedance
are also crucial to detect well-isolated extracellular action potentials (EAPS) over the
background noise [18]. However, the area of the contact site and its impedance are inversely
proportional to each other [38]. In addition to this, a well-designed electrode-tissue interface

is also needed to access recorded cells without significantly damaging them, and to detect as



many as possible active cells in the close vicinity of the probe [39], [40]. In brain slice
extracellular electrophysiology (such as MEA systems or surface probes), this requirement is
particularly important, since the surface of the slice is considered to be a dead-cell layer due
to cut-off dendrites and cell bodies [41], [42]. This electrically passive dead-cell layer
frequently attenuates SUAs originated from other, physiologically more active cells located

deeper in the tissue [43], [44].

The spiky probe demonstrated in this study allows for approaching these deeper cells, and
enables sufficient spatial sampling of their EAPs. Thanks to its arrowhead-like, protruding
contact sites, the probe can slightly penetrate into the deeper tissue, passing through the
surface dead-cell layer. Due to this arrangement, we report that our probes are able to provide
a higher single unit yield as well as spikes with higher amplitudes than other, in vitro laminar

surface design attempts [45], [46].

In the following sections, manufacturing processes and packaging methods will be described.
Next we show the results of impedance measurements. In addition, the recording performance
of the probes will be demonstrated using in vitro hippocampal slices. With a quantitative
comparison, we show the improvements of our spiky probe compared to a commercially
available in vitro surface probe. A preliminary result of how the spiky probe can be combined
with two-photon imaging modalities will be also presented. Finally we report how the spiky
probe is able to capture and oversample the single unit activities on multiple contact sites and

how the recorded EAPs can be analysed to distinguish between putative neuronal cell types.



Materials and methods

Surface materials and fabrication process

The fabrication process of the silicon (Si) based spiky probes is schematically summarized in
Figure 1. The fabrication process applies 4-inch, single-side polished Si wafers, insulated
using a 1-pm-thick, stress-compensated multi-layer stack of silicon oxide (SiOx) and silicon
nitride (SixNy) deposited using plasma enhanced chemical vapor deposition (PECVD) (step a).
The interconnect and contact pad metallization (line and space of 1.5 and 1.5 um,
respectively) was realised using lift-off patterning of an evaporated layer stack of titanium
(Ti, 30 nm), gold (Au, 250 nm) and Ti (30 nm) (step b). The Ti layers serve as adhesion
promoters between the insulation and the subsequently deposited passivation layers, and the
Au film. We used the image reversal photoresist AZ 5214E (Merck KGaA, Darmstadt,
Germany). Following the lift-off process, the metallization is passivated using another stress-
compensated 1.5-um-thick PECVD SiOx-SixNy layer stack (step c). This is followed by
opening the passivation layer to access the probe metallization at the position of the contact
sites and contact pads using photolithography (AZ4533, 3.3 um, Merck KGaA) and reactive
ion etching (RIE) (step d). Subsequently, the contact site metallization is deposited using a
dual-layer lift-off resist (LOR5A, MicroChem Corp., Westborough, MA, USA and AZ1518,
1.8 um, Merck KGaA) and sputter deposition of Ti (30 nm), platinum (Pt, 150 nm), iridium
(Ir, 200 nm) and iridium oxide (IrOx, 200 nm, reactively sputtered in an oxygen plasma) (step
e) [47]. Next, the dielectric layers, i.e. SiOx-SixNy insulation and passivation layers, are
patterned using photolithography (AZ9260, 10 um, Merck KGaA) and RIE (step f). Then, the
bulk silicon is etched (using the etching before grinding (EBG) technology [48]) to a depth
that exceed the intended probe thickness by roughly 30 um using deep reactive ion etching

(DRIE) in an inductively coupled plasma (ICP Multiplex from STS, Newport, U.K.) etching



process which applies the Bosch process (step g) [49]. Finally, the Si wafer is thinned from
the rear side using grinding and polishing as offered by DISCO Hi-TEC Europe GmbH,
Kirchheim, Germany (step h). Probes are then manually picked from the grinding tape using
tweezers, glued onto a custom designed printed circuit board (PCB) and wire bonded. The
bond wires are finally encapsulated in a glop-top (EPO-TEK 353ND-T, Polytech PT GmbH,

Germany) for electrical insulation.

