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Abstract 15 

Measuring fast neuronal signals is the domain of electrophysiology and magnetophysiology. While 16 
electrophysiology is easier to perform, magnetophysiology avoids tissue-based distortions and 17 
measures a signal with directional information. At the macroscale, magnetoencephalography (MEG) is 18 
established, and at the mesoscale, visually evoked magnetic fields have been reported. At the 19 
microscale however, while benefits of recording magnetic counterparts of electric spikes would be 20 
numerous, they are also highly challenging in vivo. Here, we combine magnetic and electric recordings 21 
of neuronal action potentials in anesthetized rats using miniaturized giant magneto-resistance (GMR) 22 
sensors. We reveal the magnetic signature of action potentials of well-isolated single units. The 23 
recorded magnetic signals showed a distinct waveform and considerable signal strength. This 24 
demonstration of in vivo magnetic action potentials opens a wide field of possibilities to profit from 25 
the combined power of magnetic and electric recordings and thus to significantly advance the 26 
understanding of neuronal circuits. 27 

Significance statement 28 

Electrophysiological tools allow the measurement of single-neuron action potentials with high 29 
temporal resolution. Magnetophysiological measurements would add valuable information, but are 30 
particularly hard to achieve for single neurons. Established technology for non-invasive magnetic brain 31 
signal measurements can currently not be used inside living tissue. Here, we demonstrate that 32 
miniaturized magnetic sensors based on giant magneto-resistance enable the measurement of the 33 
magnetic counterpart of single-neuron action potentials in vivo. This proof-of-principle shows a way 34 
towards integrating magnetic and electric recordings in future experiments and thus to profit from the 35 
complementary information measured by the two modalities. 36 

 37 

Introduction 38 

Neuroscience is often driven by the development of new methods to record neuronal activity. 39 
Neuronal activity is characterized by electric currents, generated by neuronal outputs in the form of 40 
action potentials, and by neuronal inputs in the form of synaptic potentials. Synaptic potentials are 41 
often highly correlated across thousands to millions of neighboring synapses, thereby summing 42 
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effectively to mass potentials, which are recorded as LFP (and LFP-derived signals like ECoG and EEG). 43 
By contrast, action potentials are typically weakly correlated between neighboring neurons, and are 44 
often studied using extracellular microelectrode recordings of so called “spikes”, which can provide 45 
information on the level of single neurons or small clusters of neurons. Spike recordings provide unique 46 
information about neuronal outputs, often revealing high spatial specificity. 47 

Electric currents are inextricably linked to magnetic fields (Fig 1A). Thus, magnetic equivalents must 48 
exist both for action potentials and LFPs. However, in vivo, only LFP equivalents have been magnetically 49 
recorded, in the form of MEG. MEG sensors need to be extremely sensitive (in the femto-Tesla range) 50 
and massively shielded, to detect the weak neuronally generated fields. The development of this 51 
technology was highly challenging (Cohen, 1968; Hari et al., 1984; Hämäläinen et al., 1993; Hari and 52 
Salmelin, 1997), and still today, MEG is technologically much more demanding and expensive than its 53 
electric counterpart EEG. Nevertheless, MEG is used at many research institutions, because of its 54 
specific advantages: (1) While electrical currents need to flow through tissue, thereby getting 55 
attenuated, distorted and smeared by the tissue’s variable conductivity, magnetic signals pass through 56 
the neuropil almost unaffected (Barnes and Greenebaum, 2007) (2) While electrical recordings in 57 
practice require a reference, magnetic recordings do not. Reference-free recordings are particularly 58 
advantageous for analyses of functional connectivity based on correlations, which can be spuriously 59 
introduced by shared references. (3) While electrical recordings merely provide a measure of electric 60 
signal strength, magnetic recordings additionally provide a measure of magnetic field direction. 61 

The fact that magnetic signals are mostly unaffected by tissue, combined with the fact that their 62 
recordings provide directional information, could be utilized to improve action potentials recordings. 63 
Action potentials generate currents primarily at the neuronal cell bodies, and dozens of such cell 64 
bodies surround any given sensor position in neuropil. Nevertheless, at a given position, a 65 
microelectrode contact typically provides spike waveforms of merely 1-10 single neurons (Buzsáki, 66 
2004). Other neurons in the close vicinity of the recording electrode might not be detectable because 67 
they are too strongly electrically insulated by the dense mesh of cell membranes. These membranes 68 
are essentially transparent to magnetic fields, which might enable the simultaneous recording of large 69 
numbers of single neurons. The detectable neurons could then also be source localized by using the 70 
directionality of the magnetic signal. This would be aided by future probes that combine magnetic 71 
sensors with sensitivity in different directions in close spatial proximity. 72 

Given these clear theoretical advantages, our goal was to record the magnetic signals of neuronal 73 
action potentials (APs) in vivo. Recording magnetic AP signals in vivo is technically very challenging. It 74 
is generally difficult to shield magnetic interference from external artifact sources. Furthermore, 75 
magnetic recordings require advanced technology. Conceivable approaches include (1) coils, which 76 
would however be difficult to miniaturize for AP recordings; (2) optically pumped magnetometers, 77 
which would suffer from the same problem; (3) nitrogen-vacancy centers in diamonds, which can be 78 
miniaturized sufficiently but require the application of both microwaves and polarized light; (4) giant 79 
magnetoresistive (GMR) sensors, which can be miniaturized and do not pose these challenges. 80 
Therefore, we used GMR sensors to investigate the feasibility of in vivo magnetic AP recordings. 81 
Achieving this requires the use of miniaturized magnetic sensors that can be positioned in the 82 
immediate vicinity of the neuronal cell bodies. GMR sensors provide sufficiently high sensitivity at a 83 
surface size of 30 x 30 µm. GMR sensors show a resistance that is proportional to the strength of the 84 
magnetic field and can yield a measurement sensitivity in the nanotesla (nT) range (Chopin et al., 2020). 85 
To measure the magnetic field, a small current is passed through the GMR sensor, and magnetic-field 86 
related resistance is measured as voltage across the sensor.  87 
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We have recently been able to record the magnetic counterparts of neuronal LFPs from the visual 88 
cortex of anesthetized cats using GMR sensors on silicon backbones, which we refer to as 89 
"Magnetrodes" (Caruso et al., 2017). However, these probes were too large to bring the magnetic 90 
sensors sufficiently close to intact, spiking neurons. Therefore, we further miniaturized the probes to 91 
be located close to the tip of 25-micron thick silicon needles, similar to typical silicon-based multi-92 
contact electrodes (Chopin et al., 2020). Here, we used conventional electrophysiological techniques 93 
to record electrical neuronal spikes in anesthetized rat hippocampus, in combination with two high-94 
sensitivity, miniaturized GMR sensors to uncover the magnetic counterparts of single-neuron action 95 
potentials in vivo. This is a proof-of-principle study to evaluate the possibility of recording magnetic 96 
signatures at the level of single unit action potentials. 97 

