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Abstract
Long-term stable single-unit recording in the brain is essential to the 

longitudinal study of brain functions. Microwire brush arrays (MBA) 
compliant with brain tissue are excellent tools for long-term stable neural 
recordings. However, there are multiple challenges in applying these 
electrodes to small animals (e.g., mice). Here, we resolve several challenges 
of using MBA probes in the mouse. By integrating microwire electrodes 
and ultra-light microdrives, we performed long-term electrophysiology 
and tracked the same neuronal population in the mouse visual cortex over 
two months. Moreover, we found that the orientation-tuning properties of 
visual neurons remain unchanged and used the visual response fingerprint 
of the neurons to track them over days of recording. Furthermore, we 
propose the use of Nonclassical Multidimensional Scaling (MDS) for 
inferring microwires' spatial organization in the brain and demonstrate its 
successful use in spatiotemporal template matching algorithms for spike 
sorting.

Keywords: Long-term Electrophysiology; Microwire Brush Electrodes; 
Mouse Visual Cortex; Stable Selectivity

Introduction
Tracking single-unit activity in the brain is crucial to the longitudinal 

study of brain functions. Implantable neural electrodes are one of the most 
common tools for recording single-unit activity in the brain [1-9]. However, 
the quality of the recorded signal decreases over time due to chronic tissue 
reaction and loss of neurons around the tip of recording sites [9-15]. Therefore, 
maintaining high-quality chronic electrophysiological recordings remains a 
critical challenge in longitudinal studies of brain functions and developing 
neural prosthetics. Flexible neural probes are known to reduce relative shear 
motion and improve the stability of neuronal interfaces as they are compliant 
with brain tissue [16-27]. Microwire bundle electrodes are one of the most 
flexible neural probes, which allow tracking of single-unit activities over a long 
period. For instance, McMahon et al. have successfully tracked the activities 
of neurons in monkeys' visual cortex over months [7]. However, these probes 
are susceptible to over-bending during insertion into the brain. Several studies 
have addressed this matter, and different techniques have been developed to 
increase their stiffness during insertion into the brain [9, 28]. Another monkey 
study used microdrives to slowly insert the probe into the brain tissue to 
prevent over-bending of the wires [7]. Another challenge of using MBA 
probes is spike clustering and single-unit isolation. New spike sorting methods 
use the spatiotemporal template matching technique [29], which requires 
the spatial organization of recording sites in the brain (i. e., channel map). 
Since the channel map in MBA probes is unknown due to its unpredictable 
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spread in neural tissue, the post-processing and spike sorting 
of recorded data requires extra considerations. This study 
combines commercially available microwire electrodes with 
an ultra-light in-house microdrive to record from the mouse 
visual cortex. We use Nonclassical Multidimensional Scaling 
(MDS) to infer the spatial organization of microwires in the 
brain for further spike sorting with the Kilosort algorithm 
[29]. We successfully tracked the activities of visually evoked 
neurons for ten weeks and demonstrated that their orientation 
and direction-tuning properties remain unchanged.

Methods and Materials
Subjects

We implanted two microwire bundle electrodes into the 
primary visual cortex (V1) of two mice (C57BL/6, male). As 
the objective of this study is to develop an electrophysiological 
recording technique, which is less likely to be significantly 
influenced by gender, we did not specifically select a particular 
sex for our study. All animal procedures were approved by the 
local authorities at the Max Planck Institute and University of 
Tübingen and in compliance with EU Directive 2010/63/EU 
(European Community Guidelines for the Care and Use of 
Laboratory Animals).

Apparatus

We used two microwire brush arrays (MBA) with 16 or 
32 microwires (12.5 µm diameter, Platinum/Iridium alloy, 
commercially available at MicroProbes, MA). The wires 
were insulated with a polyimide microfil tube with a length 
of 9 mm and an outer diameter of 350 µm. At the tip of the 
electrodes, the length of wires extended beyond the microfil 
tube was 1.5 mm. The tail of wires was extended into a 
flexible output cable of a length of 25 mm and connected to 
male Omnetics connectors (A79014-001, 16 channels, 18 
pins; A79022-001, 32 channels, 36 pins). Two extra silver 
wires were connected to the connector as a reference and 
ground cable. The MBA electrodes were combined with an 
ultra-light in-house microdrive to slowly advance the probe 
into brain tissue and prevent the over-bending of wires during 
the insertion procedure (Figure 1a). The microdrive size was 
11x3x2 mm with six mm of traveling distance and 0.22 g 
of weight. The thread pitch was 250 µm. The microdrive 
consists of two plastic plates, one movable and one fixed. 
A sharpened stainless-steel tube (outer diameter of 0.6 mm 
and length of 0.5 mm) was connected to the lower surface 
of the fixed plate to function as a guide tube in the insertion 
procedure. The microfil tube was glued to the movable plate 
so that it could move up and down with the movable plate.

