Sensing and Bio-Sensing Research 50 (2025) 100885

Contents lists available at ScienceDirect SENSING AND

310-SENSINC
RESEARCH

Sensing and Bio-Sensing Research

5

journal homepage: www.elsevier.com/locate/sbsr

Check for

In-vitro real-time magnetic recording of neuronal activity on spinal cord
slices

Arturo Vera?, Ivo Calaresu®, Isidoro Martinez ¢, Rubén Guerrero ¢, Denis Scaini ™!,
Guillermo de Arana Schoebel 2, Jaime J. Hernandez "%, Isabel Rodriguez '~

Rodolfo Miranda ¢, Eduardo Daniel Martin ", Julio Camarero “¢, Maria Teresa Gonzélez ¥,
Lucas Pérez »'®>*, Laura Ballerini”

2 Fundacién IMDEA Nanociencia, 28049 Madrid, Spain

b International School for Advanced Studies (SISSA), 34136 Trieste, Italy

¢ Departamento Fisica Aplicada a las Ingenierias Aerondutica y Naval, E.T.S.I. Aerondutica y del Espacio, Universidad Politécnica de Madrid, 28040 Madrid, Spain
d Departamento de Fisica Aplicada and Instituto de Nanociencia, Nanotecnologia y Materiales Moleculares - INAMOL, Universidad de Castilla la Mancha, Avenida
Carlos III s/n, 45071, Toledo, Spain

¢ Basque Foundation for Science, Ikerbasque, Bilbao 48013, Spain

f Universidad del Pais Vasco (UPV/EHU), Barrio Sarriena s/n, 48940 Leioa, Spain

8 Dept. Fisica de la Materia Condensada, Universidad Auténoma de Madrid, Cantoblanco, 28049 Madrid, Spain

h Instituto Cajal, Consejo Superior de Investigaciones Cientificas (CSIC), 28002 Madrid, Spain

i Departamento de Fisica de Materiales. Universidad Complutense de Madrid, 28040 Madrid, Spain

ARTICLE INFO ABSTRACT

Keywords:

Neural tissue

Spinal cord slices
Real time monitoring
Magnetic sensing
Solid-state sensors

Recording the neural activity that originates from action potential dynamics has long been a major pursuit in
neuroscience and, specifically, to develop neural interfaces, which are crucial for probing and understanding
the nervous tissue. Conventional electrodes and emergent optical imaging (using genetically encoded fluores-
cence indicators) are complementary technologies to measure neuronal activity in-vivo but present intrinsic
and general physical constraints. While optical imaging is difficult to translate in humans due to the strong
genetic perturbations it involves, recordings through rigid implanted electrodes get frequently compromised
over time by the foreign body reaction of the tissue that hinders the charge transfer to the electrode. In this
scenario, magnetic sensing technologies can open further possibilities. Their working principle does not require
intimate contact or charge transfer with the neural tissue and allows for well-tested soft polymeric coatings,
which can facilitate the long-term functionality of implanted monitoring interfaces. Here, we report on the
development of spintronic-based magnetic sensors able to detect neuronal activity emerging from spinal cord
slices in physiological conditions at room temperature and with no magnetic shielding. We pharmacologically
weaken synaptic inhibition inducing a switch from random to synchronous generation of action potentials,
characterized by the appearance of slow-paced bursting in SCSs. The biological nature of the signals recorded
was assessed by pharmacological removal of action potentials by tetrodotoxin and also by performing live Ca2+
imaging recordings simultaneously with magnetophysiology. Our results pave the way towards developing
implanted devices that detect magnetic fields from neuronal activity for daily life applications.

1. Introduction related to electrical activity by fluorescent indicators [2,3], or directly,

with appropriate local probes [4]. The electrical recording probes that

The ability to monitor neural signals in-vivo holds the key to the
understanding of their complex mechanisms and it is needed to de-
velop devices to repair and reconnect damaged neural tissues [1].
The activity of neurons is generated by ionic flows across the cell
membrane and can be measured either indirectly, monitoring processes

measure neural activity are either extra or intra-cellular [5]. However,
the latter modality is difficult to implement in-vivo and, therefore,
unsuitable for clinical devices. In the case of extracellular recording,
the signal comes from the total voltage arising from the net neuronal
activity, and measurements are always done with respect to a reference
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electrode [6], thus depending on the correct functioning of not only one
but two electrodes.