[ Silicon W SIO/SiN, []Metallization M PtIr/lrO, M Resist

Figure 1 — Fabrication of silicon-based spiky probes. (a) PECVD insulation layer, (b) sputter
deposition of Ti/Au/Ti and patterning by lift-off using image reversal resist (¢ & d) deposition
and RIE patterning of PECVD passivation layer, (e) deposition and lift-off patterning of
Pt/Ir/lrOx metallization of contact sites using dual layer lift-off resist, (f) RIE patterning of
dielectric layers, (g) DRIE of bulk silicon, and (h) rear side grinding of Si to intended probe
thickness of 50 um.



Brain slice preparation

Acute horizontal hippocampal slices were prepared from 14 Wistar rats (between 250-300g,
gender balanced). We tested electrophysiological performances by using seven rats (with 17
insertions, in total) for the spiky probe and seven rats (with 9 insertions, in total) for a
commercially available 24-channel, in vitro surface probe (modified U-type probe, Plexon
Inc., TX, USA) [50], [51]. One additional Thyl-GCaMP transgenic mouse (#1, male, 30 g)
was used for testing the spiky probe under combined imaging of two-photon microscopy.
Animals were bread and reared in the Research Centre of Natural Sciences, Hungarian
Academy of Sciences. Animals were supplied with food and water ad libidum and were kept
on a 12-12 hour light-dark cycle. All of the protocols followed the guidelines of the
Hungarian Act of Animal Care and Experimentation (1998; XXVIII, section 243/1998.). The
Animal Care and Experimentation Committee of the Hungarian Academy of Sciences, and the
Animal Health and Food Control Station have approved our experimental design (license
number: PEI/001/2290-11/2015). Efforts were made to minimize animal suffering and to
reduce the number of animals used. Before the experiment, the animals were deeply
anesthetized with isoflurane (min. 0.2 ml/100 g), quickly decapitated and their brains were
immediately removed and dipped into cold (2-3 °C), oxygenated (95% O», 5% CO>) cutting
solution. The cutting solution contained the following composition (in mM): 250 Sucrose, 26
NaHCO3, 10 D-Glucose, 1 KCI, 1 CaCl, and 10 MgCl,. 500 um-thick horizontal slices were
cut by a vibratome (VT1200s; Leica, Nussloch, Germany) from both hemispheres containing
the whole hippocampal formation. Slices were kept in a standard artificial cerebrospinal fluid
(aCSF) solution at room temperature (20-22 °C) for at least 1 h before use. The recordings
were performed at 32-34 °C with a standard recording aCSF containing (in mM): 124 NaCl,
26 NaHCO3, 10 D-Glucose, 4 KCI, 2 CaCl, and 2 MgCl». In the recording chamber, a dual-

perfusion system was used by perfusing both the top and the bottom surfaces of the slices



with relatively high perfusion speed (>10 ml/min) to provide better oxygenation, similar to in
vivo conditions [41]. Under these conditions, sharp wave (SW) events and single units
activities were reliably detected [51], [52]. After every recording session, the probes were
withdrawn and to eliminate tissue residue, cleaned by immersing into 1% Tergazyme solution
(Sigma-Aldrich, St. Louis, MO, USA) for at least 30 minutes followed by rinsing with

distilled water.