Surgical Procedures
Anesthesia procedures were started by inducing 2.5 % 

of isoflurane and were maintained during surgery by 1-2 %. 
Furthermore, Atropine (Atropinsulfat B. Braun, 0.3mg/kg) 

and Buprenorphine (0.1 mg/kg) were injected subcutaneously 
to reduce bronchial secretions and as analgesics, respectively. 
The scalp was sterilized, and an incision was made to expose 
the bregma and lambda sutures. A lightweight head-post was 
attached to the skull using an adhesive primer and dental 
cement (Tetric EvoFlow dental cement, Ivoclar Vivadent; 
OptiBond FL primer and adhesive, Kerr dental). A well was 
made around the exposed site using dental cement. Then a 
tiny craniotomy window (1.5 mm2) was opened above the V1 
at 2.5 mm laterally from the midline and 4 mm posterior to 
the bregma over the left hemisphere. The MBA electrode with 
microdrive was implanted vertically into the brain. At the 
time of implantation, the tip of the wires was inside the guide 
tube, while the entrance of the guide tube was coated with 
PEG 4000 [9] to prevent entering brain tissue into it. After 
implantation, the lower plate of the drive was fixed to the skull 
using dental cement. Two silver wires were installed under the 
skull and above the dura around the frontal lobe as references 
and ground for extracellular recordings. A protective cap 
with copper mesh was built and fixed to the well with dental 
cement, and the Omnetics connector was attached to the inner 
part of the cap using dental cement (Figure1b top). During the 
recovery period, Flunixin (4mg/kg) administration continued 
every 12 hours as an analgesic for three days, and antibiotics 
(Baytril, 5mg/kg) administration continued every 24 hours 
for five days. The five days of recovery were followed by 
three days (0.5 hours/day) of habituation to the experimental 
setup and head- fixation. Moreover, during the habituation 
days, electrodes were lowered slowly into the brain using 
the Microdrive (twice a day and each time about 125 µm). 
Electrophysiological recording started after habituation and 
continued for 4 or 10 weeks. After weeks of recording, mice 
were euthanized, and the electrode was extracted (Figure 1b 
bottom).

Electrophysiological Recording Procedure
After the habituation, electrophysiological recordings 

were started. For mouse #1, in which we implanted a 
16-channel electrode, the recording continued for four 
weeks, and for mouse #2 with a 32-channel electrode, the 
recording continued for ten weeks. Overall, we had 26 days 
of recording for each mouse in the mentioned period. The 
electrophysiology recordings (one hour a day) were done on 
the head-fixed mice in a dark and isolated room while they 
were allowed to sit or run on a disk. The electrophysiological 
activities were captured by the MBA electrodes. The signal 
was then amplified and digitized at 30 kHz by a headstage pre-
amplifier (Intan RHD2000 headstage or Blackrock CrePlex 
M headstage) and transferred to the RHD recording system 
(Intan Technologies) or Cerebus data acquisition system 
(Blackrock Microsystems LLC). An example of high-pass 
filtered data is shown in Figure 1c. The recording duration 
on each recording day was one hour. At the end of each 
recording day, the mice were put back in the animal facility.
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Visual stimulation and experimental design
For mouse #1, we recorded only spontaneous activities of 