The medical community demands implanted neural interfaces able
to record neural activity in-vivo with good spatial resolution in daily
life situations. Beyond diagnostic applications, this allows for the de-
velopment of neuroprosthesis [7-9] and brain-machine interfaces [10,
11]. In addition, being able to record the neural activity during deep
brain stimulations will improve our understanding of the stimulation
efficacy and allowing its modulation [10]. These applications need
implanted interfaces, which are usually intracortical microelectrodes
arrays, with needles inserted within the cortex [12-14] or individ-
ual larger electrodes deep in brain [15]. However, these frequently
lead to the formation of glial scars that encapsulate the electrodes
reducing substantially their signal-to-noise ratio only a few months
after implantation [16,17]. Recently, dense three-dimensional electrode
arrays for electrophysiology have been validated [18,19] and suffi-
ciently thin interfaces have been shown to improve the stability of the
recordings [20], but some of them are still rigid. A significant effort is
being made in the research community to move from rigid probes into
new ones fabricated on flexible polymeric substrates [21-27]. These
materials have also allowed new microfabrication processes aimed to
condensate a large number of electrode pads in a small probe [28],
including the integration of the reference electrode in a single device.
Flexible neural probes greatly reduce the impact of the implant in the
neural tissue and have shown very good stability both in vitro and in
vivo [29-32]. Despite their improved results respect to rigid interfaces,
failures at the electrode pads such as layer cracking, insulation loss,
or delamination are still observed in flexible devices after long uses,
especially when used for both recording and stimulation [33]. Fur-
ther improvement can come from nanostructuring the electrode pads
that has shown to reduce the electrode impedance and improve the
electrode/tissue interaction [34-36].

Magnetic recording probes for neuronal activity could be com-
plementary to electrophysiology. Contrary to electric fields, which
strongly depend on the dielectric properties of the tissue between the
neuronal sources and the recording electrodes, the magnetic properties
of tissue are similar to those of air and, thus, the magnetic field is
attenuated only by the distance to the current source [37]. In contrast
to voltage measurements, where the recordings yield scalar values,
the magnetic field is a vector. Thus, magnetophysiology, the magnetic
recording of the magnetic fields generated by currents flowing on cells
or biological tissues, provides a more precise and complete scenario of
the neuronal activity. Additionally, magnetic detection is reference-free
and therefore allows for an unbiased measure of connectivity.

Magnetoencephalography [38] (MEG) is a noninvasive method that
measures the magnetic fields of active neuronal populations during
perceptual or cognitive tasks using Superconducting Quantum Inter-
ference Devices (SQUIDs) cooled down to the temperature of liquid
helium (4.2 K). Despite the large sensitivity [39], in the range from
femtotesla (10715 T) to picotesla (10712 T), the need for extremely low
temperatures for the SQUID operation prevents its use in portable de-
vices. Recently, the development of Optically Pumped Magnetometers
(OPM) has helped this technique to achieve similar detectivity values
as the SQUID [40]. OPMs are based on the spin exchange relaxation-
free (SERF) effect and work by heating a small (less than 1 cm?
volume) chamber containing the working vapor (alkali atoms) to 60 -
150 °C. This heating constraint is more convenient for implementation
than the cryogenic temperatures needed for SQUIDs; therefore, this
technology is starting to replace them in MEG studies [41]. Still, the
minimum volume of each OPM unit is of the order of several cubic
millimeters and the technology for heating the vapor complicates the
device, limiting their use to non-invasive applications where the sensors
are placed over the skin. Therefore, neither SQUIDs nor OPMs allow for
chronic implantation due to all the mentioned issues: they are bulky
systems that need to be heated or cooled in a range of temperatures
far beyond the one of the human body. While these techniques offer
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very good sensitivity, their use is therefore limited to non implantable
applications.