Acquisition and analysis of the extracellularly recorded potentials

Extracellular recordings of the local field potentials (LFP), multiple unit activity (MUA) and
single unit activity (SUA) were performed in hippocampus (CAL and subiculum regions) and
neocortex of the horizontal brain slices. For comparing the recording performance of the
spiky probe, we used a commercially available 24-channel, in vitro laminar surface probe
(modified U-type probe, Plexon Inc., TX, USA) [50], [51]. This is a metal probe carrying 24
Pt/Ir contact sites (with an inter-contact distance of 50 um). Our in vitro set-up was built
under a two-photon laser scanning microscopy system (Femtonics Ltd., Budapest, Hungary).
For electrical signal acquisition we used the INTAN RHD2000 FPGA-based system (InTan
Technologies, Los Angeles, CA, USA). The acquisition system was connected to an external
laptop via USB 2.0 connection. Wideband signals (0.1 Hz — 7.5 kHz) were recorded with 16-
bit resolution, at a sampling rate of 20 kHz/channel. Data containing three-minute-long
continuous recordings were saved to internal network storage for further analysis. Signals
were pre-processed using custom-written MATLAB programs (The MathWorks, Natick,
Massachusetts, USA), visualized firstly by the NeuroScan 4.5 Software package
(Compumedics Neuroscan, Charlotte, North Carolina, USA). To extract the activity of single
units from the recorded neural signals, automatic spike sorting was performed using the

Kilosort software package [53], [54]. Manual supervision of the single-unit clusters detected



by Kilosort was done in Phy, an open-source neurophysiological data analysis package
written in Python (source: https://github.com/kwikteam/phy). The selection of well-isolated
single units was further aided by using two additional criteria [55]. First, the peak-to-peak
amplitude of the mean spike waveform of neurons had to be larger than 50 pV. The peak-to-
peak amplitude was defined as the absolute amplitude difference between the negative peak
and the largest positive peak of the neuron’s mean spike waveform, calculated on the
recording channel on which the spike waveform of the particular unit appeared with the
largest amplitude. Second, selected single units had to have a clear refractory period, defined
by a “violation rate” below 2%. The violation rate of a single unit (expressed in percentage) is
the proportion of spikes in a particular cluster that are followed within 2 ms by other spikes
belonging to the same cluster. Using these two criteria allowed us to exclude the majority of
low quality units as well as to decrease the effect of subjective decisions of the operator
during the manual curation of neuron clusters. To differentiate between neurons firing narrow
and wide spikes (corresponding to putative interneurons and principal cells, respectively) we
computed the trough-to-peak times of the mean spike waveforms [56]. Unsupervised
hierarchical clustering (Ward’s method with Euclidean distance) was applied to separate the

two types of neurons using the calculated spike duration as input feature [57].



Results

Probe structures and packaging

The spiky probe allows for performing extracellular multi-site recordings within an in vitro
plate located under a water-immersive microscope objective, which has a focal length of 2
mm. Figure 2/A illustrates how the probe geometry fits in a typical measurement situation.
The optimally angled silicon shank of the device provides a relatively large freedom for
positioning between the wall of the plate and the objective. The silicon shank carries 32
contact sites in a horizontal, laminar arrangement. The contact sites are located at the bottom
edge of the shank. Furthermore, they are semi-circularly released from the bulk to form
arrowhead-like or spiky shapes (See Figure 2/B for schematics and Figure 3/B-D for SEM
pictures). Because of these spiky contact sites, the probe has the ability to penetrate into the
brain slice, diving beneath the surface dead-cell layer. Moreover, its tips can even approach
individually targeted cells if a precise image-guidance is applied during insertion (for details,
please also see Figure 5/A-B later). The angled probe allows us to obtain combined optical
information and simultaneously monitor the measured region with a two-photon laser
scanning microscope system (Femtonics Ltd., Budapest, Hungary), which has a near-infrared

bright-field camera mode and a two-photon fluorescent mode as well.
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Figure 2 — Schematics of the experimental design, as well as packaging and bonding of spiky
probe layouts. A: Positioning of the angled shank between in vitro plate and microscope
objective in a typical experimental situation. The optimally angled shank provides relatively
large freedom for positioning the device between the wall of the perfusion chamber and the
objective. B: Three different versions of the device which differ from each other only in the
inter-contact distance, i.e. the high-density version with 25 um, followed by 50 um of the
medium-sized variant and 100 um of the longest type.