Methods 98 

EXPERIMENTAL MODEL AND SUBJECT DETAILS 99 

Animals 100 

A total of 8 male Sprague-Dawley rats (Janvier Labs, France) were used in this study (4 for the first set 101 
of experiments, 4 for the second set). Rats were all approximately 7 to 8 weeks of age (330-420 grams). 102 
We used only male rats as they are bigger at this age, which was advantageous for the experiments. 103 
Animals were housed in pairs or groups of 4 animals. All animal experiments were in accordance with 104 
the German law for the protection of animals and the “European Union’s Directive 2010/63/EU” and 105 
approved by the local government office (Regierungspräsidum Darmstadt). 106 

METHOD DETAILS 107 

Surgical procedures 108 

All experiments were performed under general anesthesia. The rat was anesthetized with an injection 109 
of Ketamine (80 mg/kg) in combination with Medetomidine (0.01 mg/kg). Anesthesia was maintained 110 
throughout the experiment with Isoflurane (0.5% – 2% in 100% oxygen). For analgesia, the animal 111 
received Buprenorphine (0.3 mg/kg) subcutaneously (s.c.) every three to five hours. The animal was 112 
placed in a stereotaxic frame (Kopf Instruments, USA) and received a s.c. injection of Dexamethasone 113 
(1 mg/kg) to prevent edema. Every two to three hours they also received a 2 ml bolus injection of a 114 
solution containing amino acids and glucose (Aminomix 1 Novum, Fresenius Kabi). Heart rate, 115 
respiration rate and body temperature were continuously monitored throughout the experiment.  116 

The skin was removed over the skull, and a craniotomy was performed centered on 4.5 to 5 mm 117 
posterior of Bregma and 4 mm lateral to the midline. To facilitate probe insertion, we opened a slit in 118 
the dura mater using a manually bent hypodermic needlea (Sterican, 30G). The probes were lowered 119 
either into the cortex or to a depth of approximately 2 mm to record in the hippocampus. At the end 120 
of the experiment, the animal was euthanized using an overdose of Narcoren (min. 160 mg/kg). 121 

Probes 122 

Magnetic Sensors 123 

The magnetic sensors or “Magnetrodes” used in this study are devices for local magnetic sensing based 124 
on spin electronics principle, where the electrical transport varies as a function of the magnetic 125 
configuration of a set of very thin (nanometers) magnetic layers.  126 

The Magnetrodes used here have been produced by depositing the magnetic layers on a SOI substrate, 127 
allowing a thinning process where the tip of the probe, which contains 2 magnetic sensing elements, 128 
is reduced down to 25µm to facilitate insertion within tissues. Details on the probe fabrication can be 129 
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found in Chopin et al. (2020). The Magnetrode’s sensing elements use the Giant Magneto Resistance 130 
principle (Baibich et al., 1988; Dieny et al., 1991) effect. They are designed as a meandering structure 131 
of 5 segments, each of which is 4µm wide and 30µm long. The two GMRs are separated center to 132 
center by 250µm. The magnetic sensors are kept electrically decoupled from the environment by a 133 
Al2O3 (150 nm)/Si2N4 (150 nm) passivation bilayer.  134 

Prior to the experiments, magnetotransport and noise measurements were performed to characterize 135 
the GMR sensors. Their sensitivity is in the range of 1.5-2%/mT and their limit of detection (i.e. the 136 
signal amplitude at which the signal-to-noise ratio is equal to 1) at 1 kHz of 1nT/√𝐻𝐻𝐻𝐻. To allow for 137 
continuous recording including experimental and control condition, we set up a system in which we 138 
switched the bias voltage to the GMR sensor on and off in a pseudorandom way, thereby interleaving 139 
DC on and DC off blocks. Every 10 seconds during a recording, a pseudorandom decision was made to 140 
either change the DC state or to leave it as it was before. This led to at least 10 s long blocks per 141 
condition. Over a continuous recording block, the number of 10 s DC on and DC off blocks was equal.  142 

Electrodes 143 

In the first round of experiments, we used Tungsten microelectrodes (FHC, USA) to record the electrical 144 
spikes as ground truth. One or two Tungsten electrodes were manually attached to the Magnetrode 145 
under a microscope. The tip of the microelectrode was placed close to the lowest GMR sensor. In the 146 
case when two microelectrodes were used simultaneously, they were positioned with a vertical offset. 147 
In the second set of experiments, the Tungsten electrodes were replaced by multi-contact silicon 148 
arrays (A1x32-Poly2_HZ32 & A1x32-Poly3_HZ32, NeuroNexus, USA). These have the advantage of 149 
allowing for wider coverage and denser sampling of the surrounding tissue, making it possible to spike-150 
sort the data. They were glued to the Magnetrode in a similar way as the Tungsten electrodes, with 151 
their contacts facing outward.  152 