Because of this, solid-state devices have attracted much attention as
they do not have the limitations mentioned above of SQUIDs and OPMs
potentially allow implantation and further miniaturization. As they do
not need intimate contact with the neural tissue as voltage electrodes,
they can be fully covered by soft polymeric coatings that will ensure
good chemical and mechanical compliance with the neural tissue, hope-
fully leading to long-term recordings. Recent studies have demonstrated
the capability to read magnetic signals from different neural tissues
using sensors based on Giant Magnetoresistance (GMR) [42]. However,
additional effort is needed for the development of a portable device
able to work in real-time without any magnetic shielding. Additionally,
the development of novel in-vitro neural sensing technologies may
aid in creating multi-physics platforms that can significantly enhance
sensitivity and signal resolution for biosensing applications [43] .

In this paper, we report on the detection of neural magnetic fields
from spinal cultured explants at room temperature, using a noninvasive
configuration. The magnetic recordings are reference-free and the use
of a secondary sensor that records only environmental background
signals allows to carry out the detection of very small signals without
magnetic shielding. We have measured neural activity without the need
for electrical stimulation of the neural tissue and without any digital
post-processing or time-series averaging.

2. Results and discussion

Tunnel magnetoresistance (TMR)-based magnetic sensors were used
as sensing elements. We used polydimethylsiloxane (PDMS) and
polystyrene (PS) coatings to protect the electronics of the magnetic
sensors from the biological medium and to warrant optimal chemical
and mechanical compliance of our device with the neural samples. The
coatings were prepared separately from the sensors for experimental
convenience, and spinal explants were cultured on top of them. The
coatings were later fixed fully covering the magnetic sensors at the
time of the measurements. In particular, organotypic spinal cord/dorsal
root ganglia (DRG) slices obtained from E12-E13 mouse embryos, were
grown on grooved PDMS and grooved PS films, as well as standard glass
coverslips (control), for 2-3 weeks in vitro (see sketch in Fig. 1.A).

We selected PDMS and PS due to their well-established compat-
ibility with the central nervous system [44,45]. In both polymeric
coatings (50 pm thickness) grooves consisted of rectangular-profile
micropatterns characterized by 20 pm pitch and 5 pm depth (Fig. 1.A).
Such a design was deployed to favor the formation of spinal cord out-
growing bundles of axons and to control bundles direction, which in
control samples, namely in the absence of patterns, is usually random
(Fig. 1.B, Control).

Immunofluorescence microscopy was used to investigate the mor-
phology and growth of spinal tissue explants and axons when interfaced
to the different substrates. Fig. 1.B shows micrographs depicting at
low magnification the entire spinal slice/DRG co-culture (top) and, at
higher magnification, the appearance of axonal fiber bundles centrifu-
gally growing from the slice (bottom) on the different substrates. In
control spinal slices, without patterned interfaces, axons regrowth had
no preferred orientation, with neurites usually organized centrifugally
around the spinal tissue. Conversely, when the spinal cord slices (SCSs)
were interfaced to patterned substrates (grooved PDMS and PS), an
orientation of the regenerative axons was evident. We have measured
the planar width and length of fiber bundles to quantify the impact
of the substrate (see bar plots in Fig. 1.C). Fibers width was only
slightly modified by anisotropic patterning (i.e., grooves), with a more
prominent effect onto grooved PDMS substrates (394 + 68 pum) than
grooved PS or standard glass (respectively, 274 + 56 pm and 184 + 49
pm). On the other hand, neuronal fibers at the interface with grooves
resulted in a greater bundles length (1350 + 160 pm onto grooved PDMS
and 1320+ 170 pm onto grooved PS) compared to planar glass (470+130
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Fig. 1. Spinal cord organotypic cultures grown on PDMS or PS patterned substrates. (A) Sketch of the experimental design for culturing SCS on grooved coatings.
The circular inset at the right shows a representative SEM magnification of a PDMS/PS micropatterned substrate in which the embossed linear grooves are visible.
(B) Low (top) and high (bottom) magnification immunofluorescence micrographs of spinal cord cultures interfaced to control glass coverslip or to PDMS/PS
coatings. Neurons are visualized with anti g-tubulin III (red), and with SMI-32 (green), while cell nuclei are targeted by DAPI (blue). (C) Bar plots summarize
values of axon bundles width and length comparing the different substrates (m=6, from 3 independent cultures). (D) Extracellular recording sample traces in
control spinal slice (spontaneous activity) and in the presence of blockers of synaptic inhibition (Bicuculline/Strychnine). (E) Snap-shots of spinal axon bundles
on PDMS or PS grooved substrates labeled by Fluo-4 AM and fluorescence tracings in spontaneous activity and Bicuculline/Strychnine.