Three different versions of the spiky probes were created, which only differ from each other
in the spacing of the 32 contact sites. The inter-contact distances (center-to-center) of 25 um,
50 pm and 100 um were realized resulting result in total spans of 775 pum, 1550 um and 3100
um, respectively (see Figure 2/B, top). The shortest type is suitable for high-density
recordings, while the longer types can cover more cortical layers and thus have a larger

sampling area. The microfabricated part is glued onto and wire-bonded to a rigid printed



circuit board (PCB) specifically designed for this purpose. It provides interconnection to the
external instrumentation. Detailed tests for the performance and stability of contact sites
(presented in the following sections) were obtained mainly by using the high-density version
(25 um inter-contact distances). The dataset of spatially oversampled single units were
collected with the same spiky probe version. The other two versions (namely the spiky probes
with 50 um and 100 um inter-contact distances) were both totally functioning and were tested
at least once. We included their impedance results but such detailed in vitro recordings
presented for the high-density probe are still to be investigated, which go beyond the scope of

the current study.

A

V.. VY

contact sites 20 pm

Figure 3 — Optical photograph and scanning electron microscopy (SEM) images of the spiky
probe. A: Picture of a fully assembled device showing the main probe components from right
to left: a single silicon shank (grey and red), glop top protecting the bond wire (black), the
printed circuit board (PCB, green) and the Omnetics connector (white). B: SEM picture of the
silicon shank showing the laminar arrangement of the 32 contact sites of the medium-sized
spiky probe version (with inter-contact distance of 50 um) and related wiring. C-D: SEM
close-up views at two different orientations. Please note the arrowhead-shape, protruding
contact sites.



Impedance measurement

Before in vitro experiments, electrochemical impedance spectroscopy was tested on each
probe for diagnostic purposes. A built-in impedance checking protocol was used implemented
by the INTAN RHD2000 acquisition system (InTan Technologies, Los Angeles, CA, USA).
The impedance magnitudes and phase angles of all contact sites on each probe were
measured, at various frequencies ranging from 20 Hz up to 5 kHz. The impedance
measurement was carried out in physiological saline solution against an Ag/AgCl reference
electrode. It is well known that the impedance of a contact site is inversely proportional to its
area [13]. In the case of the high-density spiky probe (with inter-contact distance of 25 um),
the electrode area (triangular) is 32 um?, for the medium version (with inter-contact distance
of 50 um) is again 32 pm?, and for the biggest version (with inter-contact distance of 100 um)
is 50 um?. For the surface probe (modified U-type probe, Plexon Inc., TX, USA) used in
comparative tests, the area (circular) is 176.7 pm?.

Figure 4/A &B shows the impedance spectroscopy of the high-density spiky probe (with inter-
contact distance of 25 pm), alias the mean impedance magnitudes with corresponding
standard deviation, at varying frequency levels (before the first in vitro experiment). Please
note that the impedance magnitudes were monotonically decreasing from 20 Hz up to 5 kHz
with a small standard deviation between contact sites. We highlight the particular frequency
of 1 kHz, where this high-density spiky probe showed average impedance magnitude of 1.27
+ 0.1 MQ across all contact sites with an average phase angle of -70 £ 5°. The phase angles
varied much less up to 2 kHz ranges for a given contact site, and they also varied minimally
between sites (Figure 4/B). Furthermore, two faulty contact sites (6.25 % out of 32 contact
sites) with impedance magnitudes higher than 3 MQ at 1 kHz were found on this particular

probe, they considered as open circuits and thus were excluded from further analysis.



We have tested the two different spiky probe versions as well, even if we did not performed
more recordings using them in this study. We shortly report the impedance results at 1 kHz,
where the average impedance magnitudes on the medium spiky probe (with inter-contact
distance of 50 um) were comparable with the high-density version (since they have equal
sized electrode areas), namely 1.27 £ 0.3 MQ, with averaged phase angle of -60 + 4°, and two
faulty contact sites were found (open circuits, 6.25% out of 32 contact sites). Lastly, for the
longest probe (with inter-contact distance of 100 um) the average impedance magnitude was
600 = 20 kQ, with average phase angle of -56 + 5° which were similar to the surface-type
Plexon U-probe (magnitudes of 616 + 160 kQ and phase angles of -56  7°). On the biggest
spiky probe we found only one faulty site (short cut, 3.125% out of 32 contact sites). The ratio
of faulty contact sites remained well below 10% for all three spiky probes. We hypothesised
that these faulty contact sites appeared due to the soldering of Omnetics connectors to the
PCB, which can be further improved in future work. Nonetheless, the exclusion of faulty sites
did not significantly compromise the quality of recordings because of the dense spatial
sampling capability.

