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Electrophysiological data are used to investigate fundamental properties of brain function, its relation to cogni-
tion, and its dysfunction in diseases. The development of reliable and open-source systems for electrophysiological
data acquisition is decreasing the total cost of constructing and operating an electrophysiology laboratory, and
facilitates low-cost methods to extract and analyze the data (Siegle et al., 2017). Here we detail our method of
building custom-designed low-cost electrodes. These electrodes can be customized and manufactured by any
researcher to address a broad set of research questions, further decreasing the final cost of an implanted animal.
Finally, we present data showing such an electrode has a good signal quality to record LFP.

1. Introduction

The extraction of extracellular voltage fluctuations, from spiking ac-
tivity to neuronal oscillations, is one of the most widely used techniques
in neuroscience (Siegle et al., 2017). Electrophysiological recordings are
crucial to relating dynamics across different spatial scales - from indi-
vidual spiking to the activity of thousands of neurons in the electroen-
cephalogram - and across different temporal scales - from milliseconds to
hours. Such type of data has been instrumental in insights and discoveries
about cognition and brain functions (Cohen, 2017).

A modern electrophysiology recording system must allow for multi-
channel recordings with adaptable geometry for recording from multiple
brain regions of varying depth and curvature, and must be easily inte-
grated into an optogenetics or chemogenetics delivery system. Two
classical ways to approach this are (1) “hyperdrives” - carrier structures
that enable the movement of individual electrodes or bundles of elec-
trodes such as tetrodes (Battaglia et al., 2009; Bragin et al., 2000; Bru-
netti et al, 2014; Kloosterman et al., 2009; Liang et al., 2017;
McNaughton, 1999; Michon et al., 2016), and (2) silicon probes (Bragin
et al., 2000; Jun et al., 2017; Lopes-dos- Santos et al., 2018; Ulyanova
et al.,, 2019). Both approaches have several advantages including
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high-density recordings or layer-specific profiles. Another approach is
recording electroencephalograms or electrocorticograms, which a higher
potential in translational neuroscience (Insanally et al., 2016; Lee et al.,
2011). However, these existing methods also have several disadvantages,
including the size of the structure in and on the animal's head, limited
number of simultaneously accessible brain regions, a significant amount
of time to build the apparatus, or the high price of commercially available
electrodes. Electrodes on or under the skull have additional limitations of
the impossibility of extracting data from deep anatomical regions or local
activity.

We aim to describe a low-cost and versatile electrode system for
extracellular chronic recordings in rodents. The electrodes described
here are optimal for recording the Local Field Potential (LFP) and multi-
unit activity across multiple brain regions simultaneously. Our design is
small and light-weight and does not impair movement, animal welfare, or
behavioral tasks. In this paper, we describe systematically how to
manufacture each component, including video and options for custom-
ization of the electrodes to target any specific research question. The
approximate cost per 32-channel electrode implant is 50 euros and takes
around 3 h to build. A chronic implant will continue to provide high-
quality LFP data for months.
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2. Method
2.1. Animals

We have developed and implanted our electrodes in mice and rats,
and we continue to record high-quality LFP data up to 3 months after
implant. The data shown in this paper are from Black57 mice, recorded
using implants in different brain regions for verification of the quality of
signal to noise. All animals were recorded in their home cages, having
free access to food and water.

Ethical standards agreement: The authors also certify that formal
approval to conduct the experiments described has been obtained from
the animal subjects review board of their institution and could be pro-
vided upon request. All experiments were approved by the Centrale
Commissie Dierproeven (CCD) and it is according to all indications of
animal welfare body [Approval number 2016-0079].

2.2. Material list

2.2.1. Wires

Several types of materials can be used to manufacture electrodes.
Here we chose to use Tungsten (99.5%) for the electrode due to the high
resistance with very thin diameters, and stainless steel for the ground
wire for both resistance and low cost. We use and recommend the usage
of 50pm and 35pum tungsten wire (rods, not rolls). Wires smaller than
35um increase the risk of bending during the implantation surgery. For
the option of tetrodes, silica capillary (75pm internal diameter - 150pum
external diameter) and 12.5 pm wires should be purchased. We pur-
chased wires in bulk from <California Fine Wire Company>, although
any other supplier would be suitable.