pm), making patterned surfaces preferable for our study and highly
suitable for spinal axons targeted regrowth.

Cultured spinal explants and regrowing axons feature remarkable
spontaneous electrical activity [46]. To further gain insight into the
activity when detected at the level of projecting axons, we performed
extracellular field potential recordings using low resistance (10 MQ)
glass micropipettes filled with extracellular saline solution. Recording
electrodes were positioned in close proximity to the (visually identified)
axon bundles and spontaneous activity of variable frequency and inten-
sity, depending on the distance from and the size of the targeted bundle
of axons, was recorded. An example of such recordings is given in Fig.
1.D (top tracings). We pharmacologically weaken synaptic inhibition by
applying the glycine/y-aminobutyric acid type A receptor antagonists
strychnine (2 uM) and bicuculline (20 xM). As previously reported for
spinal tissues [46] the weakening of inhibition promoted a switch from
random bursting to synchrony, with the development of slow-paced
bursting. This resulted in a rhythmic and periodic activity (Fig. 1.D,
bottom tracings) of greater intensity and duration when compared with
spontaneous activity. Therefore, we considered this protocol the best
condition for sensing low magnetic fields at the axon bundles level.

Neuronal activity was also live recorded by Ca?* dynamics fluo-
rescence imaging (Fig. 1.E) [45]. Axons loaded with the membrane-
permeable Ca*-dye Fluo-4 AM revealed typical spontaneous fluores-
cence increases detected in all fields recorded. When reducing inhi-
bition, we measured the expected increase in signal rhythmicity and
periodicity (Fig. 1.E. left, fluorescence tracings), in agreement to what
observed in voltage recordings.

At the end of each experiment, either potential recordings or live
calcium imaging, the voltage-gated Nat channel blocker Tetrodotoxin
(TTX, 1 uM) was administrated to remove any action potential and
impair synaptic activity, thus ensuring the neuronal nature of any
recorded signals.

For the magnetic measurements (magnetophysiology), the PDMS/PS
films supporting the spinal cord sample were directly placed on top
of a TMR-based magnetic sensor, with the sensor axis perpendicular
to the grooves of the films (i.e. to the grown axons), to record the
magnetic signal without shielding (see Fig. 2.A) at room temperature.
To avoid the background magnetic noise, we performed differential
measurements using two TMR-based magnetic sensors, where the mea-
suring sensor was placed at the smallest distance from the sample
(~ 500 pm), and a secondary sensor was placed further apart (~ lcm)
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Fig. 2. Magnetophysiology measurements in organotypic SCSs. (a) The illus-
tration shows the configuration of the experimental system. The pitch of the
linear pattern was 20 pm, while the width and depth (h) of grooves were
10 pm and 5 pm, respectively. In the graphical representation, the total height
of the micro-patterned substrate (H) is 50 pm and represents the distance
between the encapuslation of the sensor and the organotypic preparation. (b)
Real-time magnetic recording of the axonal activity pharmacological induced
by bicuculline/strychnine and after inhibition by tetrodotoxin, validating the
biological origin of the signal. The black dots correspond to raw data. Blue
lines correspond to experimental data after filtering with a Butterworth low-
pass filter. These lines have been incorporated as guides to the eye.