neurons. For mouse # 2, we presented visual stimuli during 
the recording. We projected stimuli onto a gamma-corrected 
LED monitor (Dell U2412M, 24 inches, 60 Hz) using 
MATLAB (MathWorks, Inc.) and Psychophysics Toolbox 
Version 3 (PTB-3). Moreover, the monitor was placed 20 cm 
in front of the animal’s right eye. A small white square was 
always presented simultaneously with the main stimulus at 
the lower right corner of the monitor to capture the stimulus 
onset time using an in-house built photodiode sensor. The first 
recording session was receptive field (RF) mapping to capture 
the receptive field of neurons near electrode sites and ensure 
the RF of all the channels falls into the monitor (Figure1d). 
For RF mapping, we presented black squares (8° widths) in 
different locations of 8 by 13 grids on a gray background. 
The presentation duration for each square was 100 ms, and 
the inter-stimulus interval was 100 ms. The total duration of 
the RF mapping session was 20 minutes. After this session, 
we extracted multi-unit activity (MUA) in response to each 
square by a band-pass filter (140-1000 Hz) and detected 
stimulus onsets using the photodiode. The duration of the 
MUA analysis was 10 minutes. A direction tuning session 
followed this, where we presented full screen drifting grating 
(temporal frequency 3 Hz, spatial frequency 0.05 cycles/
degree) and eight drifting directions (from 0° to 315° with 45° 
steps). The duration of each stimulus presentation was 600 
ms, and the inter-stimulus interval was 500 ms. Each stimulus 
direction was presented for 120 trials; the whole session was 
20 minutes long. Figure 1e summarizes the experimental 
procedure of the current study, and Figure 1f illustrates a 
schematic representation of the electrophysiology setup.

Post-processing data analysis
To capture spike time and clustering, we concatenated 

the recorded data in all recording days for each mouse. To 
estimate the location of wire tips in the brain and the channel 
map of implanted electrodes, we used the MDS method, 
which estimates the coordinates points using the dissimilarity 
matrix [30]. For this purpose, first, we extract the MUA 
signal by applying a band-pass filter (300-7000 Hz). Next, we 
calculated the cross-correlation matrix (Figure 1g) between 
all the channels and the dissimilarity Matrix as D=1-C. 
Where D is the dissimilarity matrix and C is the correlation 
matrix. We next used Matlab's built-in function (mdscale) to 
implement MDS and estimate the channel map. Figure 1h 
shows the estimation of relative location of wires mapped 
on a 2-dimental space. We fed the concatenated data and the 
estimated channel map to the Kilosort algorithm with the 
default parameters [29, 31, 32]. Kilosort is a fast and accurate 
semi-automatic spike sorting algorithm with batch-based 
optimization running on GPUs and a post-clustering merging 
step. Moreover, it resolves the electrode drift problem and 
can properly track the same neurons for long-term recording 

[32]. To relabel the identified clusters and further merging and 
splitting of clusters, we performed a manual clustering using 
template-GUI [33,34]. The Kilosort is a template-matching 
algorithm that fits generated templates to voltage fluctuations; 
however, there is no definite constraint on the shape of the 
generated waveform. Therefore, the algorithm occasionally 
captures some clusters with characteristics that could not 
physically result from the action potential of a neuron. We 
manually labeled these clusters as noise in the templates-GUI 
based on the following criteria: 1) the cluster spread over 
many channels, 2) no peak and trough in the waveform shape, 
or the waveform has multiple peaks. Templates-GUI allows 
the splitting of clusters by cutting the spike in the PCS space. 
We used the splitting feature to remove the spikes far away 
from other spikes in each cluster. The number of discarded 
spikes in this step was always less than 10% of the spike 
within each cluster. We also visually inspected the clusters' 
autocorrelogram, and the cluster lacking a clear refractory 
period were labeled as multi-unit and were excluded from 
further analysis. After the manual curation of Kilosort results, 
the remaining clusters went through additional quality checks 
using ISI- violation, Presence ratio, and amplitude cut-
off metrics [35,36]. The ISI violations metric determines 
refractory period violations, which indicate a unit containing 
spikes from multiple neurons. This metric quantifies the 
relative firing rate of contaminating spikes. To calculate 
the ISI violations, we counted the number of violations 
with intervals less than 1.5 ms, divided it by the potential 
violation time surrounding each spike, and normalized it by 
the overall spike rate. The resulting metric is always positive 
(or 0) and has no upper bound. We discarded clusters with 
a violation ratio of more than one [36]. We divided the 
experiment into 100 equal- sized blocks and estimated the 
presence ratio as the fraction of blocks, including one or more 
spikes from a specific unit. A low presence ratio indicates 
that the cluster either drifted out of the recording or could not 
be consistently tracked by Kilosort throughout the recordings 
[35]. The amplitude cut-off estimates a unit's false negative 
rate and serves as a missing ratio metric. To calculate this 
metric, we constructed a histogram of spike amplitudes. We 
then extracted the height of the histogram at the minimum 
amplitude and determined the percentage of spikes above the 
equivalent amplitude on the opposite side of the histogram 
peak. If the minimum amplitude matches the histogram 
peak, we set the missing ratio metric to 0.5, indicating a 
high likelihood that more than 50% of spikes are missing. It 
is important to note that this metric assumes  a symmetrical 
distribution of amplitudes. We excluded the clusters with a 
missing ratio of more than 0.1 [35].