We also wanted to test the robustness and reusability of spiky contact sites. Impedance
changes of the high-density spiky probe (with the inter-contact distance of 25 um) were
investigated after an extensive usage (7 experiments with 17 separate insertions, in total) by
repeating the impedance test after the last experiment. At this time, we compared the
magnitudes and phases only at 1 kHz, since this frequency is widely used as a standard. Other
experimental conditions remained unchanged. On Figure 4/C &D we show the impedance
magnitude and phase changes measured at 1 kHz before and after the extensive usage. The
average impedance magnitude of all contact sites was 1.27 £ 0.1 MQ before the first
experiment and was slightly increased after the last experiment to 1.5 £ 0.1 MQ. However,

such minor changes are still acceptable in the literature (e.g. NeuroNexus probes have



impedance magnitude values typically between 0.5-2 MQ [8]). The impedance phase angles
did not change significantly across this time period, starting with an initial average phase

angle of -70 = 5° which remained at around -69 * 5° after extensive testing.
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Figure 4 — Impedance magnitudes and phase angles. A-B: Impedance spectroscopy. Mean
impedance magnitudes (A) and phase angles (B) with corresponding standard deviations at
different frequencies ranging from 20 Hz to 5 kHz. Please note the monotonically decreasing
magnitudes and phase angle values and the small standard deviations across channels. C-D:
Testing the stability and re-usability of spiky contact sites. Impedance magnitudes (C) of all
contact sites (at 1 kHz) before the first experiment (green) and after seven experiments (17
insertions), in total (red). Please note the relatively small changes after an extensive probe
usage. Phase angles (D) of all contact sites (at 1 kHz) remained practically the same after the
extensive usage.



In vitro recording characteristics

To validate the electrophysiological performance of the spiky probes, we have performed
extracellular recordings in the hippocampus and neocortex regions of horizontal brain slices
from Wistar rats. We show a typical experimental arrangement on Figure 5/A. Thanks to the
optimal shank curvature and carefully chosen penetration angles, the probe easily fits into the
gap between the perfusion chamber and the water-immersion objective of the two-photon
laser scanning microscopy system (Figure 5/A-B). By using the near-infrared camera-mode

of the microscope, precise image-guided positioning of the probe is achievable.

While inserting the spiky probe, it is important to check whether the protruding contact sites
are horizontally placed before approaching the surface of the brain slice. The optimal
insertion angle is 22° respect to the main axis of the main shank. Tilting can be easily checked
before penetration under the water immersed objective by focusing onto the protruding
contact sites. If the horizontal arrangement is achieved, the probe can be lowered and its spiky
contact sites can be inserted into the brain slice without any further risk for fracture. If the
horizontal arrangement is not achieved, the tilted probe should be retracted and repositioned.
As with any type of inserted device, it is not recommended to move in x-y direction once the
probe was inserted into the slice. We have not experienced any fracture on the spiky probe
while used as described above. We approached cells located in CA1 and subiculum regions of
the hippocampus, as well as layer 2/3 cells in the neocortex. These deeper cells are located
70-80 um beneath the brain slice surface, where — according to the literature — they mainly
preserved physiological conditions [41], [42]. As with any in vitro recordings, neuronal
activities depends on numerous factors, namely oxygenation, perfusion rate of the aCSF,
chamber temperature, brain slice quality, or the number of nearby active neurons, which
highly depends on the location [41]. In our experience, every single insertion yielded SUASs

and MUAs at higher frequencies (between 0.5 kHz — 5 kHz) as well as low-frequency LFP