to subtracts the background noise. It is important to notice that the
distance between the active part of the sensor and the sample is the
thickness of the polymeric coating (~ 50 pm) and the encapsulation of
the sensor. Additionally, a low noise electronic system was developed
in order to amplify the small voltage signals keeping them undisturbed
from electronic noise. Note that this configuration is different from that
used in previous works [42] and it is key for the detection of real-time
recordings. Fig. 2.B shows the output of the magnetic sensor setup with
the neural tissue in the collective (low inhibition; Fig. 2) activation
state, in which a sequence of peaks can be observed. In organotypic
spinal slices, low inhibition state leads to neuronal outputs synchronous
among all neurons [46]. The absence of any signal after TTX-removal of
action potentials validates the source of the signal in the activation state
as originating from the intrinsic biological sample’s neural activity.

In order to have a real-time insight into the neural activity, we
have combined magnetophysiology and live Ca?* imaging. Fig. 3.A
shows the output of the magnetic sensor with the neural tissue in the
low inhibition activation state, in which a sequence of peaks can be
observed. Simultaneous live Ca?* imaging was recorded and provided
additional evidence of the intrinsic biological origin of the magnetic
signal. In fact, Fig. 3.A shows that the magnetophysiology peaks match
perfectly with some of the Ca2+ imaging peaks. The absence of a one-to-
one correlation between these recordings is expected. Indeed, the signal
of the Ca?* imaging was recorded from a visually selected field which
was active at any bursts, while by magnetophysiology we detected only
firing neurons close to the magnetic sensor. Moreover, the magnetic
sensor is vectorial, and thus, it only detects the magnetic fields parallel
to its measuring axis, while Ca®* imaging is sensitive to all action
potential propagation waves. This evidence is further sustained by Fig.
3.B, in which a time window was enlarged to show the match among
the different signals clearly.

3. Conclusions
To sum up, we have performed in-vitro magnetic recordings of

neural activity in organotypic SCSs obtained from mouse embryos. The
magnetic recordings were performed in real time, with no magnetic
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shielding, applying no electrical excitation or stimulation, without any
digital post-processing, nor using time-series averaging, reference-free,
at room temperature, at distances far enough from the tissue to be
noninvasive, using commercial sensors based on spin electronics. The
magnetic recordings are corroborated by measurements using Ca%*
imaging, an extensively used technique in neurobiology. Moreover,
the neural origin of the activity is further demonstrated by its inhi-
bition using TTX pharmacology. It should be noted that, in magnetic
detection, the secondary sensor is not used as a reference. Instead,
it is employed to reduce noise and improve the signal-to-noise ratio
through differential detection. This enables the detection of neural
signals without requiring shielding or screening.

These results represent a step forward the development of portable
and wearable device capable of detecting magnetic fields created by
neuronal activity under practical conditions, which could allow the
exploitation of the fundamental advantages of magnetophysiology to
increase our understanding of neurobiology, developing it into a tech-
nique used every day much as the electrophysiology is today. Addition-
ally, compared to the scalar nature of the electrophysiology recording,
magnetic recordings would benefit from their vectorial nature, which
would enable the identification of neural signal flow and, when com-
bining different sensors, to estimate the 3D position of the neuronal
sources. We envisage that future research should be focused on how
magnetic recordings compare with well-established electrical record-
ings. Given the lower spatial resolution of magnetic sensors compared
to implanted electrodes, it is essential to identify the specific new
information that magnetophysiology can provide — distinct yet com-
plementary to electrophysiology — in order to better integrate this
technology into a new generation of neural interfaces. Addressing the
challenge of clinical translation is also necessary.