2.2.2. Grid

The individual wires need to be aligned, and for this we use an
alignment grid. The idea is to place two such grids with holes drilled at
the same locations, one 3cm on top of the other. The individual wires are
then fed through these holes. The grids can be manufactured using any
micro-manipulator bench with micrometer precision (e.g. a multifunc-
tion milling machine bench -e.g. MINIQ BG6300-or a stereotax). A drill
that supports micro drills bit (~100um - Carbide micro drill bit - Jia-
hongda) for drilling holes in plastic paper is also necessary (e.g. PVC
sheet commonly used to cover notepads). In case of tetrode usage, the
drill tip has to be adjusted to fit the silica cannulas used for tetrode
construction (~160 pm tip). We recommend a spacing of at least 250pm
between the holes of the grid. If the spacing is lower than 200pm, the
electrodes may form a compact surface, increasing the risk of damage to
the brain during implantation surgery. A combination of two grids with
the same specifications is used to align the electrodes (Video 1).

2.2.3. Connectors

The manufactured electrodes presented here are based in the Intan/
Open-ephys recording systems. The headstages used by these com-
panies can be coupled with the Omnetics connector. It is therefore
necessary to investigate which connectors are compatible with the
headstage to be used. We use the connector A79026-001 (Omnetics
Connector Corporation- USA). These connectors are compatible with the
headstage RHD2132 for 32 channels.

2.2.4. Printed circuit board (PCB)

For fixed implants, we use PCBs to link the electrodes to the con-
nectors. The PCBs were designed using the free version of the software
Eagle (https://www.autodesk.com/products/eagle/free-download).
During the design of the PCB, the measure between the claws of con-
nectors and also the space between the two lines of the connector have to
be considered to avoid displacement of the Omnetic claws with the sol-
dering points of PCB (See Video 1). Details of the connectors and its
measurements can be found on the Omnetics website. The PCBs were
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printed by Eurocircuits (https://www.eurocircuits.com/). Any company
specialized in PCBs should be suitable. To increase reproducibility and
facilitate electrode manufacture, the file of the PCB 3D model with all
specifications (compatible with Eagle software) is provided as supple-
mentary material.

2.3. Single wire arrays manufacturing

The process described below was video-recorded to facilitate visual-
ization (Video 1 and 2). For single wire arrays, we used the components
2.1.1 to 2.1.4 described above. The fixed electrodes array can be
implanted with or without the usage of PCBs. If Tungsten wires are used,
we recommend PCBs due to the technical difficulties of soldering
Tungsten directly to the connector. Therefore, we divide the
manufacturing process into 3 steps:

1. Electrode Alignment: The electrode alignment is completely custom-
ized to any experiment to be planned. We here describe an implant
optimized for multisite recordings in the medial prefrontal cortex. We
designed the electrode to contain three rows of electrodes that would
be implanted into one hemisphere. Using the grid of 250pm we
designed the array to have a 3 x 10 geometry. The electrodes are laid
into the grid in each row of 3, repeating 5 or 10 times, depending on
whether a 32 or 16 channel connector is used. The tips of the elec-
trodes can be aligned using a calypter (Video 1). It is important to
consider the dorsal-ventral coordinate of the target site (in our
example: 1.5mm), and add 2 or 3mm to prevent the PCB from
touching the skull during the implant (Video 1). For the usage of
tetrodes the silica capillary has laid into the grid.

2. Soldering: The PCB and Omnetics connectors should be placed in an
aligned position considering the claws of the connector and the Sol-
dermask of the PCB (Video 1). Due to the very small components to be
soldered, we use a soldering tip of 200pm. The ground wire can be
soldered directly to the PCB, using an appropriate flux for soldering
stainless steel. Note that the ground wire can be directly soldered to a
screw, or left to be connected to the screw during surgery.

3. Assembling: To finalize the electrode, the two processes mentioned
above must be assembled. The aligned electrodes were glued to the
PCB/connector. We recommend using photo-activated glue to accel-
erate the process. After that, each electrode is placed in the individual
holes of PCB. At this point, it is important to keep track of the
placement of each electrode for proper mapping of data channel to
physical location. The excess wire is cut and the wire coat is removed
with a surgical blade. Silver paint is applied to connect the tungsten
wire to the PCB (Figure 1). The electrode is finalized using Epoxy glue
to cover and protect the arrays and the connection between the
electrodes and PCB is made by the silver paint (Video 2).

After finishing the procedure with 32 electrodes, the construction
weighs 1.0-1.2g, corresponding on average less than 4% of the body
weight of the mice or 0.5% of the rat body weight. The weight will be less
for 16 electrodes.

2.4. Surgical procedure

The surgical procedure varies according to the type of electrode and
target brain regions. We here describe a general procedure that should be
adapted to the specific needs of the project.