Acquisition of electric and magnetic signal 153 

The animal was placed inside a Faraday cage (Fig 1B). The Faraday cage was built in house and 154 
consisted of a single layer of aluminum, providing weak magnetic shielding. This explains the relatively 155 
high noise floor in the magnetic recordings and could be improved in future recordings. For reference, 156 
Figure 2 shows power spectra for the magnetic sensors in the recording situation in the brain (Fig 2) 157 
and measured in air in a well-shielded room (Fig 2, note that the peak at 30Hz is due to a local 158 
calibration coil emitting a signal at that frequency). All connections going in or out of the Faraday cage 159 
used here were optical, apart from a gas and a water line for the anesthesia and the water bed used 160 
to keep the animal warm. This was done in order to reduce electric and magnetic noise for the 161 
recordings. Electric signals were recorded via active, unity gain headstages (ZC32, Tucker Davis 162 
Technologies, USA) and digitized at 24,414.0625 Hz or 48,828.125 Hz (PZ2 preamplifier, Tucker Davis 163 
Technologies, USA). The TTL signal controlling the DC on/off switches was recorded at 48,828.125 Hz. 164 
Each GMR sensor was measured in a Wheatstone bridge configuration with a variable resistance for 165 
adjustment (Chopin et al., 2020), fed on DC bias. Low noise amplification of the output voltage was 166 
performed with a Texas Instrument INA 103. A second stage of filtering amplification (0.3-30 kHz) of 167 
the GMR signal was obtained with a low noise amplifier (SR 560-Stanford Research Systems). To reduce 168 
noise and avoid contamination by 50 Hz power line signals, the bias voltage and both levels of 169 
amplification for the GMRs were battery powered.  170 

QUANTIFICATION AND STATISTICAL ANALYSIS  171 

All analyses were performed using custom MATLAB (MathWorks) code. 172 

.CC-BY 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 30, 2024. ; https://doi.org/10.1101/2023.06.30.547194doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.30.547194
http://creativecommons.org/licenses/by/4.0/


5 
Klein et al. 

Spike detection 173 

For the thresholding approach, we first band-pass filtered the electric signal using a fourth-order 174 
Butterworth filter (500 – 5,000 Hz). In the filtered signal, peaks were detected (findpeaks function of 175 
MATLAB) for each electrode. Peaks that crossed a pre-set threshold were identified as spikes and used 176 
for further analysis. For the spike sorting approach, we used the “Kilosort” algorithm (Pachitariu et al., 177 
2016) or, in the case of the Tungsten data, the “spyKING CIRCUS” toolbox (Yger et al., 2018). For the 178 
single units recorded on Tungsten units, a manual inspection after the algorithm step was performed. 179 
Well-isolated single units were identified by inspection of the wave shape, the ISI distribution and the 180 
number of events detected. Since we only had two recording channels available in these recordings, 181 
some of the clusters identified by the algorithm did not resemble a neuronal wave shape and were 182 
most likely clusters of noise artifacts and thus not suitable for further analysis.  183 

Processing of magnetic signal 184 

The magnetic signal was filtered using a fourth-order Butterworth filter (500 – 5,000 Hz) for the analysis 185 
based on thresholded spikes, and using a second-order Butterworth filter (5 – 6,000 Hz) for the analysis 186 
based on spike sorting. The DC switch between DC-on and DC-off blocks induced artifacts in all signals 187 
(illustrated in Fig 1C). Therefore, we discarded the first 2 seconds after a switching event as well as the 188 
last 0.5 s before a switch from both the electric and the magnetic signal.  189 

Spike triggered average 190 

To calculate the spike triggered averages, we first determined for every detected spike whether it 191 
occurred during a DC on or a DC off block. All spikes that fell into the artifact period around a switching 192 
event were ignored. For each condition individually, we centered a window on each detected spike 193 
and cut these windows from the continuous signal. We then averaged these windows per condition 194 
using a trimmed mean to reduce the influence of outliers (trimmean10 function of Matlab). For the 195 
spike-sorted data, we performed this analysis per cluster, for the thresholded data for all spikes 196 
detected on a given electrode. 197 

For the electric STAs based on spike sorted units, the raw electric signal was filtered using a second-198 
order Butterworth filter (5 – 6,000 Hz). 199 

Correlation analysis 200 

We extracted the central 2 ms of each electric STA and its corresponding magnetic STAs. In a next step, 201 
every STA was corrected for its mean. We then calculated individual cross correlation values for the 202 
electric STA with the magnetic STA per sensor. For the cross correlation, we shifted the electric signal 203 
sample-by-sample across the magnetic signal. Each shift corresponded to 1 sample (sampling rate 204 
24,414.0625 Hz, 1 sample ≈ 0.04 ms), and the maximal shift was +/- 10 samples. Significance was 205 
assessed for each correlation value individually and Bonferroni-corrected for the number of sample 206 
shifts, single units, and sensors. 207 

Estimation of magnetic signal strength 208 

To estimate the magnetic peak-to-peak amplitude, we subtracted the magnetic STA of the off 209 
condition from the magnetic STA of the on condition, such that the capacitive coupling present in both 210 
conditions is subtracted out and the remaining signal can be assumed to be purely magnetic.  211 

To test whether the measured difference was bigger than what could be expected by chance, we 212 
performed a min/max based permutation test (Westfall and Young, 1993). We ran 1,000 difference 213 
calculations in which the trials were randomly assigned to the on- or off-condition, keeping the number 214 
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of trials per condition consistent with the observed values. From each resulting difference, we saved 215 
the minimum and maximum values across all time points. The observed difference was then tested 216 
against the 97.5th percentile of the maximum distribution and against the 2.5th percentile of the 217 
minimum distribution. This corresponds to a two-sided test at an alpha level of 0.05, corrected for the 218 
multiple comparisons across time points. 219 

To transform the measured µV values into nT we use the sensitivity of the probes as experimentally 220 
determined under a known magnetic signal (see Chopin et al. (2020)), defined as the voltage variation 221 
at the bias voltage of the GMR  (here 1 V) per field unit and is expressed in V/T.  222 