4. Experimental details
4.1. Magnetic sensor and electronics

The magnetic sensors used in this work were TMR-based magnetic
sensors from the TMR2922 series (Multidimension) with sensitivity in
the range of 7-15 mV/V/Oe and typical detectivity of 1nT Hz~'/2 at
1 Hz. The sensing element is mounted in a SOP8 package, ready for
surface mounting. The conventional size for SOP8 package is 5.0 6.0 x
1.5 mm?. To avoid the background magnetic noise, we have performed
differential measurements using two magnetic sensors. A working com-
mercial sensor, encapsulated in PDMS or PS coatings to protect it from
the biological medium, is placed close to the sample, at a distance
shorter than 500 pm, whereas a secondary sensor is placed close to
the measuring sensor (~1 cm). A low-noise electronic system has been
developed in order to amplify the small voltage signals, keeping them
undisturbed from electronic noise. The output of both sensors was in-
dependently amplified using low-noise operational amplifiers (INA217
for Texas Instruments) and then connected in differential mode using
a third operational amplifier. Afterwards the signal was amplified by
a commercial low noise amplifier SR560 (Standford Research Systems)
that limited the bandwidth from 0.01 Hz up to 3 kHz. The overall gain
is typically 1000. Finally, the signal is connected to a computer via a
DAQ NI-USB 6356 (National Instruments).

4.2. Fabrication of micropatterned gratings for neuron aligned growth

To induce neuron alignment during growth, grating patterns on cell
culture substrates were produced. The gratings were 5 pm in height and
10 pm in width, with periods of ca. 20 pm and were produced on PS and
PDMS substrates.

To produce the PS films, a mold was initially fabricated by pho-
tolithography on photoresist (AZ9260) film with thicknesses ranging
from 4.5 to 7 pm. Optical lithography was performed by using a mask-
less laser direct writing (Heidelberg DWL66). From the photopatterned
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Fig. 3. Magnetic detection of neural activity corroborated with Ca?* imaging. (A) Left: zoomed field of view in the ventral horn of a spinal cord organotypic slice
loaded with Fluo4-AM during a Ca** imaging experiment performed simultaneously with magnetic sensor testing. Center: typical traces of Bic/Stryc-induced motor
rhythm from a ventral horn neuron recorded simultaneously by Ca%+ imaging (top) and by magnetophysiology (bottom). The full experiment includes recording
upon TTX administration which impairs action potential spreading along the axons. Right: Estimated inter-event intervals (IEIs) during pharmacologically Bic/Stryc
-induced activity obtained in the Ca* imaging experiment and magnetophysiology (m=3). (B) Left: Selected traces by Ca®" imaging and magnetophysiology at
indicated time window. The black dots correspond to raw data. Blue lines correspond to experimental data after filtering with a Butterworth low-pass filter. These
lines have been incorporated as guides to the eye. Right: Representative snapshots images at calcium bursts (top) and at rest (bottom).

substrate, PDMS replica was produced by casting the PDMS precursors
(1:10 initiator) and curing at 70 °C for 1 h followed by 30 min at
130 °C before detaching it. One important constraint for this fabrication
was producing as thin substrates as possible, below 200 pm, for the
neuron activity sensing experiments. To obtain such thin substrates,
the PS films were prepared by solution casting of 10% PS toluene
solution. Upon solvent evaporation, the films were peeled off from the
carrier and imprinted to produce the micron patterned gratings. The
nanoimprint conditions were (T = 130 °C; P = 30 bar and ¢ = 5 min).

To fabricate the PDMS grating on 50-100 pm thin films, the PDMS
replica substrate was imprinted into an intermediate thermoplastic
commercial material with very low surface energy (Intermediate Poly-
mer Stamp - Obducat). Then, an amount of PDMS was deposited on a
Petri dish and the IPS grating replica film was placed upside down. The
PDMS was cured using the same protocol as above. After detachment,
a PDMS micropatterned free-standing film was obtained. To produce
PDMS patterned films with thickness ranging 10-20 pm on thin cover
slips, initially, PDMS replica substrate was spin coated over the IPS
micropatterned substrate (2000 rpm, 1 min). Then, a glass coverslip
(12 x 24 mm?) was placed on top and the PDMS was cured. After
curing, the IPS substrate was peeled off, and the PDMS patterned
film remained attached to the glass. Both PS and PDMS-made grooved
substrates have been prepared with lateral dimensions ranging from
12 x 24 to 20 x 20 mm?. Subsequently, small square pieces of about
10 x 10 mm? were cut out. Organotypic slices were placed and cultured
above such samples.