We calculated the orientation selectivity index (OSI) and 
direction selectivity index (DSI) using the as follow [37]: 

                 Eq . 1
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    Eq . 2

Where Ri is the response of the neuron to the drifting 
angle of θi. The figure panels were prepared using Adobe 
Illustrator. 

Results 
We recorded 103 V1 single units in 2 head-fixed mice. In 

mouse #1, we recorded spontaneous activities of 38 neurons 
for four weeks. In mouse #2, we recorded 65 neurons over 
ten weeks under passive viewing conditions. Firstly, we 

 

Figure 1: Technical consideration, RF mapping of single-day recording, and channel map estimation. a, Microwire brush array combined 
with an ultra-light microdrive. b, the upper panel shows the implanted electrode from the top; the lower panel shows the tip of the extracted 
electrode (16 channels) after mouse euthanasia. c, Example of high-pass filtered raw data. d, Receptive field of each channel estimated by the 
response of multi-unit signal to presented square at different locations on the monitor. e, this flowchart summarizes the experiment's procedure. 
f, The schematic figure shows the mouse on a disk for the recording session. During the electrophysiology recording, a full screen drifting 
grating was presented to mouse #2. g, correlation coefficient Matrix shows the cross-correlation of channels in the MUA band. Here, all the 
values lower than 2σ and diagonal elements are set to be zero only for better visualization. h, Estimated coordination of channels’ tip (red dots) 
in a two-dimensional Euclidean plane. The links between dots indicate a correlation of more than 2σ in the MUA signal
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cross-correlograms of these three single units. These results 
indicate well isolation of recorded neurons and an acceptable 
estimated channel map by the MDS method.

In order to confirm the stability of recordings, we calculated 
the number of recorded neurons per day. As shown in Figure 
2c, the number of recorded neurons for mouse #1 remains 
the same over the recording period. However, for mouse #2, 
the number of recorded neurons increases in the first three 
weeks and remains the same for the rest of the recording 
period. Moreover, we calculated the duration in which every 
single neuron was tracked using MBA electrodes (Figure 2d). 
As it is shown in Figure 2d, 31% (n=12 from 38) of single 

conducted RF mapping to assess the RF center using the 
multi-unit response to presented black squares (15° widths) 
on a gray background at different locations selected in a 
pseudo-randomized manner from an 8 by 13 grid. Then, we 
recorded neuronal responses to full-screen drifting gratings in 
different directions from 0° to 315° with 45° steps.

Stable long-term recording of single unit activities:
We first confirmed the estimated channel map by inspecting 

the waveform shape of neurons in nearby channels. Figure 2a 
shows the captured waveform of three single units in nearby 
channels, and Figure 2b shows the auto-correlograms and 

 

Figure 2: Stable long-term recording of single unit activities in mouse V1 using microwire brush electrode. a, The waveform of three 
example single units (blue, red, and green) in different nearby channels. Each row represents a channel and the recorded waveform of the 
example units in those channels are shown. b, The auto-correlograms (blue, red, and green) of the same single units as in panel a, and their 
cross-correlograms (purple). c, The average number of recorded neurons in each day of recording. Red shows the number of recorded neurons 
for mouse #1 with 16 channels. The blue line shows the recorded neurons from mouse #2. Error bars indicate the standard error of the mean. 
d, Histogram of neuron’s life (the time we could track each neuron). e. and f, Waveform amplitudes and firing rates of recorded neurons, 
respectively. (n=65, mouse #2)
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units in mouse #1 and 63% (n=41 from 65) of single units 
in mouse #2 were detected by Kilosort for the whole period 
of recording. Furthermore, we calculated the amplitude and 
firing rate of the recorded neuron (Figure 2e and f). We find 
that the amplitude of recorded neurons remains stable during 
the recording period. However, we observed a slight change 
in the firing rate of neurons over time which might be related 
to neuronal plasticity in the brain and requires additional 
investigation [38]. These results indicate the potential of 
tracking single unit activity over a long time using microwire 
brush electrodes in mice.