𝑠𝑠 =
∆𝑉𝑉
𝐵𝐵

 223 

The output voltage needs to be divided by the amplification gain in the acquisition chain (here 1000), 224 
so the output signal in T is: 225 

𝑉𝑉(𝑇𝑇) = 𝑉𝑉(𝑉𝑉)
𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔

1
𝑠𝑠
. 226 

With a sensitivity of 18.5 V/T, 100 µV signal corresponds to 5.4 nT. 227 

  228 

.CC-BY 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 30, 2024. ; https://doi.org/10.1101/2023.06.30.547194doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.30.547194
http://creativecommons.org/licenses/by/4.0/


7 
Klein et al. 

Results 229 

Spike triggered averages based on thresholded data reveal noise artifact 230 

We simultaneously recorded electric and magnetic signals from the brain of anesthetized rats placed 231 
in a Faraday cage (Fig 1B,C). By switching the DC supply to the GMR sensors on and off at 232 
pseudorandom times during the experiment, the recordings included randomly interleaved control 233 
blocks during which the GMR sensor did not receive any external current. Periods containing the 234 
artifact that was introduced by the switching of the DC supply were removed during data processing. 235 
In a first set of experiments, we used Magnetrodes with Tungsten electrodes positioned in close 236 
proximity to one of the magnetic sensors (Fig 3A). With this probe combination, we recorded data 237 
either from visual cortex or from the hippocampus underneath the visual cortex. High-amplitude spike 238 
events were extracted from the continuously recorded data by detecting peaks and selecting those 239 
that exceeded a pre-determined threshold. The spike-triggered average (STA) of the magnetic signal 240 
around these events revealed a signature in a subset of recordings. Note that all magnetic STAs were 241 
kept on the µV scale of the electric recording system, because it is possible that the data contains a 242 
mix of magnetic and electric signals, due to capacitive coupling (see below). Fig 3B shows STA results 243 
for one example recording. In this example a threshold of 5 SDs was used to detect spike events. At 244 
this threshold, we detected 15.119 events. A window centered on the time of each detected spike 245 
events was cut from the continuous electric and magnetic recordings. These windows were averaged 246 
per condition. The resulting STA for the DC-on condition is illustrated in red, for the DC-off condition 247 
in blue. The electric STA indicates, as expected, no difference in the DC-on and the DC-off conditions. 248 
For the two magnetic sensors, a peak appeared in the DC-on condition, corresponding to the condition 249 
in which the GMR sensor is sensitive. However, when we lowered the threshold for spike detection, 250 
this signal became bigger (left two columns Fig 3C), and when we increased the threshold, the signal 251 
decreased and even disappeared in some instances (right two columns Fig 3C). The electric STA was 252 
also affected by changes in the threshold, however becoming more pronounced with higher thresholds 253 
(top row Fig 3C – note the changing y-axis scales for Fig 3C). 254 

This tight relationship to the selected threshold for both, the electric and the magnetic STA, suggests 255 
that the signature in the magnetic STA arises due to an external artifact rather than a magnetic signal. 256 
Such an artifact could be induced by correlated electric and magnetic noise from an external source 257 
being picked up by both, the magnetic and the electric sensors. 258 

STAs based on isolated single units reveal magnetic signature 259 

One way to avoid this artifact is to separate spikes from noise by applying state-of-the-art spike-sorting 260 
algorithms. These sorting algorithms utilize template matching of the spike waveforms rather than 261 
relying purely on amplitude thresholds, thus reliably separating spikes of putative single neurons, 262 
commonly referred to as single units, from noise events (Pachitariu et al., 2016; Yger et al., 2018).  263 

We first selected the recording block with the most robust peak in the magnetic STA of the thresholding 264 
analysis (Fig 4A) and identified two well-isolated single units after spike-sorting (Fig 4B, D). Both units 265 
showed a pronounced deflection in the magnetic STA on magnetic sensor 1 (Fig 4C, E). The amplitude 266 
of this signal was much larger in the DC-on condition in which the GMR sensors are active. Note that 267 
there are differences in the number of spikes when comparing the DC-on and DC-off conditions, which 268 
might be due to a small increase in temperature of the surrounding tissue caused by the electric 269 
current in the GMR sensor. Since the spike counts for each unit are the results of a spike-sorting 270 
procedure, the difference cannot be attributed to artifacts. 271 

A total of 12 blocks were recorded using a Magnetrode with 2 Tungsten electrodes attached to it. We 272 
spike-sorted all 12 blocks and identified a total of 31 well-isolated single units (see Methods). To assess 273 

.CC-BY 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 30, 2024. ; https://doi.org/10.1101/2023.06.30.547194doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.30.547194
http://creativecommons.org/licenses/by/4.0/


8 
Klein et al. 

whether a single unit exhibited a magnetic spike signature on one of the adjacent GMR sensors, we 274 
calculated the cross-correlation between the magnetic and the electric STAs for the central 2 ms 275 
around the time of the electric spike. We investigated sample-by-sample shifts for up to 10 samples in 276 
each direction (1 sample ≈ 0.04 ms), since the time course of the magnetic spike could differ from that 277 
of the electric spike (Fig 5A for illustration). For each cross-correlation, we identified the peak 278 
correlation value and tested this correlation for significance (using Bonferroni correction for multiple 279 
comparisons across units, magnetic sensors and sample shifts). Using this approach, we identified 4 280 
single units with significantly correlated signals on the two sensor types (Fig 5B). Two units showed 281 
this correlation for the magnetic signal recorded on sensor 1, one unit for the signal recorded on sensor 282 
2, and one unit showed a correlation with the signal on both magnetic sensors. Note that the 283 
correlations tend to show a peak (maximal y-value) for slightly positive shifts (x-values), which suggests 284 
that the magnetic signal is leading the electric spike. A detailed consideration of this shift is provided 285 
in the discussion. 286 