4.3. Organotypic slice cultures
Spinal cord/dorsal root ganglia (DRG) slices were obtained from

embryos at 12-13 days of gestation (E12-E13) from a pregnant mouse
(C57Bl/6), as previously reported [47]. All procedures were approved

by the local veterinary authorities and performed in accordance with
the Italian law (decree 26/14) and the UE guidelines (2007/526/CE
and 2010/63/UE). The animal use was approved by the Italian Ministry
of Health (22DABN1WO). All efforts were made to minimize suffering
and to reduce the number of animals used. Pregnant mice were ter-
minated by CO, overdose and subsequent decapitation, while fetuses
were extracted by cesarean section. The thoracolumbar extent of their
spinal cord was transected and cut into transversal slices (275 pm)
with a tissue chopper (Mcllwain TC752, Campden Instruments Ltd.).
Slices were dissected from the surrounding tissue and plated onto
either standard glass coverslips or onto micropatterned PS and PDMS
substrates by clotting 15 pL of chicken plasma with 23 pL of thrombin
(both from Sigma-Aldrich). Organotypic Spinal Cords were therefore
grown with 1 mL medium containing 66% DMEM 1x (Gibco), 8%
sterile water for tissue culture, 25% fetal bovine serum (Gibco), 1%
antibiotic-antimycotic (Gibco), 2% B-27 supplement (Gibco) and 20
ng/mL nerve growth factor (NGF, Alomone Laboratories); 300 mOsm;
pH 7.35. Cultures were kept in a roller drum (120 revs/min, at 37 °C
and 5% CO,). After 7 DIV, culture medium was replaced for 24 h by
fresh medium containing antimitotics (10 pM ARA-C/Uridine/5-F1-dU)
and reduced NGF concentration (5 ng/mL). At DIV 8, fresh medium
with reduced NGF was added and refreshed every 7 days. All the
electrophysiological experiments have been conducted at DIV 14-16
on samples from 3 different organotypic preparations.

4.4. Organotypic culture immunofluorescence and confocal microscopy

Organotypic slices were fixed in 4% formaldehyde, prepared from
fresh paraformaldehyde, in PBS 1x for at least 1 h. After fixation, slices
were incubated for 10 min with 0.1 M glycine in PBS 1x and permeabi-
lized for 1 h with 0.3% Triton-X-100 (Carlo Erba) in PBS added with
5% FBS (Gibco) and 4% BSA (Sigma-Aldrich) to prevent non-specific
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binding of primary antibodies. Samples were subsequently incubated
4 h with primary antibodies and 1 h with the secondary antibodies,
both at 37 °C in a humidified incubator (three washes in PBS 1x
preceded each step). Mounting was performed with anti-fade medium
Fluoromount (Sigma-Aldrich) on 1 mm thick microscope glass slides.
All neurons were labeled through anti-g-tubulin III primary antibody
(1:800, Sigma-Aldrich) and visualized with Alexa 594 anti-rabbit in
goat as the secondary antibody (1:800, Invitrogen). Exclusive staining
of motoneurons and DRG was instead achieved with anti-neurofilament
H (SMI-32, 1:800, Biolegend) recognized by Alexa 488 anti-mouse
in goat as the secondary antibody (1:800, Invitrogen). Nuclei were
stained with 4,6-diamidino-2-phenylindole (DAPI, 1:500, Invitrogen).
The motorized xy scanning module of an Eclipse Ti2 inverted A1R
system (Nikon Instruments) was used to acquire stitched images (10x
Plan Apo 1, 0.45 NA) to obtain a morphological insight of the stained
spinal cord slice cultures. Planar width and length of fiber bundles were
quantified by analyzing 6 fields of view per condition with ImageJ
software (NIH).