phenomena (from 0.5 Hz up to 100 Hz) with a sufficiently small amount of background noise.
Figure 5 shows the two typical working modes of the microscope system, the fluorescent two-
photon imaging mode (Figure 5/B), and the basic camera mode (Figure 5/D). While the
protruding contact sites are clearly visible in the camera mode, they are much less
distinguishable from the dark silhouette of the main shank in the two-photon mode. It should
be noted that pictures and extracellular recordings were not taken from the same insertion.
Figure 5/C shows examples of hippocampal sharp wave (SW; gray rectangles) activity
recorded by twelve adjacent contact sites of the spiky probe. Here, the wideband signal was
band-pass filtered for extracting the low frequencies (between 0.5 Hz — 40 Hz). On Figure
5/E, representative 5-second-long unit activity acquired by fifteen adjacent contact sites. To
enhance the visibility of spikes, the recorded wideband data was band-pass filtered focusing

on the higher frequencies (between 0.5 kHz — 5 kHz).

After validating the capability of signal acquisition, quantitative comparison was made
against an in vitro laminar surface probe to prove the expected advantages of the spiky probe
over a surface design [50], [51]. Neural yields (single unit counts per recording), average and
maximal spike amplitudes, as well as noise levels were compared for both types of probes.
Firstly, we investigated differences in the noise levels by estimating the root mean square
(RMS) noise level in aCSF. In case of the spiky probe, the RMS noise was 9.71 + 2.12 UVms
(0.1 — 7500 Hz; average + standard deviation) measured on 32 contact sites of the high-
density probe (with 25 pum inter-contact distance). While for the surface probe an average of
6.88 £ 0.58 uVrms was measured (0.1 — 7500 Hz) on 24 contact sites (with 50 pum inter-contact
distance). The input-referred noise of the amplifier was 2.4 pVms. In the spike band (500 —
5000 Hz), there was only a small difference in the RMS noise level between the two probes,
namely 4.63 + 0.51 uVms for the spiky probe versus 3.93 + 0.42 WV ms for the surface probe.

Placing the probes on a brain slice elevated the measured noise level by 10 - 20%.
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Figure 5 — In vitro recording characteristics of the spiky probe. A: Photograph of the
experimental set-up. Numbers represent the following parts: PCB (1), silicon shank (2), water
immersion objective (3), dual-perfusion chamber (4), hippocampal slice and the holder grid
(5), outlet of the aCSF (6). B: Example for visualizing of the high-density spiky probe (with 25
pum inter-contact distance) in two-photon imaging (Thyl-GCaMP transgenic mouse
neocortex, please see the Methods section for details). C: Hippocampal sharp waves (SW;
gray rectangles) recorded recorded from the CAl region of a Wistar rat shown on twelve
channels from Wistar rat CAl region. The wideband signal was filtered (0.5 — 40 Hz



bandpass) to extract the local field potential (LFP). D: Example for visualizing the spiky
probe in bright-field camera mode (Wistar rat neocortex). Pictures and extracellular
recordings were taken from different recording sessions. E: Representative 5-second-long
unit activity recording acquired by fifteen adjacent contact sites of the probe. To enhance the
visibility of spikes, the recorded wideband data was bandpass filtered between 500 and 5000
Hz. Colored dashed rectangles located on the traces mark a single spike of three sample
single units. Mean spike waveforms and autocorrelograms (bin size, 1 ms) corresponding to
these units are shown on the right.

Figure 6 shows the distribution of the number of well-separated single unit clusters (Figure
6/A) and the distribution of the peak-to-peak amplitude of these waveforms (Figure 6/B) for
both probes. The total number of well-separated neurons was 32 for the surface probe and 112
for the spiky probe. Since we had an unequal number of recordings from the two probes (17
positions for spiky probe, 9 positions for surface probe) we calculated more sophisticated unit
yields per position. On the box plots, the middle line indicates the median, while the boxes
correspond to the 25th and 75th percentile. Whiskers mark the minimum and maximum
values. The average is depicted with blue dots. The average yield was 6.6 for spiky probe and
3.6 for the surface probe. The average signal amplitude was 139.2 + 96.4 pV in the case of
spiky probe and 89.08 + 30.2 uV for the surface probe. While the maximal signal amplitude
was only 162.32 pV for the surface probe, the spike probe had 576.79 uV. It is also clearly
visible that several extreme big single units of spiky probes exceeded the maximal value of
the surface probe. Larger average spike amplitudes may correspond to closer cells, since we
know both from theory and experiments that single unit EAPs are decreased and flattened
over distance [13], [28], [36]. For both compared parameters, i.e. unit yield and amplitude, the
spiky probe had significantly better results (** p < 0.01; *** p < 0.001; Student's t-test), well

outperforming the surface probe.