The STA analysis also revealed a small deflection in the DC-off condition (Fig 4E). This most likely 287 
indicates capacitive coupling. Capacitive coupling refers to currents in the tissue inducing currents in 288 
the electric circuits of the GMR sensor. The electric contacts of the GMR constitute a capacitor that is 289 
isolated by an insulation layer from the surrounding bath. If the insulation were perfect and the voltage 290 
in the bath were homogeneous, the electric signal would not be visible on the GMR. However, since 291 
the neuronal signal source likely generates an inhomogeneous voltage field, a capacitive coupling 292 
signal can appear on one or both sensors. The resulting artifacts reflect the ongoing current 293 
fluctuations in the tissue and can thus resemble a spike-like fluctuation in the GMR signal. Since 294 
capacitive coupling decreases with lower frequencies, it might be of less concern and influence when 295 
recording LFP signals (as in our previous study Caruso et al. (2017)). At higher frequencies, necessary 296 
for AP detection, the capacitive coupling is expected to be more apparent. In order to be able to 297 
estimate the amplitude of the true magnetic signal, we subtracted the STA in the DC-off condition from 298 
the STA in the DC-on condition. Capacitive coupling should be present in both conditions, independent 299 
of the bias voltage, hence not amplified in the DC-on condition, and therefore will be eliminated by 300 
this subtraction, because the sensor is only able to measure a true magnetic signal when the DC supply 301 
is turned on. The experimental design with multiple DC-on and DC-off blocks randomly interleaved in 302 
each recording session provided optimal conditions for this subtraction, because the sensor location 303 
and the sources of the recorded spikes did not change between the two conditions. The differences 304 
on the significantly correlated channels were bigger in amplitude than would be expected by chance 305 
(see Methods) for all 4 units. However, unit 3 (Fig 5B), which was significantly correlated with the 306 
magnetic signals on both sensors, showed a significant on-off difference only on sensor 1. Since we 307 
can now assume the signal to be purely magnetic in nature, we transformed the µV scale into a nT 308 
scale (Fig 5C). 309 

Tungsten electrodes often yield only a very small number of sortable single units. To increase the yield 310 
of single units with a high number of detected events, we switched to 32-channel silicon probes 311 
mounted on the Magnetrode (Fig 6A) for our second set of experiments. 312 

Recordings using this probe combination were performed in hippocampus and yielded a large number 313 
of single units after spike sorting (n = 593 from 7 recording blocks). Fig 6B and D show two example 314 
units. Calculating magnetic STAs based on individual single units did not show any apparent magnetic 315 
signature (Fig 6C and E).  316 

We focused our further analysis on well-isolated single units with a high number of events. We 317 
considered a single unit to be well isolated if less than 1% of spikes occurred within 2 ms of the 318 
preceding spike (reflecting the refractory period of the neuron) and excluded units with less than 7000 319 
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spikes. Across the 7 recording blocks, we found a total of 73 of such well-isolated single units (73 units 320 
out of 593 units, corresponding to 12%, minimum number of spikes in the distribution = 7,038, 321 
maximum number of spikes = 279,872, 25th percentile = 10,974 spikes, 75th percentile = 31,328 spikes). 322 
None of the 73 well-isolated single units showed a significant correlation with the magnetic signal on 323 
either sensor (Bonferroni correction for multiple comparisons across units, sensors and sample shifts). 324 
Thus, while the switch from Tungsten electrodes to silicone probes strongly increased the number of 325 
recorded single units, no magnetic signatures were detected in this configuration.  326 

 327 

Increasing the sensitivity of the GMR sensor leads to heating artifact 328 

In an attempt to increase the yield of magnetic AP signatures, we increased GMR sensitivity by 329 
increasing the voltage applied across the sensor. We recorded two blocks in which 2 V instead of 1 V 330 
were applied to the GMR. However, these data revealed that at this voltage the heating artifact 331 
mentioned earlier (see consideration about differences in spike count above) substantially affected 332 
the spiking behavior of the recorded neurons, not only in spike rate but also in spike shape. The effect 333 
of temperature on neuronal activity has been reported before (see for example Hedrick and Waters 334 
(2011), Hedrick and Waters (2012)). In our case, it leads to a disturbance in the waveforms of the 335 
electric spikes and increased the spike count in the on condition compared to the off condition. The 336 
extent of heat-related disturbance in the 2 V blocks made direct comparison of the two conditions 337 
problematic and hindered the reliability of spike sorting results. We therefore decided to exclude those 338 
data from the analysis. 339 

Discussion 340 

After having previously demonstrated that it is possible to record the magnetic signatures correlated 341 
to ERPs in vivo (Caruso et al., 2017), we performed two sets of experiments in an attempt to measure 342 
magnetic signatures of APs in vivo. Our initial approach of using simple amplitude thresholds to detect 343 
electric spikes revealed the importance of reliable spike sorting methods in order to avoid artifacts 344 
caused by correlated electro-magnetic noise. With the refined spike sorting approach, we identified 345 
four single units with significant magnetic signatures around the time of the electric spike. The 346 
waveform of this magnetic signature was highly correlated with the waveform of the electric signal 347 
and was significantly bigger in the DC-on than the DC-off control condition for all four units. Since the 348 
number of single units that can be identified using two Tungsten electrodes is low, we increased the 349 
single unit yield by performing additional experiments with silicon electrode arrays mounted directly 350 
onto the GMR sensors. We were able to record a large number of single units with this arrangement. 351 
However, none of the units recorded with silicon probes showed a magnetic spike signature that was 352 
statistically significant. When increasing the sensitivity of the GMR by increasing the voltage applied 353 
to it, we observed a clear heating artifact and had to exclude the data recorded with this setup from 354 
further analysis. 355 