4.5. Electrophysiological recordings

Organotypic spinal explants were placed on an upright microscope
Eclipse FN1 (Nikon Instruments). Cultures were continuously perfused
at 5 mL/min rate and room temperature with an extracellular saline
solution of composition (mM): 150 NacCl, 4 KCl, 2 CaCl,, 1 MgCl,, 10
HEPES, 10 glucose (pH adjusted to 7.4 with NaOH; osmolarity 300
mOsm). Extracellular recordings of axon-bundles were obtained using
an Ag/AgCl electrode inserted in a borosilicate glass micropipettes
(10 M) filled with the same extracellular saline as above. Neural
signals were amplified by a Multiclamp 700B patch amplifier (Axon
Instruments, Molecular Devices LLC, US) and data were collected and
digitized at a sampling rate of 20 kHz (10 kHz lowpass filtered) using a
Digidata 1322 A (Axon Instruments, Molecular Devices LLC, US). After
spontaneous activity monitoring, 25 yM bicuculline (GABA, recep-
tor antagonist; Sigma-Aldrich) and 2 M strychnine (glycine receptor
antagonist; Sigma-Aldrich) were perfused to disinhibit the network
and produce long-lasting bursts of summating action potentials. In all
experiments, at the end 1 M TTX (a voltage-gated, fast Na* channel
blocker; Latoxan) was added to assess the neuronal origin of recorded
signals.

4.6. Calcium imaging

Organotypic spinal slices were loaded with cell-permeable Ca%*
dye Fluo-4 AM (Molecular Probes); briefly, 11.6 pL of DMSO (Sigma-
Aldrich) were added to the stock 50 pg of the dye, and cultures were
incubated with a final concentration of 4 yM for 1 h in the roller
drum incubator at 37 °C, 5% CO,. Dye loading was followed by a
20 minutes-long de-esterification step in extracellular saline solution
(see above). Samples were mounted either on an upright microscope
Eclipse FN1 (Nikon Instruments) equipped with a Andor iXon Ul-
tra 897 EM-CCD (Oxford Instruments) or on an inverted Eclipse Ti-
U (Nikon Instruments) equipped with an ORCA-Flash4.0 V2 sCMOS
(Hamamatsu) operating at binning 4. Cultures were continuously per-
fused at 5 mL/min rate and room temperature with the above-described
extracellular saline solution. The Ca?* dye was excited at 488 nm,
emitted light passed to a 490 nm dichroic and was further filtered to
520 nm. Activity was monitored either with a 40x objective (PlanFluor,
0.75 NA) or a 40x water immersion objective (Fluor, 0.80 NA). Images
were acquired every 150 ms. After cultures accustomed to the extra-
cellular solution, spontaneous activity was recorded for 10 min. In all
experiments, at the end 1 M TTX (a voltage-gated, fast Na* channel
blocker; Latoxan) was added to assess the neuronal origin of recorded
signals. Images were analyzed with ImageJ software (NIH), and the
corresponding calcium traces were extracted with Clampfit software
(pClamp suite, 10.4 version; Axon Instruments) in off-line.
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4.7. Statistical analysis

Statistical analysis was accomplished using Prism 6 software (Graph-
Pad): data sets normality was addressed with D’Agostino and Pearson
omnibus normality test. Non-parametric tests were used in both non-
normally distributed data and unequal variances among tested data
sets. Accordingly, statistics between two independent samples were
performed with t-test or Mann-Whitney U test. In contrast, three inde-
pendent samples differences were tested with either one-way ANOVA
adjusted for multiple comparisons with Tukey’s correction or Kruskal—
Wallis test adjusted with Dunn’s multiple comparison test. Calcium
and magnetic events were analyzed using the inter-event interval
(IEI) parameter, which measures the period between successive signal
peaks, particularly informative when the detected activity is irregular
(i.e., when bursts of activity are present) or occurring at a low pace.
All data are plotted as median with their 25th (1st quartile, Q1) and
75th (3rd quartile, Q3) percentiles, with whiskers representing 10th
and 90th percentiles. Descriptive statistics used in the text express the
central tendency as mean + SD for normal distributions and median
for non-normal distributions. All experiments have been conducted
on n > 3 samples from at least 3 independent experimental sessions
(i.e. organotypic slice culture preparations.
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