As the impedance values, together with single unit yield and spike amplitudes remained

comparable after 17 insertions, we suppose that these probes can be used repetitively for more



than 25-30 times, in other words more than 100 hours of recording may become achievable
with the device. However, a thorough monitoring of the quality of contact sites is mandatory
when a particular probe is re-used. Lastly, an immediate washing or cleaning procedure is
important after every experimental day for maintaining their long-term stability (see Methods

section for details).
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Figure 6 — Quantitative comparison of recording performances. Box plots showing the
distribution of the number of well-separated single unit clusters (A) and the distribution of the
peak-to-peak amplitude of spike waveforms (B) for the high-density spiky probe and the
modified U-type surface probe (total number of well-separated neurons for each probe type:
surface probe, n = 32; spiky probe, n = 112). On the box plots, the middle line indicates the
median, while the boxes correspond to the 25th and 75th percentile. Whiskers mark the
minimum and maximum values. The average is depicted with a blue dot. Black dots
correspond to individual measurements. Data on panel (B) are plotted on a logarithmic scale.
**p <0.01; *** p < 0.001; Student's t-test.

Extracellular action potentials recorded with high spatial resolution

We report all single unit data obtained using the spiky probe in Figure 7/B. We used a
hierarchical clustering for separating the recorded EAPs into putative cell types based on their
through-to-peak times. Based on the clustering results, spike waveforms having a trough-to-

peak time below 0.8 ms were classified as putative interneurons (narrow spikes), while



remaining clusters were considered as putative principal cells (wide spikes). In addition, two
representative datasets (Figure 7/A &C) illustrate how the close-packed contact sites of the
high-density spiky probe (with 25 um inter-contact distances) can spatio-temporally sample a
single unit EAP. These data also describe how the waveform of the EAP can vary over
distance, across several adjacent contact sites. We show the average EAP waveforms and the
corresponding autocorrelograms of two different single units recorded with the same probe at
the experiment. Autocorrelograms (Figures 7/D &E) were plotted in 100 ms duration and
divided into 5 ms bins. The sharpest signals (where the waveform has the shortest temporal
extent) were detected at Channel #8 (Figure 7/A) and Channel #12 (Figure 7/C). The spike
counts over a recording duration of 3 minutes were #312 and #158, respectively. Based on the
work of Bartho et al. 2004 and Csicsvari et al. 1999, the trough-to-peak time (or the half-
width) of spikes itself may be enough for separating two groups of spikes from the recorded
SUAs [56], [58], as it is shown in Figure 7/B. Here we investigated additional parameters in
the case of two selected single units, namely trough-to-peak time, presence of the capacitive
peak, features in the autocorrelogram and spatial spread. The second single unit (shown in
red) had a trough-to-peak time of 1.2 ms at the sharpest channel, 4 times longer compared to
0.3 ms of the first unit (shown in blue). Moreover, we found that the initial positive peak on
the second unit (red) was present on numerous contributing channels while the first unit (blue)
exhibited the initial positive peak visibly only at the sharpest channel. Investigating the
autocorrelograms, the first unit (blue) showed distributed firing patterns resulting in a smooth
decay in the histogram (Figure 7/D). In contrast, the second unit (red) showed fast and
regular-spiking behaviour, resulting in a narrow-range and sharp peak on the autocorrelogram
close to the middle refractory period (Figure 7/E). The initial steepness was higher for the
second unit (red) represented by the immediate peak after the refractory period, unlike the

first unit (blue), where the initial peak was built from intermediate steps. Referring to Bartho