We obtained magnetic signatures of electrically recorded spikes only from a small proportion of the 356 
units recorded with Tungsten electrodes and from none of the units recorded with silicon probes. The 357 
silicon probes were attached to the Magnetrode and thereby created an obligatory distance to a 358 
neuron of at least the probe thickness (15 µm). This distance was orthogonal to the main orientation 359 
of neuronal dendrites in the recorded areas. The distance might have prevented successful magnetic 360 
recordings. Using silicon probes in different spatial configurations with respect to the magnetic sensor 361 
could potentially avoid this problem and is an interesting option for future research. By contrast, the 362 
Tungsten electrodes had conical tips that left a gap between the Tungsten tip and the magnetic 363 
sensors. In this gap, neurons could come in very close proximity to the magnetic sensors. It is even 364 
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conceivable that neurons were “trapped” in this gap during probe insertion. Note that in one case, a 365 
magnetic spike signature was detected on sensor 2, which was 250 µm above sensor 1 with the 366 
immediately neighboring Tungsten tip, but this separation was parallel to the main orientation of 367 
neuronal dendrites in the recorded areas. The pattern of results is consistent with successful magnetic 368 
recordings requiring that the distance between the neuron and the magnetic sensor be very small. 369 
Even at this distance, averaging of many action potentials, based on simultaneous electric recordings, 370 
was required to reveal the magnetic signature. Further improvements in sensitivity will be required to 371 
enable the direct magnetic recording of individual action potentials in vivo. Yet, our approach 372 
demonstrates a proof of principle and it provides a measurement of the amplitude of the magnetic 373 
action potential, which is crucial for further developments in this area. 374 

We observed that magnetic spikes tended to show a very slight temporal lead over electric spikes, and 375 
that the capacitive component during DC-off tended to show a very slight temporal lead over the 376 
magnetic component during DC-on. Overall, the observed shifts were very small, in the range of one 377 
sample, corresponding to 40 microseconds. There are a number of factors that could generate or 378 
influence these shifts: (1) The electrode has an impedance spectrum that generates phase delays and 379 
thereby time delays. (2) The magnetrode signal is recorded via an electronic circuit that generates 380 
small, but non-negligible time delays. (3) The magnetic signal on the one hand and the electric and 381 
capacitive signal on the other hand reflect different underlying processes. The magnetic signal most 382 
likely reflects primary intracellular ionic currents, occurring after the AP has emerged at the AP-383 
initiation zone and invades the cell body. The electric and capacitive signals most likely reflect 384 
extracellular return currents. The return currents are thought to occur simultaneous to the primary 385 
intracellular currents, yet they are expected to have a different spatio-temporal profile. Furthermore, 386 
the magnetic versus the electric recordings (and to a lesser extend the magnetic versus the capacitive 387 
recordings) are expected to have slightly different spatio-temporal integration profiles. These factors 388 
together can lead to small time shifts between magnetic versus electric or capacitive signals. These 389 
considerations are also relevant for the question of whether the observed magnetic signal has a dipolar 390 
or quadrupolar source. We consider it most likely that we measured a dipolar source. Dipolar sources 391 
arise in the cell body, and thus from the biggest magnetic field. Quadrupolar sources are mainly limited 392 
to the axon and/or the axon initial segment with the AP-initiation zone and are probably too small to 393 
be recorded by our sensors. Additional support for this argument is provided by the fact, that the axon 394 
and the axon initial segment are approximately rotationally geometric, which would further cancel 395 
quadrupolar field contributions.  396 

A previous attempt at measuring APs using magnetoresistance in slices from mouse brain provided 397 
promising preliminary results (Amaral et al., 2011). However, in these experiments, it was not possible 398 
to separate a putative magnetic signal from potential capacitive coupling. To achieve this separation, 399 
several subsequent studies using magnetoresistance, including the present one, used different 400 
approaches. Barbieri et al. (2016)  APs in a muscle-nerve preparation and used a control for capacitive 401 
coupling that was possible in this specific setting: they turned the muscle fiber by 90 degree, which is 402 
expected to rotate the magnetic signal out of the direction of sensitivity of the magnetic probe. Caruso 403 
et al. (2017) used a high-frequency (20-80 kHz) modulation-demodulation approach to successfully 404 
separate a capacitive component from the visually evoked field. The signals measured in these 405 
preparations were within the range predicted and estimated for in vivo recordings in the central 406 
nervous system (Petridou et al., 2006; Hall et al., 2012). Finally, here, we used a new approach enabled 407 
by new technical developments that allowed us to record interleaved DC-on and DC-off conditions. 408 
The DC-off condition provides a clear estimate of the capacitive component, which was much lower 409 
than observed in the study of Amaral et al. (2011). While our approach was able to identify a magnetic 410 
AP signal that exceeded a putative capacitive component, and while it was able to measure AP signals 411 
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from isolated single neurons, it was not (yet) able to measure the magnetic counterpart of single APs. 412 
Rather, we needed to use the simultaneously recorded electric spike signals to trigger the averaging 413 
of the magnetic signal and thereby reveal the magnetic AP recordings. For the empirical data, we used 414 
a threshold of at least 7000 electric spikes for this averaging process. We also calculated the theoretical 415 
limit for this number, given the observed noise spectra (Fig 2). In the frequency range up to 1 kHz, the 416 
noise spectra show a typical 1/f pattern, and the probe’s intrinsic noise is around 2  𝑛𝑛𝑛𝑛

√𝐻𝐻𝐻𝐻
 , which 417 

corresponds to a detection level of 2 × √1000 = 63𝑛𝑛𝑛𝑛. In the frequency range between 1 and 6 kHz, 418 

the noise spectra are at the thermal noise of 300  𝑝𝑝𝑝𝑝
√𝐻𝐻𝐻𝐻 

, corresponding to 21 nT, such that the detection 419 

level is at √632 + 212 = 66 𝑛𝑛𝑛𝑛. This means that to measure a signal of 1nT with an SNR of 1, one 420 
needs to have 662 = 4356 acquisitions. 421 