1 - Pre-implantation: In the pre-implantation phase we used the stan-
dard procedure of stereotaxic surgery. 10-16 week old mice were
anesthetized with Isoflurane (induction at 5% Isoflurane in 0.5L/min
02; maintenance at 1-2% Isoflurane in 0.5L/min O2) [Teva]. For
surgery, mice were fixed in the stereotaxic instrument [Neurostar
Stereotaxic]. After shaving, the skin was disinfected with ethanol
(70%). The local anesthetic Xylocaine (2%, Adrenaline 1:200.000
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Figure 1. Electrode arrays implant surgery. Panels A, B and C show different
steps of the surgical implant in a mouse. D shows the possibility of implanting
multiples arrays. (A) Two craniotomies to accommodate arrays in different areas
of the brain. (B) Vaseline to prevent the contact of dental cement with the brain.
(C) Finalizing the surgery building the dental cement cap. (D) implant of mul-
tiple arrays in a rat.

[AstraZeneca]) was injected subcutaneously at the incision site before
exposing the skull. Peroxide (10-20% H202; [Sigma]) was applied to
the skull with a cotton swab for cleaning and visualization of bregma
and lambda. Holes for support screws are drilled in the edges of the
skull (note that the placement of screws is dependent on the position
of electrodes).

2 - The window(s) in the skull through which the electrodes are
lowered into the brain are drilled specifically to accommodate the
type of arrays to be implanted. These windows should be as small as
possible, because more bone removed leads to less remaining skull
surface area for anchoring the electrodes (Figure 1A). For example,
two electrode arrays should be done with two small windows rather
than one larger window (Figure 1A). To avoid contact between the
dental cement and the brain, vaseline can be applied to the windows
after the implant (Figure 1B). Electrodes and screws are fixated onto
the skull with dental cement (Super-Bond C&B) (Figure 1C). In the
case of multiple implants (Figure 1D), a similar sequence of pro-
cedures as described above should be followed. Approximately 40
min prior to the end of the surgery, saline and analgesic (Carprofen
injected subcutaneous) were injected to facilitate recovery of the
animal.
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2.5. Data acquisition

Electrophysiology data were acquired using Open Ephys with a
sampling rate of 30 kHz. Animals were recorded in their home cage for
10 min, they were submitted to tethered recordings. However, this is
only a matter of the resources available in the lab. The electrodes detailed
in this paper are suitable to any system that use Omnetics connectors,
therefore the usage of wireless system that is compatible with these
connectors is applicable for these electrodes. Video recording was per-
formed via web-camera (Fosmon USB 6), the video was synchronized
with electrophysiological data using simultaneous TTL marks for both
video and ephys data. During preprocessing, the data were downsampled
to 1000 Hz, and EEGlab (Delorme et al., 2011) was used for visual in-
spection and cleaning artifacts. One mouse was kept implanted for 3
months to evaluate any changes in the signal characteristics.

2.6. Data analysis

The data analysis was performed using Matlab (R2015b). Power
spectrum density and the spectrogram representation was computed by
the pwelch.m and spectrogram.m routines from the Signal Processing
Toolbox (Parameters: 50% overlapping, Hamming window of 6 s and
Number of DFT points [213]). The spike sorting was performed using
unsupervised spiking detection (Quiroga et al., 2004). We filtered the
signal between 300Hz and 6000Hz and used the threshold of 8on
(Quiroga et al., 2004). The spike sorting was performed using Gaussian
mixture models in two steps, extracting relevant features (principal
components, wavelets) and GMM fitting parameters (e.g., Gaussian dis-
tances - Souza et al., 2019). We use the graphical user interface provided
by Souza et al. (2019).

2.7. Recycling materials

There is one component of the present electrode arrays that can be
recycled: the connector, which is also the most expensive component of
the array. After perfusion and brain extraction, the animal cap can be
kept in acetone for 2-4 days. The acetone will dissolve the dental cement
and epoxy used during the manufacturing. Finally, the soldering iron can
be used to remove the connections between the connector and the PCB.
In our experience, the connector can be re-used twice without loss in the
quality of the signal.

2.8. Electrode final cost

The price variation of each component used in the present manuscript
can change according to the market value, the quantity of pieces pur-
chased at a time (e.g., in bulk or individually), and the recycling capacity
of the components. Therefore, the exact cost per electrode can only be
approximated.

We order in bulk to produce around 60 electrodes arrays. The final
cost for our array of 32 electrodes was 90 Euros, and the cost for a 16
channel array was 75 Euros. However, the most expensive component of
the electrode - the connector — can be recycled. This factor brings the
final cost to approximately 50 Euros/32Ch and 35 Euros/16Ch.