et al. 2004 [56] and Csicsvari et al. 1999 [58], we clustered the first single unit (blue) to a
putative interneuron and the second single unit (red) to a putative pyramidal cell. Lastly,
please also note the different spatial propagation of the EAP across channels. In the case of
putative pyramidal cell, the signal propagation was rather bi-directional and also longer
compared to the putative interneuron. The propagation of the putative interneuron was less
significant and almost unidirectional. Interestingly, the more localised putative interneuron
had higher peak-to-peak amplitude of 162 uV while the putative pyramidal cell only had 72
MV. Such differences can however be also emerged from the variable Euclidean distances and
orientation of the cells compared to the axis of the laminar probe. The determination of these

parameters remains to be investigated in future experimental paradigms.
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Figure 7 — Clustering results of putative cell types based on their recorded extracellular
waveforms. A: Averaged extracellular traces of a putative interneuron (shown in blue) with
corresponding autocorrelogram (D, blue). B: Bimodal distribution of trough-to-peak times of
recorded single unit waveforms. Hierarchical clustering was used to separate units (shown in
black dashed line) either as narrow spiking (blue) or as wide spiking (red) neurons (i.e. as
putative inhibitory interneurons or excitatory principal cells, respectively). Asterisks
represent trough-to-peak times of the two selected units. C: Averaged extracellular traces of a
putative pyramidal cell (shown in red) with corresponding autocorrelogram (E, red).



Asterisks next to the spike waveforms represent the sharpest signals (possibly the closest
contact sites to the soma). Please note the different propagation lengths and different spiking
behaviour of the two putative cell types.



Conclusions and outlook

In this study, we have presented and tested a penetrating spiky probe for extracellular
recordings, in vitro. The fabrication process and packaging method allow for creating
different layouts with inter-contact distances ranging from 25 pum up to 100 pm. The
arrowhead-like contact sites are detached from the main axis of the shank and thus enable a
slight penetration beneath the surface of the brain slice. Thanks to these protruding contact
sites, the spiky probe can record from a deeper neural tissue environment resulting in higher
spike amplitudes as well as a higher single unit yield compared to a commercially available
surface probe [46], [50]. We reported that every single insertion yielded single unit activity
which was frequently accompanied by sharp wave population activity. The spatio-temporally
sampled EAPs were visible on multiple contact sites and preliminary clustering methods were
applied for separating putative cell type based on their waveform differences.

It has to be admitted that the current experimental approach is not designed for long-term
recordings. Our main focus was to increase the cell accessibility of the contact sites during
acute brain slice recordings, consequently, to increase signal yield and recording quality.
Future developments may enable such devices to be applied in both chronic and acute
recordings, as well as in combination with other modalities such as intracellular recordings,
combined optogenetics or microfluidic drug delivery applications [59], [60]. We showed an
example for combined two-photon imaging and proposed that our spiky probe makes possible
consecutive recording and imaging of the tissue at the same region. However, the stability of
multi-layered contact sites under two-photon laser scanning is to yet be investigated. In
addition, as only the contact sites penetrate into the deeper tissue, they may cause less tissue
damage than commercially available penetrating probes, but a proper histological validation is
also to be performed. Lastly, we propose one more advantage of our design, namely that we

can overcome the so called ‘dead-spot problem’ [61]. A dead-spot problem appears when the



contact sites along the shank are located too far from the tip or the edge of the shank. It
becomes difficult or even impossible to approach and record from the closest active cells by
an intracellular glass micropipette, simultaneously, as the probe itself attenuates the
neighbouring signals. Recent works in the literature showed how these paired intra- and
extracellular recordings could make new ground-truth data for multi-channel extracellular
electrophysiology [32], [61], [62]. With our protruding design, such co-localised recordings
may become easier to perform and to achieve higher signal amplitudes. Moreover, the angled
shank can fit under the objective of a two-photon laser scanning microscope, thus it is also
possible to complete the electrophysiological data with subsequent optical and structural
information. We conclude that our spiky probe can be a step towards multi-modal
experimental designs while they also expand the limits and neural yield achievable by laminar

multi-channel electrophysiological systems.
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