Magnetic recordings of action potentials from isolated axons have been achieved with nitrogen-422 
vacancy (NV) centers in diamonds placed in close proximity to the squid giant axon or a large worm 423 
axon (Barry et al., 2016). However, this imaging technique is currently still limited to sensor placement 424 
outside of the examined tissue rather than within it. By contrast, our miniaturized GMR sensors can be 425 
introduced into nervous tissue, very similar to standard silicon-based electrodes. Interestingly, the 426 
peak-to-peak magnetic signal amplitude measured with NV diamond sensors from squid giant axons 427 
or isolated large worm axons placed directly onto the sensor were in the range of 4 nT. This is within 428 
the range of peak-to-peak amplitudes that we measured in vivo. Murakami and Okada (2006) predicted 429 
current dipoles in the order of 1 pAm; at 10 µm distance; for a 100 µm long neuron compartment, this 430 
would lead to around 200 pT, and for a 10 µm long structure, like the soma, 2 nT would be reached. 431 
Since the giant squid axon is larger in size than a neuron, it is theoretically expected to give a larger 432 
amplitude signal than the neuron. Yet, Murakami and Okada (2015) demonstrate that current dipole 433 
moment density is invariant across brain structures and species. Furthermore, by introducing the 434 
sensor into the tissue, we might have brought it closer to the source than previous studies (Barry et al. 435 
(2016) report 1.2 mm from the center of the axon in the intact worm, 300 µm in the excised worm). 436 
The greater proximity might have compensated for the smaller source size. A variety of parameters of 437 
the experimental paradigm and experimental conditions will influence the magnetic amplitude (Roth 438 
and Wikswo, 1985) and might explain some differences between theoretically predicted and 439 
empirically observed signals. Those parameters could not be measured in our in vivo recordings. For 440 
example, we do not know the precise spatial relation between the sensor and the signal source, and 441 
we do not know whether the spike signal originated fully or partly from the axon (initial segment) or 442 
the cell soma. These parameters might have been particularly favorable in the subset of our Tungsten-443 
electrode recordings that led to detected magnetic spikes, and might thereby have contributed to 444 
relatively large observed magnetic field strengths. 445 

As a non-invasive method to map magnetic fields induced by neuronal firing, Xiong et al. (2003) used 446 
a special acquisition technique in a conventional MRI scanner. They succeeded to greatly improve the 447 
temporal accuracy when scanning human subjects. However, a later study was not able to replicate 448 
this MRI approach to map neuronal activity (Parkes et al., 2007). Petridou et al. (2006) also used MRI 449 
scanning methods to measure activity in neuronal cell cultures. They were successful in detecting 450 
magnetic signals of neural activity. Additionally, new scanning paradigms have been suggested to use 451 
MRI to record magnetic signatures of ongoing neuronal activity in vivo (Sundaram et al., 2016; Truong 452 
et al., 2019; Roth, 2023). Yet, these measurements cannot be achieved at single neuron resolution, 453 
and the temporal constraints of MRI measurements make it nearly impossible to detect magnetic 454 
signature of single spikes. 455 
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A recent publication (Waterstraat et al., 2021) used MEG to record single-trial population spikes in 456 
humans. While this is an impressive extension of the MEG technology, it is not possible to perform this 457 
type of measurement at the level of spiking of individual neurons. Thus, with regard to magnetic 458 
recordings of action potentials from single neurons, the main candidate technologies are NV diamonds 459 
and GMR. For GMRs, this study provides a proof of principle for such recordings in vivo.  460 

In order to increase the yield of magnetic AP recordings using our miniaturized GMR sensors, it would 461 
be very helpful to have electrodes integrated on the same probe as the GMR sensors. The two types 462 
of sensors would then be on the same needle and in one plane and could be brought very close 463 
together. The probes we used did contain electrode sites, but these were not functional due to 464 
technical difficulties during probe production. Future efforts might be directed towards integrating 465 
functional electrode sites without introducing additional noise in the GMR. 466 

Alternatively, adding multiple additional magnetic sensors could also improve the yield of magnetic AP 467 
recordings. While this would increase the possibility to be in close vicinity to neurons and, using 468 
different sensor orientations, to record signals from neurons with arbitrary spatial orientations, this 469 
advancement would come with its own set of challenges. All GMR sensors would need to be connected 470 
with separate sets of contact lines, and the number of these lines that can be implemented within one 471 
probe is limited. Also, the more GMRs there are inside the tissue, the more substantial the sum of the 472 
small temperature increases caused by each individual sensor will be. While this is not of concern when 473 
using a small number of sensors (like in our current probe design), it already has an effect on spike rate 474 
and any further heating of the tissue has been shown, also in this work, to affect the spiking behavior 475 
of neurons in a substantial manner. Thus, while it would be beneficial to integrate more GMR sensors, 476 
it currently is not straightforward to implement. 477 

Another major improvement would be an increase in the sensitivity of the GMR sensors themselves. 478 
In the existing probes, sensitivity can only be improved by increasing the current through the sensor. 479 
If this could be achieved without temperature increases, the sensor would be capable of detecting 480 
smaller fields than it currently can and thus reduce the need to average across a large number of spike 481 
events to detect the magnetic signature. This would probably facilitate the recording of magnetic AP 482 
signature more reliably and in a larger number of units. The development of sensors based on magnetic 483 
tunnel junctions (Julliere, 1975; Yuasa et al., 2004; Sharma et al., 2017) might add another technical 484 
approach worth of consideration for the Magnetrode, because they exhibit high sensitivity but require 485 
lower bias currents. However, TMR sensors exhibit a larger low-frequency noise than GMR sensors, 486 
and the limit of detection at 1 kHz is of the same order of magnitude (Fermon and Van de Voorde, 487 
2016). 488 

In conclusion, we demonstrated that it is possible, to use current state-of-the-art GMR sensors to 489 
detect the magnetic signature of action potentials of single neurons. This opens a wide field of future 490 
research questions, exploring the advantages that magnetic signals provide over electric recordings 491 
and the added information one can gain by combining the two. We also identified a number of possible 492 
technological improvements, which would make such magnetic recordings easier to achieve and to 493 
upscale.  494 
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Figure legends 511 