2.9. Manufacturing time

An inexperienced researcher or student might take 5-6 h to build one
electrode array. However, the learning curve is steep, and after some
practice, it should take around 2-3 h to construct a 32-channel array.
3. Results

To evaluate the quality of the signal that can be extracted with this

type of electrode arrays, we recorded spontaneous LFP and spiking ac-
tivity from an animal in their homecage in two different moments, day1l
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(First Day of recording after post-surgery recovery time) and 90 days
after the first recording session to show that the implant sustains high
signal quality for long periods of chronic recordings. We recorded from 3
independent regions of the brain to show the flexibility of the arrays (see
video 3).

Figure 2 presents raw signal traces (blue line) of different regions
recorded in the same animal: hippocampus, mid-frontal cortex. Notice
that the amplitude of the signal recorded in these channels is maintained
after 90 days of recording. In the bottom panel, as expected, theta
oscillatory activity can be verified in the hippocampus in the raw signal,
which is translated in the power spectral density (PSD) and time-
frequency spectrogram along the entire session of recording. Similar
features can be verified after 90 days of recordings. Notice that after 90
days, different features can be observed in the LFP power; for example, by
recording the animal in a new cage, novelty detection-related power in
the beta2 band is apparent, as previously reported (Berke et al., 2008;
Franca et al., 2014). The spike sorting performed in the representative
channel exhibits three independent wave forms in the first day of
recording; the same channel still presents spiking activity after 90 days of
recording (Figure 3).

4. Discussion

The electrodes described here are part of an effort to develop low-cost
components for electrophysiological data acquisition, from different
types of electrodes (Insanally et al., 2016), headstages (Trumpis et al.,
2017) or the entire recording system (Siegle et al., 2017). The method
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described here allows for addressing a wide range of research questions
involving extracellular recordings of electrophysiological data, with
maximal flexibility at minimal cost. As demonstrated in the results sec-
tion, we were able to extract LFP from several different regions simul-
taneously (Figure 2, Video 3) and also multi-unit activity (Figure 3). We
use these electrodes in freely moving animals (video 3), but they can also
be used in acute experiments. Lastly, the arrays maintain integrity for
long periods of time, allowing for investigations into long-term behav-
iors, learning, ageing, development, disease progression, and so on.

The compact shape of these electrodes, as well as the shape of the
final implant in the animal (Figure 1), are appropriate for recording
during several types of behavioral experiments. Due to the light weight of
the electrodes, even with multiple electrodes implanted in different brain
regions, these electrode arrays do not interfere with animal welfare or
behavioral performance (Video 3; Franca et al., 2014). Considering the
use of larger animals, like rats, the characteristics mentioned above make
it possible to upscale the number of electrode arrays implanted
(Figure 1D). Besides that, these electrodes were used for long recording
sections (up to 12 h) without disturbing the sleep wake cycle of the an-
imal (dos Santos Lima et al., 2019; Franca et al., 2015).

Similar to any type of investigation, the proper method has to be
applied according to the research question. Although the electrode arrays
are versatile to a range of applications, they do not cover all types of
electrophysiological data. For example, research questions involving
large-scale cortical activity of different spaced cortical areas are more
suitable for EEG or ECoG electrodes (Lee et al., 2011; Insanally et al.,
2016; Woods et al., 2018). Furthermore, a limitation of our electrodes
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Figure 2. Signal quality maintained after 90 days of implantation. The figure shows examples of raw signal of the hippocampus and prefrontal cortex. Notice that the
amplitude of the signal is maintained during 90 days of implantation. The bottom panel shows similar power dynamics characteristics in the theta band of frequency in

both recording, day 1 and 90.
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Figure 3. Multi-unit activity recorded with the multi-channel array. The figure shows spike sorting of an example hippocampus channel during day 1 and day 90.
Different colors represent independent wave-forms recorded in a single channel; the darker color in each panel represents the average of the wave-form. Note that after
90 days of implantation it is still possible to sort different independent wave forms.

compared to classical “hyperdrives” is that the arrays are not optimized
for isolating spiking activity from a large number of individual units
(although we can detect well-isolated units).This is partly due to the size
of the electrode tip, and partly due to the fact that the electrodes are
implanted without movable drives; thus, gliosis may prevent
well-isolated spikes. This can be overcome by including micro-drives and
tetrodes to move the electrodes, but this also increases the complexity of
the implantation, increases the time of manufacture of the electrodes,
decreases the total possible spatial sampling of the electrodes, and also
increases the total weight and size of the electrodes.

In conclusion, we have outlined a procedure to make very low-cost
multielectrode arrays that are optimal for research questions that are
based in LFP recordings and multi-unit cell activity, have the advantage
of easily record from multiple regions of the brain, and are light enough
to be used during behavioral performance. The electrodes are easy to
build and easy to integrate into other open-source hardware and tools
such as Open-Ephys.
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