The slight decline of the firing rate can also be explained 
by modulation of visual neurons by locomotion and 
behavioral state [39-41]. We performed passive recording 
where the mouse did not engage in any task. Therefore, due 
to the animal's lack of motivation and habituation to the 
setup, the animal spent more time in still condition on the 
disk, which may explain the decline of firing rate in the early 
weeks. However, we do not have the data of mouse running 
speed to evaluate this hypothesis, and it remains for future 
investigation. Raster and the PSTH of an example single unit. 
Plotting conventions are identical to Figure 3

 
Figure 3: Example of single unit visual response.
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Figure 4: Example of single unit visual response.
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Long-term stability of visual selectivity in mouse V1
In order to investigate the long-term stability of functional 

properties of visual neurons, we presented mouse #2 with 
full screen drifting grating in 8 different moving directions. 
Figure 3 and Figure 4 show the raster and peri-stimulus time 
histogram (PSTH) of two example neurons in response to the 
different drifting grating. This suggests the long-term stability 
of visual responses in mouse V1. To further investigate 
the functional stability of visual neurons, we calculated the 
average response of each neuron to different moving directions 
and captured the direction tuning curve of neurons for each 

day of recording. Figure5 a-c shows the tuning curve of three 
example neurons in which the neuron in panel a shows a 
direction-selective neuron while the other two in panels b and 
c exhibit orientation-selective behavior. Next, we calculated 
OSI and DSI using Eq. 1 and Eq. 2. As shown in Figure 5d 
and e, OSI and DSI exhibit stability throughout the recording 
(i. e., ten weeks). Next, we captured the preferred angle of 
each neuron as the angle which maximally evokes the neuron. 
We calculated the day-to-day difference preferred for single 
units in which their OSI was larger than the mean OSI of the 
population (OSI>0.188, n= 39) to further confirm the stability 

 

Figure 5: Stability of OSI and DSI in mouse visual cortex.
a-c, Direction tuning curve of three example neurons over different days of recording. d and e, Respectively, OSI and DSI of 132 recorded 
neurons in mouse #2. f, The probability distribution of day-to-day changes of preferred angle for selective units (OSI>0.186, n=39). g and h, 
Scatter plots show the index of units against the index of best-matched units on the next session with intervals of 18 and 34 days, respectively. 
i, The ratio of self-matched VF is plotted over time with different average intervals of matching comparison. Here we report only the average 
comparison intervals, as the recordings were not performed with daily intervals.
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of visual responses. As shown in Figure 5f, the probability 
of differences in preferred angle is mostly zero and remains 
under 0.1 for all other values except -180. This 180 of change 
is due to a slight change in response to the same orientation 
but the different moving direction of drifting grating in 
orientation-selective neurons. These results indicate OSI's 
and DSI's long-term stability in the mouse visual cortex. 
After confirming the stability of visual response properties, 
we aimed to determine whether a group of spikes recorded 
across different days corresponded to the same neuron. We 
based our analysis on the distinct visual responses of neurons 
in the primary visual cortex compared to their neighboring 
neurons [32,42-44]. We calculated a visual fingerprint (VF) 
for the orientation-selective neurons based on their response 
profile to eight drifting grating of different directions and 
their average PSTH responses. We then checked if every 
single unit's VF matches its own VF or other single units on 
consecutive days. Figure 5 g and h show examples of best-
matched indices of recorded single units after an interval of 
18 and 34 days. We observed that the majority of units can be 
tracked over time. To quantify this effect, we calculated the 
ratio of self-matched VF of recorded single units over time 
with an average interval of 3, 13, and 21 days (Figure 5i). We 
found that, on average, the VF of 79.4, 54.54, and 52.20 % of 
the well-isolated single units were best matched to their own 
VF after an average of 3, 13, and 21 days interval.