Figure 1. Biophysical background and recording setup. A Illustration of a pyramidal neuron and the 512 
electric currents (purple) and magnetic fluxes (turquoise) generated by an action potential originating 513 
at the soma and travelling along the axon. B Illustration of the recording setup. The anesthetized 514 
animal was placed in a Faraday cage. We recorded simultaneously with electric (purple) and magnetic 515 
(turquoise) sensors. All electronics necessary for the magnetic recording were contained within the 516 
Faraday cage, and no electric connections were entering or leaving the cage. C Example raw traces for 517 
the electric and magnetic sensors. Switches of the DC supply could occur pseudo-randomly every 10 518 
seconds and are indicated here by shading (grey: DC on, white: DC off). A switch of the DC supply 519 
caused an artifact on both sensors. As expected, the DC condition did not affect the recorded signal on 520 
the electrode, while the GMR sensor can only detect magnetic signals in the DC on condition. 521 

Figure 2. Power spectra of the GMR sensor. Example power spectrum from one in vivo (minimally 522 
shielded) recording block and for a control recording with a similar sensor in air in a well shielded room. 523 
The experimental condition spectrum shows peaks for electric line noise at 50 Hz and 150 Hz, and 524 
additional noise peaks at 5, 9, and 23 Hz of unknown origin in the DC on condition. The peak at 30 Hz 525 
in the well shielded room is due to a local coil used for calibration emitting a signal at that frequency. 526 
Note that the axes are in logarithmic scales. 527 

Figure 3. STAs on thresholded spikes. A Photo of the magnetic probe with two GMR sensors and one 528 
Tungsten electrode glued onto it, and schematic drawing of the probe arrangement below the photo. 529 
B Electric and magnetic STAs of one example recording session, with spikes detected at a threshold of 530 
5 SDs (15.119 spike events detected at this threshold). Left plot shows the STAs resulting from 531 
triggering the continuously recorded electric signal on the thresholded spikes from the same electrode. 532 
Right plot shows the STAs of the signals recorded from the two magnetic sensors, respectively. All STAs 533 
were calculated separately for the two recording conditions (red: DC on, blue: DC off). The STA on 534 
magnetic sensor 2 (top right) shows a peak around the time of the spike only for the DC-on condition. 535 
Shaded area represents standard error of the mean. C Same recording as in B, now with varying 536 
thresholds. From left to right the threshold is increased from 2.5 SDs to 7.5 SDs in steps of 1.25 SDs. 537 
The top row shows the electric STAs, the middle row the STAs for magnetic sensor 2, bottom row for 538 
magnetic sensor 1. The threshold setting illustrated in B is marked with a black box. From left to right, 539 
a decrease in the peak amplitude can be observed for the two magnetic sensors, while the peak in the 540 
electric STA is becoming more pronounced. Shaded area represents standard error of the mean. Please 541 
note that the y-axis scales are different for the different threshold settings.  542 

Figure 4. STAs on thresholded versus spike-sorted data from Tungsten probes. A Electric and magnetic 543 
STAs for one recording block. As the threshold increases from left to right in steps of 1.25 SDs, like for 544 
the example shown in Fig 2, the electric STA (shown in the top row) becomes more pronounced, and 545 
the magnetic STA on sensor one (in the bottom row) disappears. The peak on sensor 2 (middle row) is 546 
less affected and still visible at higher thresholds. Shaded area represents standard error of the mean.  547 
Please note that the y-axis scales are different for the different threshold settings. B Average waveform 548 
and inter-spike interval (ISI) distribution for one example unit after spike-sorting the block shown in A. 549 
C Top row: STA of the continuous data recorded on one of the 2 Tungsten electrodes triggered on the 550 
spikes of example unit 1 per condition (red: DC on, blue: DC off). The number of spikes detected per 551 
condition is given in the inset. Shaded area represents standard error of the mean.  Middle row: STA 552 
of the magnetic signal recorded on the magnetic sensor 2 per condition. The higher level of background 553 
noise in the DC-on condition is expected. Bottom row: same as middle row but for magnetic sensor 1. 554 
A clear magnetic signature can be observed on sensor 1 only in the DC-on condition. D, E Same as B, 555 
C, but for example unit 2. 556 
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Figure 5. Correlation analysis of electric and magnetic waveforms. A Illustration of the correlation 557 
analysis. Top left plot shows the demeaned central 2 ms of the electric STA of one well isolated single 558 
unit. The top right plot shows the corresponding demeaned magnetic STA on sensor 1. We computed 559 
the cross correlation values for shifts of +/- 10 samples around the time of the spike of the electric STA 560 
with respect to the magnetic STA. The resulting distribution of correlation values can be seen in the 561 
bottom plot. B Tungsten and magnetic-sensor signal, as well as cross-correlation values for the four 562 
significantly correlated single units. Shaded area represents standard error of the mean. Not 563 
significantly correlated signals are shown at decreased intensity. Unit 2 is the example used in A. 564 
Significant correlations are marked by asterisks. C Table of signal strength for the significant magnetic 565 
signals. The significant correlation with sensor 2 for unit 3 does not differ from chance in amplitude 566 
when tested for on/off condition difference. 567 

Figure 6. STAs on spike-sorted data from silicon probes. A Photo of the magnetic probe and the silicon 568 
probe with 32 electric contacts glued onto it. Locations of the underlying GMR sensors are indicated 569 
with red boxes. B Average waveform and inter-spike interval distribution for one example unit. C Top 570 
row: STA of the continuous data recorded on one of the 32 electric channels triggered on the spikes of 571 
example unit 3 per condition (red: DC on, blue: DC off). The number of spikes detected per condition 572 
is given in the inset. Shaded area represents standard error of the mean.  Middle row: STA of the 573 
magnetic signal recorded on the magnetic sensor 2 per condition. The higher level of background noise 574 
in the DC-on condition is expected. No apparent magnetic signature can be observed for either 575 
condition. Bottom row: same as middle row but for magnetic sensor 1. D, E Same as B, C, but for 576 
example unit 4.  577 
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