Discussion
Our results show the feasibility of long-term stable 

electrophysiology in mice using MBA probes. MBA probes 
are suitable for robust long-term recording of single units’ 
activities in longitudinal in-vivo studies of brain functions 
[7,9]. Here we deployed an ultra-light microdrive combined 
with MBA probes to track the activities of single units in the 
mouse visual cortex. The combination of the MBA probe with 
ultra-light microdrive provides the opportunity for very slow 
advancement of the probe into the mouse brain tissue and 
prevents the over bending of wires used in monkey studies 
[7]. Moreover, moving electrodes allow recording from 
fresh brain tissue in case of a decline in the signal quality 
[45]. To reconstruct the organization of wires in the brain 
and infer the channel map of recording sites, we applied the 
MDS method [30] to the MUA signal and used the resulting 
channel map for spike sorting of firing neurons using the 
Kilosort algorithm [29]. Furthermore, we concatenated 
all the recorded data over different recording days and fed 
them into Kilosort to accurately track single units’ activity 
over a long term (i.e., ten weeks). Using our method, 35% 
of visually evoked neurons have been tracked for the whole 
recording period. The number of recorded neurons and 
their magnitude remained stable; however, the firing rate of 
neurons changed slightly on different days, which can be due 
to the state of the animal or neuronal plasticity in the brain 
and requires further investigation [38]. The brain's functional 

properties are routinely measured over short periods, which 
is not comparable to the lifespan of neurons. Several studies 
chronically tracked the activities of individual single-units in 
different brain regions to assess the variability of neuronal 
function versus their stability [38]. It has been shown that 
visual neurons in monkeys' inferotemporal cortex maintain 
their selectivity to complex visual patterns such as objects and 
faces [46,47]. An interventional imaging study in mice has 
shown that visual tuning properties are robust to monocular 
deprivation [48]. However, how the neuronal function in the 
primary visual cortex change over an extended timescale 
remains unclear. Here we demonstrate that the orientation 
and direction selectivity of mice V1 neurons remain constant 
over months. The importance of larger sample sizes in animal 
studies for ensuring statistical power and the generalizability 
of the findings cannot be overstated. Studies with larger 
cohorts provide robust and conclusive results, for instance, 
Steinmetz et al. (2021),Schoonover et al. (2021), and Chung et 
al. (2019), which explored the quality and stability of silicon 
probe and polymer electrode arrays for chronic recordings of 
single units’ activities, employed sample sizes ranging from 
3 to 6 animals [32,49,50]. These studies highlight the benefits 
of larger sample sizes in elucidating important aspects of the 
experimental setup. Although our study was confined to two 
animals, we believe this study benefits the field. Nevertheless, 
we recognize the significance of larger sample sizes for future 
investigations in this field. The current study employed 
different recording procedures for the two mice. One mouse 
was implanted with a 16-channel MBA and recorded over 
four weeks without visual stimulation. In contrast, the 
other mouse underwent recordings over ten weeks using a 
32-channel MBA and was presented with visual stimuli. By 
using these distinct recording protocols, we demonstrated 
the versatility of our developed method in capturing neural 
activity both in the absence and presence of external 
stimulation and the possibility of increasing the number of 
electrodes and elongating the experiment duration. Our results 
prove proof-of-concept that MBA can be used in different 
experimental paradigms to investigate brain function. The 
development of implantable and movable microelectrodes 
with large-number recording channels is critical for studying 
brain functions at the cellular level. Moreover, achieving 
stable neuronal signals over a long period is necessary for 
longitudinal studies. Although the current study targets the 
visual cortex to record from, the technique provided here 
can be used to record brain activities from different cortical 
areas. Moreover, the long travel distance (6mm) provided by 
the microdrive allows recording from deep brain structures. 
Our results showcase using MBA probes combined with an 
ultra-lightweight microdrive in mice. Such a combination 
equips the big community of electrophysiologists using small 
animals (e.g., mice) with a proper tool to tackle different 
questions. For instance, by performing long-term recordings 
in the visual cortex, we can gain insights into the stability and 
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plasticity of neural representations over time and examine the 
impact of sensory experience on cortical activity.
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